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Collider History

» hadron collider at the frontier of physics

P_ <P

— huge QCD background

—not all nucleon energy available
in collision

* |lepton collider for precision physics

$e

. Simulation of HIGGS production ete-— Z H
— well defined CM energy g Z — e*e~, H — bb

— polarization possible

» next machine after LHC = lepton collider

— energy determined by LHC discoveries
consensus E_, 20.5 TeV

Roger Ruber (Uppsala University) - CLIC, Towards a Future Linear Collider 02-Nov-2011




Circular versus Linear Collider
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accelerating cavities

Circular Collider
many magnets, few cavities, stored beam

higher energy — stronger magnetic field
— higher synchrotron radiation losses («<E*/R)

source main linac

Linear Collider
few magnets, many cavities, single pass beam

higher energy — higher accelerating gradient
higher luminosity — higher beam power (high bunch repetition)
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Cost of Circular & Linear Accelerators
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Circular
Collider

Linear
Collider

200 GeVe o9

Circular Collider Linear Collider
 AE ~ (E*/m*R) - E~L
. cost~aR +b AE ° cost~al

 optimization: R~E? — cost ~ cE?
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Linear Collider R&D

RF power RF power
Source Source

[ e* source 4—[ e” source ]

accelerating cavities accelerating cavities

high energy — high accelerating gradient

high luminosity — high current & small beam size
efficient power production

feasibility demonstration
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The ILC and CLIC

ILC CLIC

International Linear Collider Compact Linear Collider
 superconducting technology » normal conducting technology
« E,..=31.5MV/mat 1.3 GHz * E,.. =100 MV/m at 12 GHz

* Ecys = 0.5~1 TeV * Ecys = 1~-3 TeV

* length ~31 km * length ~48 km

ELECTROMAGNETIC FORCE
THE TERASCALE TevaTron LHC

ELECTROWEAK UNIFICATION 6 2 TeV 7 TeV

6.3km: 27km

WEAK NUCLEAR FORCE “GRAND UNIFICATION"
BIG BANG

STRONG NUCLEAR FORCE

PLANCK SCALE ‘ # ILC
1Tev
'35km

GRANITATION

Courtesy Sandbox Studio / interactions.org
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Basic Layout of a Linear Collider
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Final Focus—" l‘ : \
Demagnify and collide

beams Main Linac

> Accelerate beam
<_l—Bunch Compressor to IP energy

< Reduce o, to eliminate ggiﬁ;?gﬂ!ﬂg
D hourglass effect at IP

Damping Ring

Reduce transverse phase space
(emittance) so smaller
transverse IP size achievable

Positron Target___ |
Electron Gun Use electrons to pair-

roduce positrons
Deliver stable beam P P

current
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CLIC: Compact Linear Collider @b

Baseline:

2xXx15TeV
2x1034 cm2st

How to:

CLIC €

* NC linac plus "drive beam” replacing klystrons

Main Linac

C.M. Energy

Peak luminosity
Beam Rep. rate
Pulse time duration

Average gradient
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3 TeV

2x103%4 cm2s?
50 Hz

156 ns

100 MV/m
2x71,548

» short pulse (<200ns), high rep-rate (100Hz) # cavities
« achieve luminosity by very small beam size (1x100nm)

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

POWER EXTRACTION
STRUCTURE

ACCELERATING
STRUCTURES

Main beam — 1A, 160 ns
from 9 GeV to 1.5 TeV
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CLIC Layout

797 klystrons
15 MW, 139 ps

drive beam accelerator
2 38 GeV, 1.0 GHz

I Drive Beam
Generation
Complex

2.5km
delay loop »

&

Drive Beam ]

(TA/¥ N

e~ main linac, 12 GHz, 100 MV/m, 21.02 km

-
<

BDS BDS
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797 klystrons
15 MW, 139 ps

drive beam accelerator

2.38 GeVI 1.0 GHz

3 I

2.5 km
4 delay loop

D

circumferences | I I
delay loop 73.0 m
CR1292.2m
CR24383 m

decelerator, 24 sectors of 876 m
/4

e* main linac

48.3 km
CR
TA
DR

combiner ring
turnaround

damping ring
predamping ring
bunch compressor
beam delivery system
IP  interaction point

E dump

BC

e- injector,
2.86 GeV

e e
PDR DR
398mJ{421Tm
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Main Beam 3 TeV (CM) |

booster linac, 6.14 GeV

et et
DR PDR
42T mJf{398 m

Main Beam
Generation
Complex

et injector,
2.86 GeV
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CLIC Two-beam Acceleration Scheme

Drive Beam Accelerator Delay Loop (2x)

efficient acceleration in fully loaded linac gap creation,
pulse compression &

frequency multiplication

Combiner Ring (4x)
B RF Transverse pulse compression &
Deflectors frequency multiplication

drive beam

Combiner Ring (3x)
pulse compression &
frequency multiplication

RF Power Source e

Drive Beam Decelerator (24 in total) accelerated transfer

bunches
waveguide
............................................. u% a:u compressed

’ RF field
Drive beam time structure - final

Drive beam time structure - initial

240 ns 240 ns
T

—p
1 1 0 T 1 A A - «
A

140 us total length - 24 = 24 sub-pulses - 5.2 A
7 4 eV - 60 cm between bunches 24 pulses — 100 A — 2.5 cm between bunches
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Drive Beam Generation Scheme

UNIVERSITET

c
o
7
%
S
[}
°
C
<
<
>
N
[}
2
S
S
o
O

Roger Ruber (Uppsala University) - CLIC, Towards a Future Linear Collider 02-Nov-2011



The CTF3 Facility as CLIC Test Bench

circum ferences
o o
' CR1144.8m [ 139
diive beam accelMtor 2.38 GeV, 1.0 GHz B A drive beam accelerator 2.38 GeV, 1.0 GHz
a 1 km h
delay loop | = 4 delay loop

@ decelerator, 24 sectors of 876 m

A

77

ST LT
BDS - BDS A yy! ///
.75 km 2.75 km 245

IP o >
e* main linac TA radius = 120 m

48.3 km

BC2

LR ST

45 i
AT
TA radius =§Qm e~ main Iinacl12 GHz, 100 hk(m}\w km

Y

CR  combiner ring I hoos\( linac, 9 GeV

TA  tumaround
DR damping ring
PDR  predamping ring
BC  bunch compressor
BDS beam delivery system
Iinteraction point

.........
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CTF3 Experimental Program

* Drive beam generation
— appropriate time structure Delay Loop
— fully loaded acceleration

Drive beam deceleration

— high power production et
— beam stability compressor
Two-beam acceleration

— prototyping structures (PETS, ACS)
— RF breakdown and beam kicks

12GHz klystron powered test stand :
. TBTS is the only place
— prototyping structures w/o beam available to investigate

— significantly higher repetition rate effects of RF breakdown
(50 Hz) on the beam

Photoinjector
— prototyping drive beam gun

Combiner
Drive Beam  chicane Ring

Linac

Test Beam

30GHz Line
test stand

CLEX

injector
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CTF3 Drive Beam

« Several operation modes possible,

« Tall clipper (TC) after the CR to adjust the pulse
length,

« Upgrade possible to 150 MeV at 5 Hz repetition
rate.

Mode #1 #2 #3

Energy 120 [MeV]
Energy spread 2 [%]
Current (1) 30 15 4 [A]
Pulse length (2) 140 | 240 1100 [ns]
DBA frequency 1.5 3 3 [GHZz]
Bunch frequency 12 12 3 [GHZz]
Repetition rate 0.8 [Hz]
PETS power 200 61 5 [MW]

Roger Ruber (Uppsala University) - CLIC, Towards a Future Linear Collider
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41 CTF3
DBA e

=

CTF2 [, £y TBTS 30A]T¢

#2

]

#3
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Demonstration Fully Loaded Operation

Efficient power transfer RF in

« “Standard” situation: beam
« small beam loading
« power at exit lost in load

« “Efficient” situation: V, .- = 1/2 V 10aded
* high beam loading
* no power flows into load

95.3%RF | ' |

!
DB ANCTENRMS DRSNS
i

L ]

P— .
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no RF out

E. e G field builds up linearly
' (and stepwise, for
point-like bunches)
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Recombination Principle

Acceleration 3 GHz Delay Loop

JAVAVAVAVAVAVAVA even
A buckets
: 180° phase switch in
Deflection :
15 GHz Sub-Harmonic odd buckets

AN AN N G
WAV,

Combiner Ring
*-. 4™ Turn

DRIVE BEAM ’
LINAC N> -32a-10ns [ R -

-
-——-

, Aol
Initial time structure Final time structure
140 ns
140 ns ¢ ;: 1.2s S

L P L P L] - A | |
1.12 us total length - 8 sub-pulses - 4 A 1 puls - 28 A - 2.5 cm between bunches (12 GHz)
110 MeV - 20 cm between bunches (1.6 GHz) 0.8 Hz repetition rate
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Bunch Re-combination DL + CR

 Streak camera
Images from CR

Turn 1

* bunch spacing: Turn 2
— 666 ps Initial

_ 83 ps final furn 3

 circulation time correction Turn 4
by wiggler adjustment

'
Lo
T

« Signal from BPMs

30

| I

—

from Linac

—
Lo
T

in DL

Beam Current [A]

|

Mo

]
T

after DL

|

]

[a]
T

Iin CR U

1 | | | |
o 200 400 600 300 1000 1200 1400
time [ns]
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Ongoing Work

« Beam current stabilization

— CLIC requires stability at 0.075% level LINAC F
] Variation | 0.13% | 0.20% 1.01%
— ok from linac and DL

need improvement in CR eiubyion

« Phase stabilization | /\N@ RA#

— temperature stabilization
pulse compressor cavity

« Transfer line commissioning
— transport losses from CR to experiment hall

TETS Current stakility
T

T
2010

RF phase stability ¢
along pulse |
(for different

ambient
temperatures)

GO0 GED WD) TN %0 KN 0D 60D
na
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A standing-wave photo-injector Energy 200 MeV
Energy spread 1% (FWHM)
« 3 travelling-wave structures, the first one Pulse length 0.6-150 ns
: : Bunch frequency 1.5 GHz
used for velocity bunching Sunch length 4 e
* Asingle klystron (45 MW — 5.5 ms) with Bunch charge 0.085-06nC
. | i
pulse compression (120 MW — 1.3 ms) ort pulse A
) . . - long pulse 0.13A
A RF network with splitters, phase shifters, | g, cition rate 0.833 5 Hz

attenuator, circulator and couplers
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#2 supported by the
Swedish Research

| Knut and Alice
R\ » . Wallenberg Foundation
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Two-beam Test Stand Prospects
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Versatile facility

. two-beam operation oA
— 28A drive beam [100A at CLIC]

— 1A probe beam [like CLIC]
« excellent beam diagnostics, long lever arms
« easy access & flexibility for future upgrades
Unique test possibilities

« power production in prototype CLIC PETS
* two-beam acceleration and full CLIC module

* studies of
— beam kick & RF breakdown
— beam dynamics effects dpdle  gpusg \

corrector dipoles ' Flashbox \
I i BFM2  BFM1
==L 1

' T T incoming

— beam-based alignment v i~ /Q 4 Par el beam

breakdown current | electron |
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TBTS Test Area
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S oren IXPETS
w/ recirculatio
S 9

o
~

M.VGR 0430
'GP 0430
QR 0430

CM.DVJ 0520
CM.DHJ 0520
CM.BPM 05

CM.WVS 0500
CM.BPM 0370

CM.DUM 0700
CMS.MTV 0630
CMS.BPM 0620
CM.BHB 0600
CM.MTV 0590
CM.VPI 0580
CM.VVT 0580
CM.QFD 0570
CM.QDD 0565
CM.QFD 0560
CM.BPM 0550
CM.DVJ 0540
CM.DHJ 0540
CM.VPI 0530
CM.VVR 0530
CM.VGR 0530
@' CM.VGP 0530

11 March-20

drive beam

a

CM.PSR 0431
CM.PSI 0431

probe beam

CAPSR 0631 u
D | ®

CA.PSI 0631

RR201003110009

2N
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8 o o o B o o0 ©oooo o o BO oo o© 8 4
= o = o] o o o = ;2 Q-Q(K_EE 2 o= IR0 I'd 32 ¥
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1x accelerating
structure
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PETS Power Recirculation

« PETS length 1m, to compensate for lower
beam current compared to CLIC
« External recirculation loop
— Increase PETS power in long pulse,
low current mode #3
« power recirculation
through external feedback loop:

— electron bunch
generates field burst

— field burst returns
after roundtrip time t, = 26ns

PETS operates as amplifier
(LASER like)

« phase shifter to adjust
phase error in the loop

Roger Ruber (Uppsala University) - CLIC, Towards a Future Linear Collider
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to load

T variable splitter

Vﬁriableh'ft (coupling: 0—1)
phase shifter
o N
PETS output
drive lPETs input q
beam

—

150

—
=
=

Ln
=

0 200 400 600 200

Time, ns
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Power Reconstruction with Recirculation
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Pulse #22563 OB—Sep -2009 Pulse #11027 08-Sep-2009
250r I —Power (Model) || 250r ‘ I
_ _ ° - -Power (Diode) —Power (Model)
g - 084, (p - ‘9 y BPMO0510 Current ---Power (Diode) mOdel
200r _ _ b 200t BPMO0510 Current
Ceq=0.78, Cc,g = 0.6
ca I2E
g O 84,
— 150} = 150F
g 0 5 O
25 35
@ O 400} d= del < © 100,
measured = moae
current ——__|
50r Pl N _N,
0lasnad ol | . N e T2 ey 1), v Sl 0 ol | T kel s
0 100 200 300 400 500 0 100 200 300 400 500
Time [ns] Time [ns]

C. Hellenthal,
CLIC Note 811 (2009)

Parameters constant during normal operation
— predicts PETS output power (CTF3 Note 092, 094, 096)

Accurate parameter fit rising slope
— gives recirculation loop loss factor and phase shift

Energy difference (¢) measurement and model indicates "pulse
shortening” — breakdown indicator
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First Trial Probe Beam Acceleration
* Fine tuning DB«PB timing 26-Aug 2010
— 3GHz phase scan klystron

— coherent with 1.5GHz 10

0

laser timing signal o

20
-30 -20 -10 0 10 20 30

-30 -Z20 10 0 10 20 30 Energy = 175.821 MeV
optimize

Energy = 179.635 MeV
PB energy spread & bunching

180f
klystron pulse compression ze-au0 o N et S e
a0

coherency klystron and laser CASMTVOS CASMTVOS30
-10

low input power .
(ACS not conditioned) 10

20

~6 MeV peak-to-peak

— zero crossing: 177 MeV, 205 degr. +
— phase scaling: 5.58 (expect 4x)

.30 -20 -10 0 10 20 a0 30 -20 <10 0 10 20 30
Energy = 176.439 MeV Energy = 176.439 MeV
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Two-beam Acceleration Experiments
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* Probe beam repetition rate is
twice the drive beam rep-rate, e (Y T O

-'° —
e DB/ PB relative timing and phase " >t 7 WY B IS o ff\

adjusted to maximize energy and
minimize energy spread after _
ACS, :

Eneryy at screen center= 213.79 MeV 1o -~ ------ ------ ------ ------ £l =

Yy

=30 20 -0 O 10 20 30

202 206 210 214 215 222 226 Energy spread FiyHM =227 MeV
el E d FiWHM =393 MeV
* PB leIse Iength 10 to 100 nS’ Energy AGS On=228 7 Me¥ F\ffarr\?f;;iamm 52.14) :
235 ENergyACS Off=20056 MeV, 1o 2f =223 mm (1.7) :
* DB pulse length 100 to 240 ns. .| SSRGS SN S e
225 T P
S R SR S
S L o o
= : : .
Ok .......... ...........
05| ........... ........... ...........
00— —— - A
11%?25:0? 15:2:3:22 15:2;3:3? 15:2;3:52 15:27.07 15?28:0? 15:2;3:22 15:2;3:3? 15:2:3:52 15:27.07

Energy gain = 28.18 MeV (0.1)

Image processing of the spectrum line MTV screen

Raw video of the spectrum line MTV screen
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Conditioning Process

Present stable level:

 PETS + recirculation loop
— ~70 MW peak power,
— ~200 ns pulse

« Accelerating structure
— ~23 MW peak power

PETS + Waveguide Conditioning

Vacuum Activity

Fulzes

[%]

(o]

(]
Ereakdowns

Roger Ruber (Uppsala University) - CLIC, Towards a Future Linear Collider




RF Waveform Distortion on Breakdown

Normal RF pulse Break down

||
EaaN
Al

. Voltage (A.U.)
=3
AANEEEEE
HEEEEE
ERERARR
INNNEENE

i

L/
W
/|
J |

Tt P i

i

200nsec/div
Z00nsec/div

Incoming wave
Outgoing wave

[I Break down Reflected wave

from S.Fukuda/KEK

* Pulses with breakdowns not useful for acceleration
(beam kick and instabilities)

* Low breakdown rate required (< 10-°) for useful operation

Roger Ruber (Uppsala University) - CLIC, Towards a Future Linear Collider 02-Nov-2011




Breakdown Kick

V) e
U 5 7 \\/ ‘|| J\
£ ) \ _ — N
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o 550 600 650 700 750
Y ns
%, g5t~ \l ! W Y
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20+ l\ A
g 1of| \/ \L = Nl
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E CABPMOTSD i s st s e e i ey Y 68
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! ™ | \
il / }
% e = = =" / = s
ns
154 =
m 107 \Ii:f""\jl‘
37 —
E ] = k/‘
-5
760 7%0
ns

Volker Ziemann

Possible kick recorded during a
breakdown

« Present BPM noise level too high,

« Measurements with MTV screen instead. i
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________

correctordlpoles ' Flashbox !

dipole] | BPM2  BPM1

BPM4 BPM3
L n. H 7 ln-L 1 %
BPM5 mn II-|T T incoming
M 'ICT |on& I beam
< breakdown current | electron |

| detector |

________

1314633933514647808

" Andrea Palaia’
Beam with BD
Kick : 0.4 mrad

Beam without BD

10"
T

T T
251 |« Horizontal projection
= Vertical projection

05F
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Beam Kick Measurements
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M. Johnson, CLIC Note 710

_ BPM4: x, BPM3: x, BPM2: x, BPM1: x;
dlpole 1 1 1 |
BPMS: ) )
s T T ‘Léj%’ T T
beam kick
[0.9]

« 5 BPMs: incoming angle & offset, kick angle
 dipole + BPM5 for energy measurement

. - [ 1\ 1 0 0 0 )

r=A0 D) (mrae oo oo |(n
ry |=| R R RZ 0 W

T (At AV-1 Atz 74 Ry Ry Ri; 0

b= (A4 AT o)\ R RE RG] NP
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lon Currents from RF Breakdown
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studied in CTF3 mid-linac test stand !RF in tRF out
« arrival time profile at Faraday cup
consistent with “hot Coulomb” D" =
explosion, allows calculation Upstream Accelerating Downstream
. Faraday Cup Structure Faraday Cup
— amount of particles (>1019)
— temperature (> 10° K) S SR pea=rr
fit parameters: —Fit

need detailed analysis to N : tnN_o: 67.3;(109
improve understanding : A\ -q=047

— sometimes multiple peaks

15
Time [us]

t;=7.1ps

150
100

50

0 B it

0 2 ¢ 5 8
o

need method to study in presence of beam
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RF Breakdown: a Reliability Issue
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Conditioning required

* to reach nominal gradient
but
« damage by excessive field

Physics phenomena not yet
completely understood!
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High Frequency Iris Loaded Waveguide Structures
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11.4 GHz structure (NLC)

30 GHz structure (CLIC)

Roger Ruber - Beyond LHC: the path towards future linear colliders 22-Jun-2010




High Frequency Structures

* CLIC type

« T18 vg2.4 disk

 designed at CERN

+ build by KEK

 tested at SLAC

- E,.. = 106 MV/m

« 11.424 GHz

» 230 ns pulse length
« 10 breakdown rate (BDR)

Roger Ruber - Beyond LHC: the path towards future linear colliders
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Frequency 11.424 GHz
Cells 18+input+output
Filling Time 36 ns
Length 29 cm
Iris Dia. a/A 15.5~10.1 %
Group Velocity: vg/c 2.61-1.02 %
S/ S, 0.035/0.8
Phase Advace Per Cell 2m/3
Power Needed | 55.5 MW
<E,>=100MV/m

22-Jun-2010
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Conclusions
» Reached first milestones towards feasibility demonstration:

— Drive beam generation with appropriate time structure and
fully loaded acceleration.

— Two-beam acceleration with CLIC prototype structures.

« Continued operation and enhancements:
— Optimize beam and two-beam acceleration.
— Investigate RF breakdown effects on beam.
— 12 GHz klystron powered test stand.

Many thanks to

all colleagues,

their work and
their suggestions!
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