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CLIC challenges - Talk outline

• Introduction - CLIC peculiarities  

• The ILC-TRC 2003 recommendations

• R&D results so far for baseline program
• Accelerating structures

• Drive beam generation & powerDrive beam generation & power 
production

• Others

• Other issues• Other issues
• Generation of low emittance

• Alignment and stability

• Diagnostics

• Phase stability

• ConclusionsCLIC Advisory CommitteE ConclusionsCLIC Advisory CommitteE
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What matters in a linear collider ?

• High gradientEnergy reach

Luminosity

• Acceleration efficiency

Generation of small emittance damping rings• Generation of small emittance damping rings

• Conservation of small emittance wake-fields, alignment, stability

• Extremely small beam spot at Interaction Point beam delivery system, stability
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The CLIC way to a multi-TeV linear collider - Basic features

• High acceleration gradient (100 MV/m)• High acceleration gradient (100 MV/m)

• “Compact” collider overall length < 50 km

combiner rings      
Circumferences    

delay loop 90 m
CR1 180 m
CR2 540 m

d l

drive beam accelerator
2.4 GeV, 1.33 GHz 

397 klystrons
33 MW, 140 μs

1 km d l

drive beam accelerator
2.4 GeV, 1.33 GHz 

397 klystrons
33 MW, 140 μs

1 km

drive beam accelerator
2.4 GeV, 1.33 GHz

397 klystrons
33 MW, 140 μs

1 km • Compact  collider - overall length < 50 km

• Normal conducting accelerating structures

• “High” acceleration frequency (12 GHz)BC2

decelerator, 26 sectors of 810 m

BDS
2.70 km

BDS
2.70 km

CR2
delay
loop

1 km

CR1
CR2

delay
loop

1 km

CR1

1 km

• Two-Beam Acceleration Scheme

CLIC   3 TeV

e+ main linace- main linac , 12 GHz, 100 MV/m, 21.06 km

booster linac, 
9 G V

IP1

48.250 km

TA
R=120m

245m

• Cost effective, potentially reliable

• Efficient (~ 8% overall)

• Simple tunnel no active elements

e+ injector, 
2.4 GeV

e- injector
2.4 GeV

BC1

e+ DR
360m

e- DR
360m

9 GeV

Simple tunnel, no active elements

• Easy upgrade to higher energies
OVERALL LAYOUT OF CLIC 

FOR A CENTER-OF-MASS ENERGY OF 3 TeV • Small emittance & small beam spot @ I.P.  

• High Luminosity to beam power ratio
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Covered by CTF3

The CLIC Technology-related key issues as pointed out by ILC-TRC 2003

y

• R1.1: Test of damped accelerating structure at design gradient and pulse length 

R1 2 V lid ti f d i b ti h ith f ll l d d li ti

R1: Feasibility

• R1.2: Validation of drive beam generation scheme with fully loaded linac operation

• R1.3: Design and test of damped ON/OFF power extraction structure

R2: Design finalization

• R2.1: Developments of structures with hard-breaking materials (W, Mo…)

• R2.2: Validation of stability and losses of DB decelerator; Design of machine protection system

g

• R2.3: Test of relevant linac sub-unit with beam

• R2.4: Validation of drive beam 40 MW, 937 MHz Multi-Beam Klystron with long RF pulse

R2 5 Eff t f h t h t di ti i b h

*

Covered by EUROTeV

• R2.5: Effects of coherent synchrotron radiation in bunch compressors

• R2.6: Design of an extraction line for 3 TeV c.m.

* Feasibility study done – need development by industry. 
N.B.: Drive beam acc. structure parameters can be adapted to other klystron power levels
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Other R2 key issues- common to all projects - as pointed out by ILC-TRC 2003

Damping Rings

• electron cloud effects 
• fast ion instability 
• extraction kicker stability

itt ti• emittance correction

Low emittance transportp

• static tuning studies, dynamic effects during correction
• beam instrumentation (luminosity monitor, laser-wire profile monitor)
• prototype of the main linac module (on-girder sources of vibration)p ototype o t e a ac odu e (o g de sou ces o v b at o )

Reliabilityy

• detailed evaluation of critical subsystem reliability
• performance of beam based tuning procedures by complete simulations

Still relevant & complete ?
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CTF3 – Layout

DELAY 
LOOP

COMBINER
RING

DRIVE BEAM 
LINAC

CLEX
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CTF3 – Main components

DELAY LOOP

TL1

DRIVE BEAM 
LINAC

COMBINER
RINGchicane

LINAC

30 GHz 
t ti

TL2

Injector

power station probe beam 
linac

two-beam 
test stand

CLEX

30 GHZ 
t t t d

TBL

test stand
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CTF3 – R&D Issues

recombination x 2
recombination 

x 4

bunch length 
control bunch

fully loaded 
acceleration

control bunch 
compression

R1.2

PETS R1 3

structures 
12 GHz

R1.1phase-coding

PETS 
on-off

R1.3

d l ti two-beam
acceleration

R2.3
structures 

30 GHz
R2.1

deceleration 
stability

R2.2
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Adressed – partly adressed

recombination x 2
recombination 

x 4

bunch length 
control bunch

fully loaded 
acceleration

control bunch 
compression

PETS

structures 
12 GHzphase-coding

PETS 
on-off

d l ti two-beam
accelerationstructures 

30 GHz

deceleration 
stability
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R1.1: Test of damped accelerating structure at design gradient and pulse length

The presently tested CLIC structures have only been exposed to very short pulses (30 ns maximum) and 
were not equipped with wakefield damping. The first Ranking 1 R&D issue is to test the complete CLIC 
structures at the design gradient and with the design pulse length (130 ns). Tests with design pulse length 
and with undamped structures are foreseen when CTF3 is available (April 2004).

R2 1: Developments of structures with hard breaking materials (W Mo )R2.1: Developments of structures with hard-breaking materials (W, Mo…)

Present tests have demonstrated the advantages of tungsten and molybdenum irises in reaching the highest 
gradients in accelerator structures. These tests should be pursued, possibly also with other materials, for 
application to CLIC and possibly other machines.
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CTF II Di l d i 2002 f h i hi d i lCTF II - Dismantled in 2002, after having achieved its goals

CTF II 30 GHz 
MODULES

Drive beam line

Main beam line
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Hi h t t f l ti t t i CTF II d l h h d i f fi ld

Breakdown and damage of structures

At these field levels structures seem to suffer severe surface damage from breakdowns.

High-power tests of copper accelerating structures in CTF II and elsewhere showed a maximum surface field 
around 300-400 MV/m.

Damaged iris – longitudinal cutMicroscopic image of damaged iris

Possible solutions:

Optimize the RF design to obtain lower surface field to accelerating field ratio (small a/λ)

Investigating new materials that are resistant to arcing - tungsten looked promising
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Hi h di t t t i CTF IIHigh-gradient tests in CTF II

CLIC goal unloaded

200
30-cell clamped tungsten-iris structure

CLIC goal
loaded

150
ld

 (M
V

/m
)

154 MV/m

continued after inspection
still no damage100

el
er

at
in

g 
fie

l

3.5 mm copper structure - damaged
4.0 mm copper structure - damaged

50

Pe
ak

 A
cc

e

3.5 mm tungsten iris - undamaged
3.5 mm molybdenum iris- undamaged

0.5 1 1.5 2 2.5 3
0

0

(177 MV/m at 8 ns)

A 30-cell structure with Mo irises  and low ES/EA largely exceeded the CLIC 

No. of shots × 106

accelerating field requirements without any damage

190 MV/m accelerating gradient in first cell - tested with beam !   (but only 16 ns pulse length)
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High-gradient tests in CTF II

W Mo Cu

Damage on iris after runs of the 30-cell clamped structures tested in CTFII.
First (a, b and c) and generic irises (d, e and f) of W ,Mo and Cu structures respectively.
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Structure limitations - bi-metallic concept

use of Mo, or alternative 
refractory metal

E-field (breakdown)
use of CuZr, or improved 
h i l h hi h

Pulsed currents (fatigue)

refractory metal. mechanical strength high 
conductivity alloy.

CuZr C15000:
pulsed currents

Use bi-metallic
p

Mo: 
high E-field
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Acceleration structure fabrication tests

Mo

Bi-metallic structure
Hot Isostatic Pressing

CuZr
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CTF II experiment

Accelerating structure test in CTF3
(Mo iris - clamped)

CTF3 High-Power test results

CLIC goal
Reached nominal CLIC values : 

150 MV/m  - 70 ns

extrapolation from CTF II

ad
ie

nt

extrapolation from CTF II

G
r

However:

• Damaged irisesPulse Length• Damaged irises
• Breakdown rate too high for CLIC operation
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More recent results & open questions:

CTF3 High-Power test results – 30 GHz

• HDS geometry tested (Cu) – worse performance (many potential explanations)
• Breakdown rate slope for Mo less steep than Cu – material or clamping dependent ?
• Mo slope & conditioning limit not consistent in different tests…

CuCu

Mo
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CTF3 - SLAC High-Power test results – 30 and 11.4 GHz
Scaled structures have the same gradient…

…fundamental assumption of structure optimization 
process, and of 12 GHz choice
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12 GHz results – T53 performance indeed relevant for CLIC –
energy reach vs efficiency

If literally cut by half, canIf literally cut by half, can 
give some 5 -10 % efficiency
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R1.2: Validation of drive beam generation scheme with fully loaded linac operationR1.2: Validation of drive beam generation scheme with fully loaded linac operation

The validation of the drive beam generation with a fully loaded linac is foreseen in CTF3. 
Beam dynamics issues and achieving the overall efficiency look challenging.

R2.2: Validation of stability and losses of DB decelerator; Design of machine 
t ti tprotection system

The very high power of the drive beam and its stability are serious concerns for CLIC. The drive beam 
stability should be validated, and the drive beam Machine Protection System, which is likely to be a 
complex system, should be designed to protect the decelerator structures.

R2 3: Test of relevant linac sub-unit with beamR2.3: Test of relevant linac sub unit with beam

The test of a relevant linac subunit with beam is required. This is one of the purposes of CTF3, which 
should start operation in 2004.
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RF Power Source “building blocks”

RF in No RF to load
Full beam-loading acceleration in 

TW sections

Most of RF power 
to the beam

High beam 
current

“short” structure - low Ohmic losses

P0 , ν0
Transverse

RF Deflector ν0

Beam combination/separation
b trans erse RF deflectors

2 × P0 , 2 × ν0

RF Deflector, ν0

by transverse RF deflectors P0 , ν0
Deflecting

Field
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Drive Beam Accelerator
efficient acceleration in fully loaded linac

Delay loop × 2
gap creation, pulse 

compression & frequency 
multiplication

Combiner ring × 3
Transverse RF 

Deflectors g

Combiner ring × 3
pulse compression & 

frequency multiplication

pulse compression & 

Drive Beam Decelerator Sector (26 in total)

frequency multiplication
RF Power Source 

Layout

Power Extraction

Drive Beam Decelerator Sector (26 in total)

300 ns

Drive beam time structure - initial

300 ns
5 4 μ

Drive beam time structure - final

140 μs total length - 18 × 26 sub-pulses - 5.2 A
2.4 GeV - 45 cm between bunches 26 pulses – 93 A – 2.5 cm between bunches

5.4 μs
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Demonstration at CTF3:

MKS03 MKS07MKS06MKS05

Spectrometer 10Spectrometer 4

Setup: no RF pulse compression (with exception of MKS03)p p p ( p )
1.5 µs long RF & beam pulses
adjust RF power, beam current and phase to fulfill fully loaded condition
measure energy gains for different klystrons

analog signal

RF pulse at structure input

Measured RF-to-beam efficiency

g g

1.5 μs

RF pulse at structure output

RF pulse at structure input
95.3 %

Theory
1.5 µs beam pulse

p p

96% (~ 4 % ohmic losses)
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Dipole modes suppressed by slotted iris 
damping (first dipole’s Q factor < 20)
and HOM frequency detuning

damping 
slot

SiC load

RF pulse at structure input

Measured RF-to-beam efficiency1.5 μs

RF pulse at structure output

RF pulse at structure input
95.3 %

Theory
1.5 µs beam pulse

p p

96% (~ 4 % ohmic losses)analog signal
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CTF3 Preliminary Phase
(2001-2002)

streak camera
measurement

Beam structure
in linac – 4 pulses

Beam structure
after combination

(factor 4)

Bunch spacing
333 ps 6.6 ns 420 ns 

(factor 4)

Bunch spacing 
83 ps 

total length 1.3 μs - Peak Beam Current 0.3 A
Pulse Length 6.6 ns
Beam Peak Current 1.2 A
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P li i Ph ltPreliminary Phase results
Bunch combination (factor 4)

x

333 ps

Streak camera image of the beam illustrating the tBeam current circulating in the ring 
d d b h

83 ps

Streak camera image of the beam, illustrating the 
bunch combination process

measured during combination with a 
beam current monitor
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Present status of combiner ringPresent status of combiner ring

First combination test factor 2
(June `05)

First beam (end `05)

(June 05)

First circulating beamFirst circulating beam 
(May `05)
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R1.3: Design and test of damped ON/OFF power extraction structure

In the present CLIC design, an entire drive beam section must be turned off on any fault (in particular on any cavity 
fault). CLIC needs to develop a mechanism to turn off only a few structures in the event of a fault. At the time of 
writing this report, there is no specific R&D program aimed at that objective but possible schemes are being studied.writing this report, there is no specific R&D program aimed at that objective but possible schemes are being studied.
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ON
Detuning
wedges

Fast (15 ms)
linear movers

Power Extraction & Transfer Structure

• In interaction with the drive beam, the PETS must 
produce and efficiently extract a few hundreds MW 
of RF power.

OFF

• The PETS is a periodically 
corrugated structure with 
low impedance (big a/λ).

R nst t d f m GDFIDL d t

PETS ON/OFF mechanism

p ( g )

Beam eye
view 1

10

Reconstructed from GDFIDL data 
PETS output pulse envelopes 

.
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.10 3
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m

.

0 2 4 6 8 10
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High-power 

High-gradient 
test stand

transfer line

CTF3 linac

test stand

30 GHz power C 3 ac

P t ti &

production in CTF3

Power extraction & 
transfer structure (PETS)

• Produced power up to about 100 MW - structure tests started in 2005

• 5 structures tested until now
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R2.5: Validation of drive beam 40 MW, 937 MHz Multi-Beam Klystron with long RF pulse

The validation of the proposed multibeam klystron performance is needed to finalize the design choices for the 
CLIC drive beam generation This applies particularly to the 3 TeV energy upgrade (long pulse)CLIC drive beam generation. This applies particularly to the 3 TeV energy upgrade (long pulse).

Typical ranges (commercially available)
10000

E. Jensen

1000
Transistors
SSPAs (x32)
Grid tubes

100

er
 [k

W
]

IOT
Klystrons
CCTWT
new DBA klystron
old DBA klystron
ILC RDR klystron

10

W
/A

ve
ra

ge
 p

ow
e

1

C
W

/

For the average power, it looks as though this is well in reach. 

However, there was a study made (Thales), which concluded that at 1 GHz 
the limit would be around 40 MW, 100 μs (red triangles).

0.1
10 100 1000 10000f [MHz]

μ ( g )
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R2.5: Effects of coherent synchrotron radiation in bunch compressors

Calculations of the effects of coherent synchrotron radiation on the CLIC bunch compressors must be performed.

F. Stulle -PSI 

O i kOngoing work
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R2.6: Design of an extraction line for 3 TeV c.m.

An extraction line design for 3 TeV c.m. must be developed.

Promising first design

A FerrariA. Ferrari 
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Other (non ILC-TRC) issues
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Low emittance generation – damping ring

→ HANS....
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The small beam size challenge

Adapded from S. Chattopadhyay, K. Yokoya, Proc. Nanobeam `02
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Alignment

H. Mainaud 
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H. Mainaud 
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Stability

Vertical spot size at IP is ~ 1 nm  (size of water molecule)
S. Redaelli et al. 

Need active damping of 

Stability requirements (> 4 Hz) for a 2% 
loss in luminosity

Magnet Ix Iy p g
vibrations

g y

Linac (2600 quads) 14 nm 1.3 nm

Final Focus (2 quads) 4 nm 0.2 nm

Test made in noisy environment active

Achieved stability on CERN 
vibration test stand CERN vibration test stand

Test made in noisy environment, active 
damping reduced vibrations by a factor 
about 20, to rms residual amplitudes of:

Vert 0 9 ± 0 1 nmVert. 0.9 ± 0.1 nm
1.3 ± 0.2 nm with cooling water

Horiz. 0.4 ± 0.1 nm
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Main/Drive Beam Phase stability

4% luminosity 
reduction
σ = 0 225o

F. Stulle -PSI 

σφ = 0.225

Δz = 6 μm
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Diagnostics
Phase measurementJ. Sladen, A. Andersson

• Phase accuracy: 0.1º
• Amplitude range: ~6dB
• Bandwidth: 50MHz, system investigated 

up to 250MHz
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Diagnostics
Beam positionL Soby – I. Podadera 

Test in CTF3 late
this year
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L Soby – A. D‘Elia

Diagnostics
Wall Current Monitor
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Diagnostics - other issues

• Beam profile main beam• Beam profile – main beam
• Emittance – main beam (for bumps)
• Beam profile drive beam
• Luminosity monitorLuminosity monitor
• ...
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• CLIC technology is not mature yet, requires challenging R&D

CONCLUSIONS

gy y , q g g

• Very promising results were already obtained in CTF II and in the first stages of CTF3

• (Some) remaining key issues clearly identified (ILC-TRC)

• CLIC technology related issues addressed in CTF3 by 2010

• Technology independent issues studied within EuroTeV and in close collaboration with ILC

• Other key issues, identified by the study, partly under studyy y y p y y

• Plans to cover the rest → Hans



Review of CLIC Challenges and Key Issues R. Corsini – CLIC ACE 21 June 2007

Still a lot of work before it flies…


