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< Introduction

« Room temperature RF cavities

o CLIC (Compact Linear Collider)
o CTF3 (CLIC Test Facility)
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ilr
Hi Preface

© Complex topic - Don’t panic!

© Approach:

© Explain the fundamental effects and principles
that leads to differences between SuperConducting (SC)
and normal conducting (NC) technology

<© | will not go much into technical details
© Try to avoid formulae as much as possible

© Goal: You understand
© Basic principles
© The driving forces and limitations in NC linear collider design
© The basic building blocks of CLIC

© Ask questions at any time! Any comment is useful! (e-mail: tecker@cern.ch)

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 2



ile CLIC — in a nutshell (e,

&

6 &6 &6 &

819 klystrons 819 klystrons

15 MW, 142 s circumferences 15 MW, 142 ps
: s I I | delay loop 73 m l I l : s
CO m pact drive beam accelerator CR1293 m drive beam accelerator
% CR2439m
L|near b 2.5km 2.5km
delay loop » 4 delay loop

1 Dnve Beam
CO I I I d er @ decelerator 24 sectors of 878 m

N__ BDS -

e+/e- COI I Ider H\_ e~ main linac, 12 GHz, 100 MV/m, 21 km 275km = km e* main linac %
for up to 3 TeV

48.3 km
Luminosity \/ | Main Boam | -
CR combinerring
BC bunch compressor
Gradient 100 MV/m

6- 1034cm'2s'1 (B TeV) booster linac TA  turnaround
& BDS beam delivery system
PDR DR
389m)J\427 m
RF frequency 12 GHz

2.86 to 9 GeV DR damping ring
Normal conducting i BC bunch comprese
RF accelerating structures aabcey ®8Gey kb mteraction point
427 m) {389 m
Two beam acceleration principle for cost minimisation and efficiency
Many common points with ILC, similar elements, but different parameters
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il Part 1

¢ ‘warm’ RF technology basics:
© A linear collider at higher energy

< Normal conducting RF structures
© Gradient limits
© Pulsed surface heating and Fatigue
© Breakdown mechanism and phenomenology

Frequency choice
Wakefields and damping
Pulse train formats

Differences ‘warm’ and ‘SC’ RF collider

6 &6 & &
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"o
Power-extra et
s er struacctzcr)g (732?—5)
dcc, €la rat/'n ‘ -—
o CLIC scheme and CTF3: 7Sty
© CLIC layout at different energies
© CLIC two-beam acceleration scheme Bogy T

© CLIC drive beam generation
© Bunch train combination
© Fully loaded acceleration

© Demonstrations at the CLIC Test Facility CTF3
© RF power production

© CLIC main beam generation and dynamics

© CLIC damping rings

© CLIC alignment and stability
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| © Collider History:

THE ENERGY FRONTIER

E (Discoveries) © Energy constantly increasing

-, Hadron Colliders with time

L% top auark)  Tevatron” " « Hadron Collider at the energy frontier
£ W=z bocone) sesa” 7 0« Lepton Collider for precision physics
< SSTRISTAN

§ «&FETRA, PEP  (gluon) _

3 Acesn © LHC will restart 2015 at 13 TeV cms
5 y,@,g:s::’“ﬁ;:m quark, < laplon) < High energy e-/e+ storage ring

2 AT excluded by synchrotron radiation

S ete~ Colliders

© Build Linear Collider to complement
LHC physics

1960 1970 1980 1980 2000
Year of First Physics
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il TeV e+e- physics

&

Higgs physics

© LHC has discovered ‘Higgs-like’ particle

© LC explore its properties in detail y N\
Supersymmetry mmm—

© LC will complement the :

LHC particle spectrum

Extra spatial dimensions UNEAR COLLIDER
New strong interactions

=> a lot of new territory to discover
beyond the standard model

abadosalpey 2By
Report of the CLIC Physics Working Group

Energy can be crucial for discovery!

Physics af e ILC

“Physics at the CLIC Multi-TeV Linear Collider” CERN-2004-005
http://cdsweb.cern.ch/record/749219/files/ CERN-2004-005.pdf

“ILC Reference Design Report —\Vol.2 — Physics at the ILC”
www.linearcollider.org/rdr .
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il CLIC CDRs published

2 Vol 1: The CLIC accelerator and site facilities (H.Schmickler)

TR R - CLIC concept with exploration over multi-TeV energy range up to 3 TeV

- Feasibility study of CLIC parameters optimized at 3 TeV (most demanding)

- Consider also 500 GeV, and intermediate energy range

- Complete, presented in SPC in March 2011, in print:

. _ In addition a shorter
Vol 2: Physics and detectors at CLIC (L.Linssen) overview document

- Physics at a multi-TeV CLIC machine can be measured with high precision, was submitted as
despite challenging background conditions

input to the
- External review procedure in October 2011 European Strategy
- Completed and printed, presented in SPC in December 2011 update, available at:

Vol 3: “CLIC study summary” (S.Stapnes)

- Summary and available for the European Strategy process, including
possible implementation stages for a CLIC machine as well as costing and
cost-drives

- Proposing objectives and work plan of post CDR phase (2012-16)

- Completed and printed, submitted for the European Strategy Open Meeting
in September
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https://edms.cern.ch/document/1234244/
http://arxiv.org/pdf/1202.5940v1
http://arxiv.org/pdf/1209.2543v1
http://arxiv.org/pdf/1208.1402v1
http://arxiv.org/pdf/1208.1402v1
http://arxiv.org/pdf/1208.1402v1

il Linear Colliders - Energy

© Historical background: 2004 — ILC-TRC review
« Evaluation of linear collider (LC) projects (NLC/JLC, TESLA and CLIC)
© Decision for Superconducting Accelerator Technology
for LC with E_,, = 0.5-1 TeV
© Consequences:

© End of competition between normal conducting and SC schemes
© Concentration of R&D on superconducting ILC scheme

© What about if interesting physics needs E_,>> 0.5-1 TeV 7?7?
LHC results will determine the required energy!

© LC size has to be kept reasonable (<50km?)
gradient >100 MV/m needed for E_,= 3 TeV

© SC technology excluded, fundamental limit ~60 MV/m (excess of H.iica)
© Normal conducting RF structures, but not trivial either!
© => CLIC study for multi-TeV linear collider
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ile Achieved SC accelerating gradients é®

¢ >28 MV/m yield M >35 MV/m yield

100

© Recent progress by R&D ) 1 pass
program to systematically } : _
understand and set i + }

(2]
o

———

yield [%]

procedures for the
production process Lows 2012

N H
o o
L
¢ &
H——

< reached goal for a 50% yield S g & g B
at 35 MV/m by the end of ¥ ¥ v
20 10 test date (#cavities)

0 90% yield at 28 MV/m o . ¢ >28 MV/m yield M >35 MV/m yield i
exceeded in 2012 , {.

© Tests for higher gradient Fol T % ;
ongoing 2w ! i

© limited certainly below wi—— 2nd hags —
50 I\/IV/m 0 > ] S = | &

§ § § §
6‘0’ N v Qé\r

test date (#cavities)
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,,’,_‘: Normal conducting structures AP

© Higher gradients (>50 MV/m) reachable with normal conducting
accelerating structures

© But! Compare to advantages of SC RF cavities:
© \ery low losses due to tiny surface resistance

© High efficiency

© Long pulse trains possible

« Favourable for feed-backs within the pulse train

< Standing wave cavities with low peak power requirements

© Lower frequency => Large dimensions and lower wakefields

© => Important implications for the design of the collider

Frank Tecker CLIC =8t Int. Acc. School for Linealr Colliders —6.12.2013 11



A0 :
HiA Traveling wave structures

© NC standing wave structures would have high Ohmic losses
& =>traveling wave structures

particles “surf” the
electromagnetic wave

© RF ‘flows’ with group velocity v along the structure
Into a load at the structure exit

© Condition for acceleration: Ap=d-w/c (Ao cell phase difference)
<« Shorter fill time Tg,= + 1/v; dz - order <100 ns compared to ~ms for SC RF

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 12



il RF efficiency: cavities

4

4

4

Fields established after cavity filling time (not useful for beam)

Steady state: power to
beam, cavity losses, and (for TW) output coupler

P T

Efficiency: /7 = nean pean
. RF —beam
I?)eam + I)loss + ])out Tﬁll + T;)eam
— _/
e

~ | for SC SW cavities

=> |ong pulse length favoured

NC TW cavities have smaller filling time T,
=> Second term is higher for NC RF

Typical values SC: 7% =0.6
NC: =03

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 13



"l'l: Limitations of Gradient E,,

© Surface magnetic field
© Pulsed surface heating => material fatigue => cracks

© Field emission due to surface electric field
© RF break downs
© Break down rate => Operation efficiency
© Local plasma triggered by field emission => Erosion of surface
£

Dark current capture
=> Efficiency reduction, activation, detector backgrounds

© RF power flow

© RF power flow and/or iris aperture apparently have a strong impact on
achievable E_ . and on surface erosion. Mechanism not fully understood

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 14



ile pylsed surface heating - Fatigue Q!b

Calculated temp. profile
g AT=56°C
_ S B T
Cyclic compressive
stresses
e =5 © Magnetic RF field heats up cavity wall

© EXxtension causes compressive stress
© Can lead to fatigue

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 15
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L

Fatigue curves

H peak

Failure !
AT

A !

W
G
-
£ Steels, Mo, Ti
= €els, , 11, ... -
E ST~ c Candidates: Cu-OFE (C10100),
< \ BT & 1| -
N s Cuy, CuZr (C15000), GlidCop Al-15
g ]
& No Failure
_thiau; ETtrEn_gtH.; ﬁ-l_E;CES:_ ________________ | 500 © C10100, CW 50%, Laser, R— (compr.), Luvata
[Curve B] I @ CI000 W ALK, Laces, P {oanpe), Laven
I o © C15000, CW 39%, US, R=-1, Hitachi
I ¢ 6 C15715, OW 0% US, Reri. Scm
1 1 1 1 L I =gl‘l_illlc1[-)r[)ﬂ%?\;§[:‘356m§F5LAC R=e= {compr.), Luvata
10° 104 108 108 107 . 108 108 | B CTo i, o o
1 Power (C15715, as HIPped, Laser, Rew (compr.), SCM)
Cvcles to Failure N $o _m: :gg}gg: gmigz: ESS!;:,:_RLWLIEJ::::;H, Luvata)
’ = o Power (C15000, CW 38%, US, R=-1, Hitachi)
S 300
© High number of cycles limits to .
§2[|[] T
smaller stresses : e
© 20 years operation => ~1010 cycles! B e =
A
- - - ﬂ
© Limits maximum AT and | _ CLIC target
peak mag netIC fleld 1[?E+02 1.E;-CI3 1.E;-CI4 1.E.+05 1.EI+CIE 1.Ei+-CI]'r 1.EI+CIE|- 1.E;-C|9 1.E;-1D 1.E;-11

Frank Tecker

Number of cycles [log] R=(Stress min) / (Stress max)
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ile Pulsed surface heating

© Pulsed surface heating proportional to
& Square root of pulse length

& Square of peak magnetic field AT = Ho @ |:| 2
© Field reduced only by geometry, 27T (y;tch

but high field needed for high gradient
© Limits the maximum pulse length

=> short pulses (~few 100ns) AT temperaturerise, o electric conductivity
A heat conductivity, p mass density
Numerical values for copper Cy Specific heat, t, pulselength

H peak magnetic field

AT ~ 4107 KM | 7 e
~ V2 P acc O

I_AI - Eacc
377Q
AT ey = 0K g, geometry factor of structure design
¢ < AT, 1 typcal value g,, ~12
" 410" ) fES
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"',_‘,‘ Frequency scaling of RF pulse length Ilmlts G!b

(for a typical accelerating structure geometry)

10

A Y

\

1\

1\

\\

\\ \

\\\ minimum-for good klystron-efficiency
~—~
& 10° \ \\
— \ \\ \ Mo
£ | N Wimyp,
@) \ N\ il (172 0 ——
e\ O\ 0k

9
= \ \ “=10g 5 ]
N q Vim
— N
L 10° Mg~ TT—__
10 i "h} I —
D: N b’ / BN e Iy —
~— 10 5~ £ —
~—— S00g ace =150 A v,
E \\ o bt .'_l'(;‘ P4 | /'I'
ace \200 \ tIIIae e"-. —
\y\\
1
10

) 10 15 20 25 30 35 40 45 50
Frequency (GHz)

Hans Braun
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iln Breakdowns - RF wave form e,

Normal RF pulse Break down

—_——

Voltage (A.U.)

T ——
oy '-!. s i

i
i

200nsec/div

200nsec/dv

Incoming wave

| Outgoing wave
[I Break down Reflected wave

from S.Fukuda/KEK

© Pulses with breakdowns not useful for acceleration
© Low breakdown rate needed

19
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,,’,‘: Phenomenology of RF breakdowns

© Breakdown events characterised by

© always
© disappearance of transmitted power
© reflection of incident power
© emission of intense bursts of fast electrons (Ey;,~100 keV)
© acoustic shock wave (can be detected with accelerometer)
© build up time ~ 20 ns

© often
© fast rise of gas pressure

© emission of visible and UV light,
light pulse longer than incident RF pulse (~ few ms)

© emission of positive ions (E;,~few 100 eV),
pulse longer than incident RF pulse (~ few ms)

< usually no precursor signals !

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 20



ile Structure conditioning

© Material surface has some intrinsic roughness (from machining)

© Leads to field enhancement Epeak = SEo
® field enhancement factor

© Need conditioning to reach ultimate gradient
RF power gradually increased with time

© RF processing can melt
field emission points
© Surface becomes smoother
© field enhancement reduced

© => higher fields
less breakdowns
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"',_',‘ BD Rate at Different Conditioning Time G!D

" BKD Rate for 230ns

10 ¢ /
500hrs |
/ 4
% 10'5: 900hrs
% ]
2
.*!
5 /
o
O 6 1200hrs
X 10 = i
m N /
-7
10 °° ; : : '
95 100 105 110 115
Unloaded Gradient: MV/m
© After conditioning:
© Higher fields reachable for constant BDR
© Lower breakdown rate at a given field Faya Wang
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ile Breakdown-rate vs gradient é»

© Higher breakdown rate for higher gradient

High Gradient Performance

2 Structures after ~ 500 hr of Operation and
8 Structure Average after > 1500 hr of Operation

m——————r——
e+*mvA Single Structures f::.':::::.'::::::::.':::::.'::.'::::::::::::::r:#}::::::rf

> ¢ Eight Structure Average @ s e

. . ........................................... *. .......

=
=
TT]

with 400 ns Pulses
<

Breakdown Rate at 60 Hz (#/hr)

0.01 ¢

Unloaded Gradient (MV/m) C. Adolphsen /SLAC
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o

Breakdown-rate vs pulse length

« Higher breakdown rate for longer RF pulses

© Summary: breakdown rate limits pulse length and gradient

Breakdown rate

1
10

0
10

10

10

10

Frank Tecker

prd i
p - i P
yd /
/// 8/
7 //
yd e /
S e~ 6

‘m - B SLAC 70 MV/m |
/6/ }/ © SLAC65MV/m
7 e © SLAC60MV/Im -
= ® KEK65MV/Im
74 exp. fit .

100

I I I
200 300 400 500 600 700 800
Pulse length (ns)
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ile Conditioning limits

Microdrop
\ Primary Emission Py s
\\ — Site R "" ; '_ New

é

More energy: electrons generate plasma and melt surface

© Molten surface splatters and generates new field emission points!
=> limits the achievable field

© EXxcessive fields can also damage the structures
© Design structures with low E_ /E,.
© Study new materials (Mo, W)

f

--‘. =
Mag = HDS11Ti, iris -1to -5, 55°File Name = HDS11Ti-33.tif
Date :19 Dec 2006

Damaged CLIC structure iris Ty o
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il Frequency choice for NCRF @}

© Shunt impedance R, ocfl2 (higher acceleration, as R.=V?/P)
© RF peak power P, «1/f1?2

© Stored energy E ol/f?

< Filling time Ty oc1/f 312

© Structure dimensions a «l1/f

© Wakefields W, o f3

© The choice of frequency depends on the parameters above

(cost issues!)

© Higher frequency is favourable for NC structures
If you can manage the wakefield effects

© Actual frequency also depends on availability of RF power sources
(high power klystrons up to ~17 GHz)
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ile A real life frequency choice é»

© Many more parameters in collider design
© Take beam dynamics (BD) into account
© Bunch charge and distance (wakes!), cell geometry, fields, efficiency,...

<E,>, f, Ay, <a>, da, d;, d, €

¥ v
Bunch population Cell parameters
| | |

N Q, R/Q, Vg, ES/EQ, Hs/Ea Ql: Al: fl
|_) ¥ ¥
Structure k N, Bunch s
L., N, ——> parameters separation
%

n, Pin: Esmax' ATmax

YES Cost function
minimization

NO >
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"o

© Optimisation - figure of merit:
© Luminosity per linac input power 150

e cLIC: Why 100 MV/m and 12 GHz ?

LM [au ]

. . 140
& Structure limits:

© RF breakdown — scaling
(Ey,+<260MV/m , P/Ct%3 limited)
© RF pulse heating (AT<56°K)

130

[Mv/m]

120

< =
acc

1Mok

100
© Beam dynamics: o

© emittance preservation — wake fields

© Luminosity, bunch population,
bunch spacing

© efficiency — total power

140

130

[hv/m]

120

& take into account cost model

<E =
acc
=

after > 60 * 10° structures: -
100 MV/m 12 GHz chosen, %0
previously 150 MV/m, 30 GHz —
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"’,‘: Power requirements — Klystron linac (e

© Accelerating field: E..=9E,, with g, =06
(transit time, field geometry) ,
© Stored e.m. energy: W

Linac

»Le L %(2.405 <)* J,(2.405)°

eJmULE: VE

» 140000 acc acc
© Peak power: BV%s ZH f - @

(neglecting beam power)
\/_[ /2

2,0f2[s”2] éJm UE,,

© Example (for 1 TeV centre-of-mass energy):
V=1TV E =50 MV/m L =20 km f=3 GHz
=> W=08MJ P=12TW P’=60 MW/m

© Would need 20000 60 MW klystrons, Not very practical!
=> higher frequency, pulse compression (NLC/JLC), drive beam (CLIC)

P=- g W power lost, O » (typical value for Cu)
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ile RF pulse compression

© NC structures: short pulses of very high power needed
© KIlystrons produce longer pulses and are power limited
© Way out: transform long RF pulses into shorter with higher power

RF Distribution

NLCTA pulse compressor: up to 500 MW
Low-level RF RF pulse

Klystron 600 ! ! !
RF source ‘ J—‘L/ \

® ® 00 = Qutput Power 71 i
Phase shifter (Gain = 3.1)
““““ — 2

Modulator Accelerating Structure é’ 300 ¢ Combined S
5 Klystron Power

200 b ______________________ __________________ |

100 b ______________________ __________________ -
Resonant Delay Lines Irises Klystron §
P 0 A\ / i

' - | l 0 0.5 1.0 1.5 2.0
Hybrid To Accelerator Time (us)
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ile NLC Linac RF Unit [l

© Output pulses of 8 klystrons phase modulated and combined
© Depending on phase combination, power takes a different path
© Long klystron pulses are converted into shorter pulses

solid state

klystl‘on modulator
_ 8-pack AT
taper TE1L/TEL2 V_‘V V‘V
low-loss circular delay line converter \ ’
M TE0L.TEL2 T = 'V\};ﬂy )
— TEQL TEL . : bncher 11.4 GHz RF Source
Fast Phase ] I
) (5) (6) (7 shiters & 5 S L F
S Y 7S LT
VVVVVVVYV
m[nmm] . mmen A - P (I OO [ . . Klyﬁtmn F:F TE MW -
imme> Pulse 3168 ns
beam direction
510 MW B - ,,_F 2 Mode
396 ns Single Mode Extractor r Launcher
n
H . 0 S o 28 Ny = 2.8 R ;_H} e
Beam Direction —— Six 0.9 m Accelerator Structures

(170 MW, 396 ns Input)
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:1 . i
,,,_‘: RF structures: transverse wakefields @b

|l
|‘ r|

© Bunches induce wakefields in the accelerating cavities
© Later bunches are perturbed by these fields
© Can lead to emittance growth and instabilities!!!

© Effect depends on a// (a iris aperture) and structure design details
© transverse wakefields roughly scale as W, o f 3

< less important for lower frequency:
Super-Conducting (SW) cavities suffer less from wakefields

© Long-range minimised by structure design
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,-,'5 Accelerating structure developments

© Structures butlt from discs

© Each cell damped by 4 radial WGs | Test results

© terminated by SiC RF loads < C + E————

< Higher order modes (HOM) S
enter WG = W

© Long-range wakefields 10! : | e
efficiently damped )

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Time [ns]
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,,’,‘: Dipole mode detuning

Structure parameters can be varied along structure keeping
synchronous frequency for accelerating mode constant
but varying synchronous frequencies of dipole modes

Ideal is a Gaussian weighting of frequency distribution, but finite
number of cells leads always to re-coherence after some time !
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e

"o

Damping and detuning

@

< Slight random detuning between cells makes HOMSs decohere quickly

© Will recohere later: need to be damped (HOM dampers)

Dipole Mode Density

Wakefield Damping and

Time After Bunch (ns)

Frank Tecker

CLIC -8t Int. Acc. School for Linear CoIIiIders -6.12.2013

1.0k
. o8|
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<Y [ easurements m, W"’\ ;::.\.}1‘
= ' i "”l"'”\:"n|1' i "’ffﬁk"?""*’ﬁt“q LM N”l " ”\” V ' UPLLL o | (g
= . DR IR AL
: TR 1) DR AR AN L]
% 1 | } AR : E \ ‘ ,’l,',m. u‘:alr:::il. m,’ !¢‘ "'ﬂuﬁ‘l:
= : RUIrRRE 13
<C 1Y {
o | |
[)
= 0.1 !
£ _ ]
© Time of
= Next Bunch ) )
l« Damping and Detuning
0 1 10 25 50 100 200

C. Adolphsen/SLAC
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,",'5 Accelerating Structure Results

© RF breakdowns T LUy T

can occur
=> no acceleration
and deflection

® Goal:3107/m

S. Doebert et al.

brea kd OoOWwns 10_3% T18 [1]230 ns, 1400 h ; 7/

. — 5 T18 [2] KEK 252 ns // 7 7 s I/
at 100 MV/m loaded gradient g © TemEons 0y 7 i
at 230 ns pulse length Sl ecmnmn A S LS
= CLIC goal # I/ - l/ ,,ﬁ
< latest prototypes (T24 and TD24) = PASS & iy & e
tested (SLAC, KEK and CERN) & S S SS
© =>TD24 reached 106 MV/m at S S S S S S —
: = A A S [24
nominal CLIC breakdown rate Z / y.V4 )
. . . / e = -
(without damping material) > /L DA
0] YA AV R X
< Undamped T24 reaches 120MVIm 5 ./ / / / /CLICgoa

Average unloaded gradient (MV/m)
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,,’,‘: NC RF structures - Summary AR

© Traveling wave structures
© Short RF pulses ~few 100ns (still as long as possible - for efficiency)

© Higher frequency preferred (power reasons)
© Smaller dimensions and higher wakefields
© Careful cavity design (damping + detuning)
© Sophisticated mechanical + beam-based alignment

© Higher gradients achievable

© Limited by
«© Pulsed surface heating
© RF breakdowns
« Structure damage

© Klystrons not optimal for high power short pulses
=> RF pulse compression and Drive Beam scheme
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ile Accelerating gradient

Accelerating fields in Linear Colliders
Superconducting
cavities have
lower gradient
(fundamental limit)
with long RF pulse

CLIC
achieved

CLIC
achieved

CLIC

Mean accelerating field (MV/m)

Normal conducting 100 { WARM —« " SC —
cavities have NLC

higher gradient with >0 JLC-C ' TESLA800
shorter RF pulse . | | ' | " | TESLAS00
length 1E+01 1E+02 1E+03 1E+04 1E+05 1E+06 1.E+07

RF pulse duration (nanosec)
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:1
e Bunch structure @b

© SC allows long pulse, NC needs short pulse with smaller bunch charge

200,000 ps
- -
0.370 ps 2625 bunches
-
ILC
2x1070 ]
................................... B C 15 4
1.3 GHz - > '
970 ups
8333 LS
=] -
—p a4—0.0014 us
NLC/JLC | ‘ ‘ “.,192 bunches The different RF technologies
0.75x10 § .
S used by |LC , NLC/JLC
11GHz . and CLIC require different
20000 s packaging for the beam power
- -
—p -u— 0.0005pus
CLIC 10 ‘ ‘ ‘ ‘ 4312 bunches
0.4x10 ~ ~
AN '
12 GHz ‘ .
0.156 s
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il Warm vs Cold RF Collider

© Normal Conducting

L

L

L

L

High gradient => short linac © P

High rep. rate => ground motion
suppression ©

®

Small structures => strong wakefields ® €

Generation of high peak RF power ® ®

© Superconducting

long pulse => low peak power ©

large structure dimensions => low WF ©

very long pulse train => feedback within train ©
SC structures == high efficiency ©

Gradient limited <40 MV/m => longer linac ®
(SC material limit ~ 55 MV/m)

low rep. rate => bad GM suppression
(2, dilution) ®

Large number of e+ per pulse ®

very large DR ®
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,,’,‘: Comparison ILC - CLIC

ILC CLIC remarks

No. of particles / bunch 10° 20 3.7 CLIC can’t go higher because of short range wakefields

Short spacing essential for CLIC to get comparable RF to beam
efficiency, but CLIC requirements on long range wakefield
Bunch separation ns 370 0.5 suppression much more stringent

forces detectors to integrate over several bunch crossings

One CLIC pulse fits easily in small damping ring, simple single
turn extraction from DR.

Bunch train length [s 970 0.156
But intra train feedback very difficult.
Charge per pulse nC 8400 185 Positron source much easier for CLIC
Linac repetition rate Hz 5 50 Pulse to pulse feedback more efficient for CLIC

(less linac movement between pulses)

Because of smaller beam size CLIC has more stringent
requirements for DR equilibrium emittance and emittance

©Xx, ©Zy nm 10000, 40 660, 20 preservation

(partly offset by lower bunch charge and smaller DR)
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il Parameter comparison é®
s,c | TesLA [IECHN ynLc [RCEICH
Technology NC Supercond. Supercond. NC NC
Gradient [MeV/m] 20 25 31.5 50 100
CMS Energy E [GeV] 92 500-800 500-1000 500-1000 500-3000
RF frequency f [GHz] 2.8 1.3 1.3 11.4 12.0
Luminosity L [1033 cm2s?] 0.003 34 20 20 23
Beam power Py, [MW] 0.035 11.3 10.8 6.9 4.9
Grid power P, [MW] 140 230 195 270
Bunch length [;* [mm] -1 0.3 0.3 0.11 0.07
Vert. emittance €, [10-°m] 300 3 4 4 2.5
Vert. beta function &* [mm] ~15 0.4 0.4 0.11 0.1
Vert. beam size (,* [nm] 650 5 5.7 3 2.3

Frank Tecker

Parameters (except SLC) at 500 GeV

CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013
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il Part 1 - Summary

© Normal Conducting traveling wave structures for higher gradients
© High peak power RF pulses needed
© Limited by
© Pulsed surface heating

© RF breakdowns
« Structure damage

© Short RF pulses ~few 100ns (still as long as possible - for efficiency)

© Klystrons not optimal for high power short pulses
=> RF pulse compression and Drive beam scheme
© Higher frequency (X-band) preferred (power reasons)
© Smaller dimensions and higher wakefields
© Careful cavity design (damping + detuning)
© Sophisticated mechanical + beam-based alignment

© Important implications on the design parameters of a linear collider
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il Part 2 — now! é®

& C L I C SC h e m e an d CT F3 juidrupo,e quadrupole POWer~extraction and

- - transfer Structyre (PET
© CLIC layout at different energies %l{ !

q RF -

] cce/e,al,
©® CLIC two-beam acceleration scheme “"“fwcm,es =

© CLIC drive beam generation
© Bunch train combination
© Fully loaded acceleration

© Demonstrations at the CLIC Test Facility CTF3
© RF power production

© CLIC main beam generation and dynamics

© CLIC damping rings

© CLIC alignment and stability

BPM \
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ile ~ Multi-TeV: the CLIC Study

© Develop technology for linear e+/e- collider
with the requirements:

© E_, should cover range from ILC to LHC maximum reach
and beyond =>E_, =0.5-3TeV

© Luminosity > few 1034 cm2 with acceptable background and energy spread

© E_,and L to be reviewed once LHC results are available

© Design compatible with maximum length ~ 50 km
© Affordable
© Total power consumption < 500 MW

© Present status: Demonstrated the key feasibility issues and
documented in a CDR (3 Volumes)
(possibly Project Implementation Plan by 2017-22)
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CLIC Collaboration

29 Countries — over 70 Institutes

Accelerator
collaboration

Detector
@ .
collaboration

@ Accelerator + Detector collaboration



ile CLIC main parameters

Center-of-mass energy 3 TeV
Peak Luminosity 6-103* cm=2 st
Peak luminosity (in 1% of energy) 2-10%* cm=2 st
Repetition rate 50 Hz
Loaded accelerating gradient 100 MV/m
Main linac RF frequency 12 GHz
Overall two-linac length 42 km
Bunch charge 3.7-109°
Beam pulse length 156 ns
Average current in pulse 1A
Hor./vert. normalized emittance 660 / 20 nm rad
Hor./vert. IP beam size before pinch 45/ ~1 nm
Total site length 48.3 km
Total power consumption 589 MW
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ile CLIC — basic features »

© High acceleration gradient CLIC TUNNEL
5.6 m diameter CROSS-SECTION

© “Compact” collider — total length < 50 km
« Normal conducting acceleration structures
© High acceleration frequency (12 GHz)

& Two-Beam Acceleration Scheme

© High charge Drive Beam (low energy)

© Low charge Main Beam (high collision energy) |
& => Simple tunnel, no active elements
& => Modular, easy energy upgrade in stages

qUadrUpole

AW

& et —— ‘
\‘\\"\A: Ty A & \-‘gg; <__,—-"":/'

i = <

‘ f

quadrupo[e Power-
transfe

I'structyre (PETs)

S Drive beam - 101 A, 240 ns
from 2.4 GeV to 240 MeV

Main beam — 1 A, 156 ns
from 9 GeV to 1.5 TeV BP/l,, ~—_
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il CLIC - a big transformer

© Like a HV transformer:

input:  low voltage — high current
output:  high voltage — low current
© Here:

input (‘Drive Beam’):
low energy (GeV) — high current
output (‘Main Beam’):

Primary

high energy (TeV) — low current winding Pwinding

P N turns

® Transformer ‘core’: rrimary |1 ey MBgRGHIC

— b Secondary

waveguides with RF waves R i cent

quadrupole i *
qUadrupo]e pOWer‘E‘Xtract,‘On a " Selctondary
transfer Structure ( Prl]:'qu) J - "
‘\ ) T T""g:i::nar - _',

Drive beam - 101 A, 240 ns
from 2.4 GeV to 240 MeV

Main beam — 1 A, 156 ns
from 9 GeVto 1.5 TeV

B'DM
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ile Why not using klystrons?

© Reminder: Klystron

®

< narrow-band vacuum-tube amplifier at microwave frequencies |,
(an electron-beam device). Cavity

© low-power signal at the design frequency excites input cavity
© Velocity modulation becomes time modulation in the drift tube
© Bunched beam excites output cavity

We need: - high power for high fields
- short pulses (remember:
break-downs, surface heating) 8;3?;';
Many klystrons

© ILC: 560 10 MW, 1.6 ms

© NLC: 4000 75 MW, 1.6 pys

© CLIC.: would need many more @ $£€¥ ®
Can reduce number by RF pulse compression schemes

Drive beam like beam of gigantic klystron

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013
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ile CLIC Test Facility CTF I é»

48 bunches
bunch

3.008 GHz 2.992 GHz g 1-14nC four 30 GHz power extracting
RF gun TWS TWS compres=gg 45-32 MeV structures
S — 6=0.6 mm OZQ

1
]
I

spectrometers

- \
- ! U (S S (IEEERNES
. ! 1 bunch 0.6 nC
RFgun + 3 GHz TW structure " 45 MeV five 30 GHz accelerating structures
‘\ . 6=0.9 mm
\ Y

= o m = . & 2 = mmEmom o= = . .

I _ configuration of 1999
laser train generator

ke 22.3m 2|

Dismantled in 2002, after having achieved its goals :

Demonstrate feasibility of a two-beam acceleration scheme

Provide high power 30 GHz RF source for high gradient testing (280 MW, 16 ns pulses)

Study generation of short, intense e-bunches using photocathode RF guns

Demonstrate operability of p-precision active-alignment system in accelerator environment

Provide a test bed to develop and test accelerator diagnostic equipment
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ile CLIC Test Facility CTF I

|
n .

CTF IT 30 GHz
4 MODULES

- e
\ Drive beam line

P —
—

N\ NN

Main beam line ‘ \\ &

L) | .
, €
R\ v N
t A \ 2% 2 ». -

'\o
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ile CLIC — overall layout 3 TeV

819 klystrons Drive Beam . 819 klystrons
15MW,142ps | | | Generation circumferences | | | 15MW,142ps
. delay loop 73 m :
drive beam accelerator Complex CR1293 m drive beam accelerator
e ———— e e e CR2439 m

\/

A

A

2.5km 2.5km
4 delay loop
Drive Beam ' ‘
decelerator, 24 sectors of 878 m
oo o T _ .
[ ] N _ BDS BDS .= [ | [ |
2.75 km 3 2.75 km

e~ main linac, 12 GHz, 100 MV/m, 21 km | et main linac TA

N\ [ g

48.3 km
CR combiner ring | Main Beam '
TA turnaround

DR dampingring

PDR predamping ring

BC bunch compressor

BDS beam delivery system
IP  interaction point

A

booster linac
2.86 to 9 GeV

W dump e- injector, e* injector, Main Beam
2.86 GeV e e- et et 2.86 GeV :

poR | DR DR || PDR Generation
389m)\ 427 m 427 m/ | 389 m Complex
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il CLIC — layout for 500 GeV é»
© only one DB complex (with 2x RF pulse length compared to 2 DB

ComplexeS) circumferences I I I ?1794I_(||>\;|S\t,(b

delay loop 73 m :
drive beam accelerator

< drive beam time delay line pyive geam | R1293m
(1%t half of pulse sent there) Generation

Complex

A
Y

2.5km

© shorter main linac | delay loop

Dr'lve beam ’ decelerator, 5 sectors of 878 m

oo o o = o .
[ [ B_ BDS BDS 4 | |
1.9km 1.9km

45 245
TAr=305m € main linac, 12 GHz, 80 MV/m, 4.4 km IP et main linac TA radius = 305 m

\ [ >

<
<

13 km

CR combiner ring

TA  turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

Main beam ]

booster linac,
2.86 to 9 GeV

®  dump e injector, et injector, Main Beam
2.86 GeV e e* 2.86 GeV neration

PDR PDR ge € Iat °

389m 389 m olnngiien
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,,’,_‘: CLIC Layout at various energies

0.5 TeV Stage

Linac 1 IP. Linac 2

T

Injector Complex

“4 km# .‘4 kmﬁ
"— ~13 km

1 TeV Stage Linac 1 I.P. Linac 2
U :': \®
Injector Complex
F—m km*ﬁ ‘<—7.o km—>|
%‘ ~20 km >}
3 TeV Stage
Linac 1 IP. Linac 2
[ |
T :*: L
Injector Complex
< 21.1km < 2.75km K 2.75km >k 21.1km .
< 48.3 km >
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e
o

CLIC main parameters

AR

Center-of-mass energy CLIC 500 GeV CLIC 3 TeV
Beam parameters Conservative Nominal Conservative Nominal
Accelerating structure 502 G
Total (Peak 1%) luminosity 0.9 (0.6)-1034 2.3 (1.4)-10% 2.7 (1.3)-10%4 5.9 (2.0)-1034
Repetition rate (Hz) 50
Loaded accel. gradient MV/m 80 100
Main linac RF frequency GHz 12
Bunch chargel0?® 6.8 3.72
Bunch separation (ns) 0.5
Beam pulse duration (ns) 177 156
Beam power/beam MWatts 4.9 14
Hor./vert. norm. emitt (106/109) 3/40 2.4/25 2.4/20 0.66/20
Hor/Vert FF focusing (mm) 10/0.4 8/0.1 4/0.1
Hor./vert. IP beam size (nm) 248 /5.7 202/ 2.3 83/1.1 40/1
Hadronic events/crossing at IP 0.07 0.19 0.75 2.7
Coherent pairs at IP <<1 <<1 500 3800
BDS length (km) 1.87 2.75
Total site length km 13.0 48.3
Wall plug to beam transfert eff 7.5% 6.8%
Total power consumption MW 129.4 415

Frank Tecker

CLIC = 8" Int. Acc. School for Linear Colliders —6.12.2013
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e
o

LC comparison at 500 GeV

Center-of-mass energy 5o|\(l)L((3:ev 50(I)L((5:ev CLIC 500 G.eV CLII\?O?nOiCr)];eV
Conservative

Total (Peak 1%) luminosity 2.0 (1.3)-10%4 2.0 (1.5)-10%4 0.9 (0.6)-1034 2.3 (1.4)-10%4

Repetition rate (Hz) 120 5 50

Loaded accel. gradient MV/m 50 33.5 80

Main linac RF frequency GHz 11.4 1.3 (SC) 12

Bunch chargel0Q?® 7.5 20 6.8

Bunch separation ns 1.4 176 0.5

Beam pulse duration (ns) 400 1000 177

Beam power/linac (MWatts) 6.9 10.2 4.9

Hor./vert. norm. emitt (10-6/10-9) 3.6/40 10/40 3/40 2.4/ 25

Hor/Vert FF focusing (mm) 8/0.11 20/0.4 10/0.4 8/0.1

Hor./vert. IP beam size (nm) 243/3 640/5.7 248 /5.7 202/ 2.3

Soft Hadronic event at IP 0.10 0.12 0.07 0.19

Coherent pairs/crossing at IP <<1 <<1 <<1 <<1

BDS length (km) 3.5 (1 TeV) 2.23 (1 TeV) 1.87

Total site length (km) 18 31 13.0

Wall plug to beam transfer eff. 7.1% 9.4% 7.5%

Total power consumption MW 195 216 129.4

Frank Tecker

CLIC = 8" Int. Acc. School for Linear Colliders —6.12.2013
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o

CLIC — overall layout 3 TeV

819 klystrons
15MW, 142 s | |

drive beam accelerator

—— e O

Drive Beam
I Generation
Complex

<
<

2.5 km
| Drive Beam '
[ ] N

\]

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

N\

A

BDS BDS .-
2.75 km-|P 2.75 km

819 klystrons
15 MW, 142 ps

drive beam accelerator

circumferences | I I
delay loop 73 m

CR1293 m
CR2439m

e 2.5km
[ |

e* main linac

Y

TA

CR combiner ring
TA turnaround
DR damping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

e injector,
2.86 GeV

48.3 km v

PDR predamping ring |

Y

| Main Beam I

booster linac
2.86 to 9 GeV

e* injector, Main Beam
2.86 GeV Generation
Complex

Frank Tecker
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,",’,‘,‘ Two-beam acceleration

Counter propagation from Instead of using a single drive beam pulse for the whole main linac,
central complex several (Ng = 24) short drive beam pulses are used

Each one feed a ~880 m long sector of two-beam acceleration (TBA)

decelerator sector main linac 2
& - 'Y T & = main beam
) ) pulse
pulse 2 pulse 1
From central R.Corsini

complex

Counter flow distribution allows to power different sectors of the main linac
with different time bins of a single long electron drive beam pulse

The distance between the pulsesis 2 L = 2 L,,,;,/Ns (L,,.in= Single side linac length)

The initial drive beam pulse length tyg is given by twice the time of flight through one single linac
SO tpg =2 L.n/C, 140 ps for the 3 TeV CLIC

This is the required RF pulse length of the drive beam klystrons.

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013
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,,’,f Drive beam time structure

. C

2904 bunches
83 ps (12 GHz)
\@II L D A UL 1L
+—> +“—> 4+—> 4+—>
240 ns

5.8us

<&
<«

v

140us, 24 trains

<
<

v

| Bunch charge: 8.4 nC, Currentin train: 100 A |
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il CLIC scheme éd

© \ery high gradients possible with NC accelerating structures at high
RF frequencies (30 GHz — 12 GHz)

© Extract required high RF power from an intense e- “drive beam”

© Generate efficiently long beam pulse and
compress it (in power + frequency)

‘few' Klystr'ons Power stored in Power extracted from beam
Low frequency electron beam in resonant structures  Accelerating Structures
High efficiency High Frequency - High field

Long RF Pulses Electron beam manipulation Short RF Pulses
Po . Vo, To Power compression Py=Pyx N
o Frequency multiplication T4 =19/ N,

Va= voX Nj
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e
o

Again a ‘transformer’!

© But this one In time domain

© Input: Long beam pulse train
low current
low bunch frequency

© Output: Short beam pulse trains

© => high

nigh current
nigh bunch frequency

neam power

Drive beam time structure - initial

Drive beam time structure - final

240 ns
L P P P - (—)240ns 5.8 ps
140 ps train length - 24 x 24 sub-pulses —, S (T p—
4.2 A-24 GeV- 60 cm between bunches 24 pulses - 101 A - 2.5 cm between bunches

Frank Tecker

CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013
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,,',‘_,‘ Drive beam generation basics Ak

& Efficient acceleration
RF in No RF to load

Full beam-loading 1 1 T
acceleration in
traveling wave sections

High beam Most of RF power
current ¥ ¥ U ¥ to the beam

“short" structure - low Ohmic losses

© Freqguency multiplication

— . Po.v
Beam combination/separation o Transverse

RF Deflector, vq

by transverse RF deflectors | ...~
i 4

/\‘/’\/‘\‘/ Deflecting
Field
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,',',_‘: Beam combination by RF deflectors @b

Transverse
RF Deflector, Vo

Deflecting
/\./0\./‘\'/ o
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,',',_‘: Beam separation by RF deflectors @b

Pyl 2, vol2
A

Transverse
RF Deflector, vy /2

p—
Po/2, vyl 2

Deflecting
/\M/ Field
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ile Delay Loop Principle

© double repetition frequency and current
«© parts of bunch train delayed in loop
© RF deflector combines the bunches (f,.,=bunch rep. frequency)

© Path length corresponds to beam sub-pulse length

Acceleration Delay Loop
3 6Hz

ANANAANR
JJEJ\/\JJUI'U"\JH'&

180° phase switch in
Deflection - SHB
1.5 GHz

even
buckets

JANEVAN /‘\\/‘\\J Rl
0 uckets
\o/ \o/ \o/ RF deflector
1.5 6Hz
sub-pulse ""”gThOdd bUCkgfzn buckets between pulse length I?D " “buckets between
> bunches {_,..{_pu}se gcp/ bunches

||I|||||||||l|l|||||||l||(|1||l||||'||||||||ﬁ|||

(ST TRECH DETY w2 | TELY METHEY

Frank Tecker CLIC -8t Int. Acc. School chLinear Colliders —6.12.2013
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,,bRF Injection in combiner ring (factor 4) é®

< combination factors up to 5 reachable In aring

rlng (n + 1/4) Z

injection line
1St turn \'\ Septum \.\ 2nd

inner orbits

;z;ddeﬂector //.\\\//’\\/[O /.\\// //‘\//‘\.\//‘\//

Ciing has to correspond to the distance of pulses from the previous combination stage!

3rd a\\\ .\\ 4rd
o __ e
— \‘~ — §.-
oo 0——.---—0 ------- o ill—oeoo &“—lq‘o o---0--o-leoeo
------- o - @ T
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,-,’L‘ Demonstration of frequency multiplication

Combination factor 5
h CTF3 - PRELIMINARY PHASE Shreak camera imace of
5™ turn e 200]/2002 beam time structure egvolu‘rion

- Aof5 (2 cm)
S <> Successful low-charge demonstration of

ceoo " :ﬂ"@“‘ﬂ-ﬂ:g electron pulse combination and bunch
el e frequency multiplication by up to factor 5
D/.\l:l Pant J{-\Q e streak camera RF deflectors
measurement
g a8 w s 8 g o
r ... =
Ao =10 cm
o - . T

Beam time structure
in linac Bunch spacing

—_— %
L] L] L1111 L] L1111

420 ns Beam Current 0.3 A
\ (ring revolution time)

Bunch spacing

66 ps Beam structure
Beam Current 1.5 A after combination
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'-”L‘ CTF3 preliminary phase (2001-2002) é»

RF injection in combiner ring Combination factor 4

A X

8;35

>
Streak camera images of the beam, showing the bunch T
combination process

A first ring combination test was performed in 2002, at low current and short pulse, in the
CERN Electron-Positron Accumulator (EPA), properly modified

Frank Tecker I CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 70



Lemmings Drive Beam

Alexandra
Andersson
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iIr CLIC Drive Beam generation @

"o

Delay Loeb x 2 819 klystrons

ircumfgfencesgap creatior, PUIS’L“D" 15 MW, 142 ps

p 73 mompppccin A fr
multip drive beam accelerator

819 PyrivenBeai . Aci zler: ror
15 M4 acckleration inlfully loaded linac

drive beam accelerator
2.4 GeV, 1.0 GHz /

‘ de |
| Drive Beam ' oR1

BC2 u AN
BDS

Nyy BDS
K\' - rafPinac, 12.Giix (in o CLEC REGIOWER SObRéided YOUT JT\A)
- m Decelga ection T Eor o >

° .
CR conWiner ring .\ \ o action | Main Beam '

TA turnaround

\
DR dampingring T T T il
PDR predamping ring

\4

Combiner Ring x 3
elpiRtOtoXiestoisrog878 m
_'}q”"' _ Y

BC bunch compressor 2.86t0 9 GeV
BDS beam delivery system L. . . .
IP ﬁﬁi’é@t ﬁ’»ﬂ_ﬂ%h ime structure - | S Drive beam time structure - final
dump—— I . .
i e~ injector, on e* injector,
2.86 GeV e e et * 2.86 GeV
\H\H\H\H\H\HHHHHHHHH\\ﬁibR D DR >
140 (s train length - 24 x 24 sub-pulses 389 mj\427 427 m IERAERNIRAL ...
4.2 A -2.4 GeV - 60 cm between bunches 4 pulses - 101 A - 2.5 cm between bunches
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ile CLIC Test Facility CTF 3 én

& demonstrate Drive Beam generation
(fully loaded acceleration, bunch frequency multiplication 8x)

& Test CLIC accelerating structures

& Test power production structures (PETS)

30 6Hz "PETS Line” Eﬁ:;':' ;ength Delay Loop - 42m Combiner Ring - 84m

Injector

150 MeV

RF deflector / TL1
Linac ] ]
4A — 1.2s <] | p—

Laser / SRR T > N >
d / = g

Wiirill = 140ns
30 GHz test area 50 MeV

CLEX
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ile CTE3 Evolution

- 2003 Injector + part of linac

- 2004 Linac + 30 GHz test stand TL1

- 2005 Delay Loop / ﬂ'—ij
2006/07 TL1+ Combiner Ring . i

2008/09 New photo-injector, TL2 + CLEX
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il Fully loaded operation @b

© efficient power transfer from RF to the beam needed

“Standard” situation: E{ unloaded gradient
© small beam loading
© power at structure exit lost in load

RF in no RF out

“Efficient” situation:

© high beam current
© high beam loading

©® nNo power flows into load

* VACC = 1/2 Vunloaded
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ilr Fully loaded operation

"o
© Disadvantage: any current variation changes energy gain
dav/V. .,
dlbeam/Ibeam B Iopt

at full loading, 1% current variation = 1% voltage variation
© Requires high current stability Time resolved beam energy spectrum

) measurement in CTF3
€ Energy transient
(first bunches see full field)

EbeamA_ h EQ )
|t i . t
© Requires continuous bunch train oo 200 300 400

Time (ns)
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:1 : ]
_,,,__‘: CTF3 linac acceleration structures @b

Dipole modes suppressed by slotted iris
damping (first dipole's Q factor < 20)
and HOM frequency detuning

SiC load™~—_
© 3 GHz 2x/3 traveling wave structure

«© constant aperture
« slotted-iris damping + detuning with nose cones

© up to 4 Al.4 us beam pulse accelerated
no sign of beam break-up
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,',',_"‘ Full beam-loading acceleration in CTF3

/< 1.5 pys beam pulse >
/" RFpulseatstructure output A
/ 1
. analog signal

© Measured RF-to-beam
efficiency 95.3%

© Theory 96%
(~ 4 % ohmic losses)

MKS03 \/ MKksos /' MK
— ] — //
Spectrometer
4
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il CTF3 Delay Loop

CLICTEST FACILITY
(CTF3)

QUADRUPOLE AND SEXTUPOLE

RF DEFLECTOR

-
INI'N
L S —

FIM 14-11-2005 A.ZOLLA
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ile Delay Loop operation

P
d

1 F
N A :
(ARt ERLRipinL]

buncher 2 accelerating

B — |
SN

Acceleration
3 GHz

© 15 GHZ sub-harm. AAANAR .
bunching system JAAVAAVAAVALVALVALVALVAA

© 1.5GHz ~

RF deflector N A e
o/ o \.4 U U
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ile Sub-harmonic bunching system é®

Streak camera image

Fast phase switch from
SHB system (CTF3)

satellite

4500
1L e— 8
—
Arinis 666 ps -
||I'.
3500 | | !
b | i
Ty
F H I
jelelulel 1) II“ I
I ':I 5! . i ] ¥
=Eo0 [t M i i & &0 W N T ] ke ’
6-cell 1.5 GHz ot A - WY : %
buncher structure '
N a0y . . .
QL0 0,25 0,60 o, 75 1.0

3 Traveling Wave
Sub-harmonic bunchers,
each fed by a wide-band
Traveling Wave Tube

# 8.5 666 ps =5.7 ns
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,,',‘_," Delay Loop — fEII recombination AR

_a CT.STEPMOL1SS
_s CT.STBPMO4305

alalialie

beam before the DL

= Mf"wmw"l‘-'-"
U u " [ beam after the DL

-6, 10

-b6.514 ; ; ' ; ; ; ; ; ,
L400 5500 R750 6000 6250 6e500 6750 7000 7250 7400
SED2ins)

© 3.3 Aafter chicane => < 6 A after combination (satellites)
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CERN: Layout, in ==
magnets, power <
CIEMAT: Septa

Frank Tecker CLIC =8t Int. Acc. School for Linealr Colliders —6.12.2013 83



ile Combiner ring status

« factor 4 combination achieved with 15 A, 280 ns (without Delay Loop)

¢
! P e AR
15
| p—

- Current from Linac ]

CL . SVEPMO402S

— —-
t t CL . SVEPMOS02S
o 15 turnof 1%t pulse  CT.SVBPMDSI1SS
794 o CL.SVBPMI590S
. _o. CR.SVBPID130S
CL. SIE'BPHIMI]ES _4.56877
d t .SVBPMD -4,
s 2% tumof 15 pulse and B
15" turn of 2" pulse oL.svemdsa0s | -3.87000
1201 CR.SVEPT0130S ~15.09200
31 turn of 1%t pulse, - -
] 2nd turn of 20 pulse, [ Current in the ring
ol 1st turn of 3rd pUISe All 4 pu|SeS
5200 5500 5750 6000 6250 6500 6750 7000 7200
SKED2(ns)
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,",'{,' Drive beam generation achieved

el

&

~26 A combination reached, nominal 140 ns pulse length
& => Full drive beam generation, main goal of 2009, achieved

&

combined operation of Delay Loop and Combiner Ring (factor 8 combination)

5.0

0. 0
30A @ -5.0

-10.0

o CL.SVEPMOS02S
o CL.SVEPMIS90S

Current from - CnETT
-15.0 - .
Linac o CT.SVEPMOS15S
o CT.SVEPI07585
Current after . CR.SVBPIO1305
-20.0 Delay Loop
-25.0 o .
Current in the ring |
-30.04 : i ; : : . T T T
5500 5600 5800 6000 6200 6400 6600 6800 000 71

SK02{ns)
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ilr CLEX (CLIC Experimental Area)

22 m

CALIFES Probe beam injecfor

I L N N P PP S

A\

Two Beam Test Stand - TBTS Probe Beam - CALIFES

< tests for power production, deceleration and two-beam studies

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013



@

- High energy-spread beam transport
decelerate to 50 % beam energy

- Drive Beam stability
. Stability of RF power extraction

5 MV/m deceleration (35 A)
165 MV output Power

2 standard cells,
16 total

Frank Tecker

total power in 16 PETS: 2.5 GW
- Alignment procedures

Energy distribution of the beam
01z
011

01
.09
0.08
0.07
0.06
0.05
0.04 |

0.03
02 0 02 04 08 08B 1 12 14 186

s [m]

E [GeV]

PETS development: CIEMAT
BPM: IFIC Valencia
and UPC Barcelona
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,",'5 Probe Beam Injector CALIFES

CEA, Saclay, France

180 MeV
bunch charge 0.6 nC
number of bunches 1 - 64

RF pulse compression I

2 x 45 Mw QHO

10 20

Status:

routinely operational | | profie monitor

X Steerer

<> position monitor

25

25

[ ]
VA 4 '

17 MV/m
acceleration

L

17 MV/m
cceleration

beam dump
| guadrupoles

®<>X| 15 MV/m
A compressmn
f U

|

rf gun cavity focusing coils

LIL sections

/

|

|

RF deflector spect. magnet

A. Mosnier
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,",'5 Two-Beam Test Stand - TBTS

UPPSALA
UNIVERSITET

.l
C" VAP 043
CM PET 0431

CM.FPR D431 3 lemepPs p4ztH v
CMPPI 0431 CM.PFI 0431

MR 043 drive beam
8
8
=
3 CM.CPA CM.CPP
= CMPSR Malj pel pt
1 CM.PSI 0431

[ ]
cncraoms:

CA PSR DB31 3
CAPSI DB

ZE90 WSdWD
ZES0 ISd YD

probe beam

CMS.DUM 0840

(CA.VAA DEZ0

ACS
CAACS D831

7
iﬁ:il:{i SO

c
k=
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ile Two-beam acceleration in CTF3

© Mmaximum probe beam acceleration of

31 MeV measured

& =>| (gradient ~145 MV/m

Energy ACS On=228.7 MeV¥
1502011 ECTRYAGE Off= 5006 Me
CAS.MTVO830
Drive beam
ON
202 206 210 214 218 222 226
Energy at screen center= 213.79 MeV
Drive beam
OFF

202 206 210 214 218 222 226

MeV/

160,
T 140}

—

N

(=)
T

Accelerating gradient (MV/
A O ®
S o S

N
o
T

OO

20 40 60 80 100 120
Power in accelerating structure (MW)
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,",'{,' Comparison CLIC - CTF3

Energy 0.150 GeV 2.4 GeV

Pulse length 1.2 us 140 us
Multiplication factor 2x4=8 2x3x4=24
Linac current 3.75A 4.2 A

Final current 30A 100 A

RF frequency 3 GHz 1 GHz
Deceleration to ~50% energy to 10% energy
Repetition rate upto 5 Hz 50 Hz

Energy per beam pulse 0.7 kJ 1400 kJ
Average beam power 3.4 kW 70 MW

© Still considerable extrapolation to CLIC parameters
© Especially total beam power (loss management, machine protection)
© Good understanding of CTF3 and benchmarking needed
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ile Drive beam generation summary é»

© Conventionally generate a long beam pulse with the right bunch structure
(fill every 2" RF bucket and switch between even and odd buckets
every time of flight T, in the Delay Loop)

© Fully loaded acceleration: Efficiently accelerate long beam pulse

© Bunch interleaving: Delay parts of the pulse and interleave the bunches
In a Delay Loop and Combiner Ring(s)

© =>the long pulse (low frequency and low current) is transformed into
shorter pulses of high current and high bunch repetition frequency

819 klystrons initial 240 ns
<>
15MW,142ps | | | LU L L L
drive beam accelerator / 140 ps train length - 24 x 24 sub-pulses
e —— e e 4.2 A-246eV- 60 cm between bunches

= 2.5km g
delay loop »

‘ Drive Beam '

AN N

240ns  Drive beam structure - final
<« > N

<
« »

24 pulses - 101 A - 2.5 cm between bunches
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il Drive Beam Combination Steps é

— A *2*% D %
fbeam =4*3*2 finitial ’
o Bijnchér
© Delay Loop 12 GHz
Combiner Ring #2|- | © Combiner Ring #1 :
© Combiner Ring #2 7 i
// _
’:’: ] 3 G HZ
Combiner Ring #1 Jo o o
o ////é?(‘
7/
_
1 GHz
w Evvaimmy Sy ey v/
Delay Loop s :
Buncher BOOBIDOOOO BOOBADOODO AAAIDOODO GOAIDOODO |OBOAIDOOOD | OAOBIDOOOO OOO0
1 2 3 4 5 6 24

bunch trains
Oleksiy Kononenko
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,",'{,' Drive Beam time structure

After Combiner Ring 2. L, = 1.45 psec == 434.22m =3 *Lcws

Distance between pllses = 5.7936 pusec =

1.7369 Km

- After Combiner Ring 1. L, = 482 nsec == 144.74m = 2% Lp

1T | |

100

After the Delay Loop. LDL =241 nsec == 72.37 m

Linac pulse - 139 microsec

goodonoooooodooonoooonoOoOooonooooonNOoofooooooocoooonooon |

[ [ [

0 ) 10 15

Time (usec)
=> see homework

(]

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013

20

C.Biscari

94



e
o

CLIC — power generation

819 klystrons Dri 819 klystrons
rive Beam ;
15 MW, 142 s | | | : circumferences | | 15 MW, 142 us
. Generation delay loop 73 m :
drive beam accelerator Complex CR1293m drive beam accelerator
2.4 GeV, 1.0 GHz CR2439m 2.4 GeV, 1.0 GHz
= 2.5 km g D 2.5 km g
delay loop P 4 delay loop
| Drive Beam '
decelerator, 24 sectors of 878 m
BQE HC2
[ N [ M_ BDS - -
- os—T—— T s\ s
TA e~ main linac, 12 GHz, 100 MV/m, 21 km P e* main linac TA

>
>

<
<

CR combiner ring

TA  turnaround

DR damping ring

PDR predamping ring

BC bunch compressor
BDS beam delivery system
IP  interaction point

B dump

2.86 GeV

Frank Tecker

e injector,

| Main Beam I

booster linac
2.86 to 9 GeV

et et
DR PDR
427 m {389 m

48.3 km v
e e
PDR \| DR

389m)\427 m

e* injector,
2.86 GeV

CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013
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,",’.‘,‘ CLIC decelerator

© High current drive beam induces RF fields in special structures
Particles will be decelerated

© Adiabatic UN-damping increases transverse oscillations
=> emittance growth along the decelerator

&

Beam envelope along the lattice

35
—-
Tial : \ /
_/4“:}/’ -/{
“““““““ T 25
[ v Iy 3
s 2
Before After
deceleration Bxzceleration
%ﬁon agtelefstion 1.5 /
P. =P +AP P, =P . . |
P, =y'P P, =y'P 0 100 200 300 400 500 600 700 800

s [m]

© Sector length trade-off from beam dynamics, efficiency, and cost
© CLIC values: decelerate from 2.37 GeV to 237 MeV => 10%
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,,’,‘: Deceleration and beam transport »

© 24 decelerator sectors per main linac

© Each sector receives one drive beam pulse of 240 ns, per main beam pulse

© Up to S=90% of the initial particle energy is extracted within each pulse leading to
an energy extraction efficiency of about 84%

© after short transient => steady state with large single bunch energy spread

Resulting energy
profile (short A m L g Weight 7"(2)
transient + long E 0.9 | \—— Energy =1
steady-state) 2 ‘; \///
Bunch train 08
- 15 li s 07 \X / : \
2 t % s ./ Single
2 l v bunch /
S=(E-E) | E @y W 05 U
=90% ‘ 0.4 / \
E 05 03 /&
v 02 — MX S~
0 0.5 : s 5 10 8 6 4 2 0 2 4 6 8 10
E = E(l'S)A t [ns] t[pS]
=E-NpersAE = 240 MeV y g = —
te, = (LPETS/Vg)(l-Bg) g = 1ns t, = 83ps t, = 3ps c,=1mm E.Adli
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il CLIC decelerator Ak

© Goal: transport particles of all energies through the decelerator sector:
In the presence of huge energy spread (90%)

¢ Tight FODO focusing (large energy acceptance, low beta)

© Lowest energy particles ideally see constant FODO phase-advance pu~90°,
higher energy particles see phase-advance varying from u~90° to u~10°

© Good quad alignment needed (20pum) o
10 k121 ——
«© Good BPM accuracy (20um)  [oFs

© Orbit correction essential
© 1-t0-1 steering to BPM centres

© DFS (Dispersion Free Steering)
gives almost ideal case o Latng

r [mm]
’*h|

0 200 400 600 800 1000
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"’3 Power extraction structure PETS G!b

© Mmust extract efflc:lently >100 MW power from high current drive beam

© passive microwave device in which bunches of the drive beam interact with
the impedance of the periodically loaded waveguide and generate RF power

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

° ON/OFF The power produced by the bunched
mechanism (wo) beam in a constant impedance
structure:
Design input parameters PETS design
! R
— 7271212 / Q
P=I"I’F’w,—%=
4y
Beam eye g

P - RF power, determined by the
accelerating structure needs and
the module layout.

I - Drive beam current

L - Active length of the PETS

F, - single bunch form factor (1)

view w

Frank Tecker I CLIC =8t Int. Acc. School for Linealr Colliders —6.12.2013 99



e Power Extraction Structure (PETS) @B

PETS parameters:

The PETS comprises eight octants - Aperture = 23 mm
separated by the damping slots. . Period = 6.253 909/ cell
Each of the slots is equipped with e,mo . i (30 cell)
HOM damping loads. - Iris thickness = 2 mm
This arrangement follows the need -R/Q=2258 N
to provide strong damping of the - grotp velocity vo= 0.453
transverse modes. I

. Q = 7200

-P/C=134

H-field « E surf. (135 MW)= 56 MV/m

- H surf. (135 MW) = 0.08 MA/m
(AT max (240 ns, Cu) = 1.8 €9)

To reduce the surface field concentration in the presence of the
damping slot, the special profiling of the iris was adopted.

f § f ( i\ - \ | -— \‘\__.\‘\ -
‘ F - _[j’ 14.4 “!/ 1"1“1‘[“" 4 1 42 el ol ol el S oW A 4 -'-—‘,

—EE T — T IR e
&&}Fﬁs S S .‘;-*.‘S_" -h | ;

E—

I — e ——

p— [. Syratchev
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il 12 GHz PETS test assembly

8 bars, as received from VDL
: 5

L |
2
o o/
W o /

PETS octants assembly

PETS equipped with the power couplers and electronic ruler with pick-up
antenna for the phase advance measurements.

|. Syratchev
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"o

iln 12 GHz TBTS PETS final assembly

o

l. SS/ratchev
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,",'{,‘ Simulation of RF Power Transfer €M

time: 0 0.0 ns Accelerating structure

< The induced fields travel
along the PETS structure
and build up resonantly

N\

Low group velocity
requires simulations with
100k time steps

PETS structure

T3P models realistic, complex é‘%
accelerator structures with APVANCED COMPUTATIONS
unprecedented accuracy

Arno Candel, SLAC
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i Present PETS status (12GHz) @}

Typical RF pulse shape in ASTA during
the last 125h of operation

« achieved 150 MW @ 266ns o

In RF driven test at SLAC e e R (M
< up to >250 MW peak power beam driven g 100-

at CTF3 (recirculation) y ’

© model well understood

CLICl|target pulse

20;__ AW J “/\_;_

250 500 750 1000 1250 1500 1750 2000
~Time [ns]

| T | |
a0k Measured (current) h
Measured (power) _
Model (power)

250- MW

200

20 -
150 -

Fower, DWW

10 100 [
CLIC target

pulse

50

' | | -
100 200 300 400 -
Time, ns 200 400 600

ns
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,,’,_‘: CLIC two-beam Module layout é®

Standard module

Total per module
8 accelerating structures

2010

» EX = = /ﬂ 8 wakefield monitors
o B T S 1 4 PETS
o1 74| 270 o 74| 270 o 2DB quadruDOIeS
S 2 2 DB BPM

-+ Total per linac
VACUUM TANK 8374 standard modules

CLIC STANDARD MODULE LAYOUT

© Other modules have 2,4,6 or 8 acc.structures replaced by a quadrupole
(depending on main beam optics)

< Total 10462 modules, 71406 acc. structures, 35703 PETS

G.Riddone
105
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,",'5 CLIC two-beam Module

COOLING CIRCUITS

ACCELER. STRUCTURE
RF DISTRIBUTION (BRAZED DISKS)

VACUUM MANIFOLDS

BEAM
INSTRUMENTATION

GIRDER

1300

1360

CRADLES

ALIGNMENT
SYSTEM

INTERCONNECTIONS |

(OCTANTS, MINI-TANK)

© Alignment system, beam instrumentation, cooling integrated in design
G.Riddone
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il CLIC —main beam generation €}

Drive Beam
819 klystrons G t] ) 819 klystrons
1SMW,142ps | | | eneration circumferences [ | | 15MW142ps
: Complex delay loop 73 m :
drive beam accelerator CR1293m drive beam accelerator

2.4 GeV, 1.0 GHz CR2439m

<

- 2.5 km 2.5 km
delay loop P 4 delay loop
‘ Drive Beam I
decelerator, 24 sectors of 878 m

BDS BDS
2.75 km 2.75 km
e~ main linac, 12 GHz, 100 MV/m, 21 km IP e* main linac

48.3 km
combiner ring | Main Beam '
turnaround

damping ring
predamping ring booster linac
bunch compressor 2.86t0 9 GeV
beam delivery system
interaction point
dump

Y

e injector, e* injector,
2.86 GeV e" 2.86 GeV

PDR
389m‘427m 427m‘389m
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i Main beam Injector Complex €3

4 GHz 3 TeV
Base line
configuration

Booster Linac

eBCl 4 GHz

2.86 GeV
421m

Injector Linac

Pre-injector
Linac for e*

i ! Jet
Primary beam L
Linac for e- Target Target

[—{5Gev ] —A—
¢ gun 2 GHz AMD

Pre-injector | aser

Linac for e- % DC gun
Polarized e

2 GHz 2 GHz
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ile  Crucial for luminosity: Emittance @D

© CLIC aims at smaller beam size than other designs

£ Impl Ications: R.M.S. Beam Sizes at Collision in Linear
© Generate small emittance Colliders
In the Damping Rings 1000
© Transport the beam to E — SLC|t
the IP without significant 9 100 ,
blow-up 2 "ATF
Wakefield control s 10 e] sose| ,
© Wakefield contro 0 o / -
< Very good alignment g 1 — GeV 500
© Precise instrumentation g 01
© Beam based corrections | 0 1(')0 1000
and feed-backs
Horizontal Beam Size (nm)
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e
L

Damping Ring emittance

Horizontal Emittance (purad-m)

Frank Tecker

0.1 1 10 100
10.000
o/SLC
£ 1.000
©
©
3
()
c
= scaled
£ 0 ILQ
©
o CLIC 50%Lclacv ¢
d 0.010 3 Tev ° *! ATF SLS
> N ./A achieved
CLIC DR
_ . . ATF
design Design
0.001
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ile Damping Rings — damping time €3

Initial emittance
(~0.01 m rad for e*)

|

Ef = &g + (& —geq)e_ZT/TD

final emittance \ / damping time

equilibrium
emittance

© for e+ we need transverse emittance reduction by few 10°

© ~7-8 damping times required

2 rc E*
< transverse damping time: ¢ = 2k P= 3 ( = 2)3 " Tp OC £
m c

D~1 P

LEP: E ~ 90 GeV, P ~ 15000 GeV/s, |, ~ 12 ms
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il Damping rings

2 - .
® . % suggests high-energy for a small ring. But
: E*
© required RF power: P o« —xnN
E2
© equilibrium emittance: g o€ — limit E and p In practice
| P

© DR example:

© Take E =2 GeV

©p=50m

® P =27 GeV/s [28 kV/turn]

© hence 1 = 150 ms - we need 7-8 1 !!! = store time too long !!!

© Increase damping and P using wiggler magnets
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il Damping Rings

< Bare ring damping time too long

© Insert wigglers In straight sections
In the damping ring

© Average power radiated per electron with wiggler straight section

P_—¢C AEWiggler + AEarcs AE

I_Wiggler + 27[1061IrCS AE,.. energy loss in the arcs
Liger  total length of wiggler

energy loss in wiggler

wiggler

© Energy loss in wiggler:

K 5 2 . -6 -1 —2 A1
AE g = Z—;E (B?) Lyigger With K ~ 8-10"°GeV *Tesla’m

<B?%> is the field square averaged over the wiggler length
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e
o

© Most critical the et PDR

<

Injected e* emittance ~ 2 orders of magnitude
larger than for e

I.e. aperture limited if injected directly into DR

© PDR for e- beam necessary as well

© A “zero current” e beam (no IBS)

would need ~ 17ms to reach equilibrium in DR

CLIC Pre-Damping RIngs

Pre- Damping Ring Input

ﬂ

Energy (E) 286 2.86
No. of particles/bunch (N) 109 4.4 6.4
Bunch length (rms) ([}) mm 1 10
Energy Spread (rms) ( (%) % 0.1 8

mm. mrad 100 7000

mmww

Hor./vert. emittance (ye, )

DIy iy

(very close to repetition time of 20ms — 50 Hz) oy i MAD-X4.00.09 17/05/09 13.44.09 o
g B\ B \ -
) = - 0.30
© 398m long race-track PDRs with 120m of §E 7 L
wigglers 20 0,20
© Target emittance reached with the help of conventional p | s
high-field wigglers (PETRA3) '
< Wiggler Parameters: B,=1.7T, L,=3 m, A,=30 cm 0.0~ L I\ /N 1
< 15 TME arc cells + 2 Disp.Suppr. + 2 matching sections TR G G G
per arc, 10 FODO cells in each straight section AU N 7/ NN boo
© Transverse damping time rx,y:2.3 ms 0. e s 2.
© e+ emittances reduced to €)= 18 mm.mrad s . :
Fanouria Antoniou
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ile CLIC damping ring layout

o
FODO cell
with damping wigglers

TME ARC CELL

/2,2

Dispersion Supressor Inj. / Extr. Section &
RF Station Section

- T - R s

- 167.3 -
© Total length 421m (much smaller than ILC), beam pulse only 47m

© Racetrack shape with
© 96 TME arc cells (4 half cells for dispersion suppression)
© 26 Damping wiggler FODO cells in the long straight sections
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- ’P . -
[ |
i CLIC damping rings
Parameters Value
© Two rings of racetrack shape Energy [GeV] 2,86
at energy Of 286 Gev Circumference [m] 420.56
© Arcs: 2.36 m long cells Coupling 0.0013
straight sections: FODO cells Energy lossfturn [MeV] 4.2
with 2m-long superconducting RF voltage [MV] 49
damplng ngglers (25T’ 5cm perlod) Natural chromaticity x /'y -168/-60
tOtaI Iength Of 421 m Momentum compaction factor 8e-5
- . . Damping time x/ s [ms] 1.9/0.96
& ChromathIty IS ContrO“ed by Dynamic aperture x /'y [0;,] 30/120
tWO SeXtUpOIe famllles' Number of dipoles/wigglers 100/52
© Transverse damping time Ty y:1.88 mSs Cell /dipole length [m] 2.36/0.43
’ Dipole/Wiggler field [T] 1.4/2.5
© Final normalized emittance: Bend gradient [1/m?] -1.10
@Z:X: 400 nm.rad, @Zy: 45 nm.rad Max. Quad. gradient [T/m] 73.4
Max. Sext. strength [KT/m?] 6.6
Phase advance x / z 0.452/0.056
Bunch population, [10°] 4.1
IBS growth factor 1.4
Hor./ Ver Norm. Emittance [nm.rad] 400/4.5
Bunch length [mm] 1.6
Longitudinal emittance [keVm] 5.5
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il Alignment + Stabilisation (i

© Acceptable wakefield levels from beam dynamics studies have been used
already In the structure design stage

© Alignment procedure based on

© Accurate pre-alignment of beam line components (O(10um))
© accelerating structures 14 um (transverse tolerance at 1o)
© PETS structures 30 um
© (uadrupole 17 pm

© Beam-based alignment using BPMs with good resolution (100nm)

© Alignment of accelerating structures to the beam using wake-monitors (5um
accuracy)

© Tuning knobs using luminosity/beam size measurement with resolution of 2%

© Quadrupole stabilisation (O(1nm) above 1Hz)
© Feedback using BPMs resolving 10% of beam size (i.e. 50nm resolution)
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il Ground Motion

© Site dependent ground motion with decreasing amplitude for higher
frequencies

2
10 —
7 sec hum -
_1 Cultural noise ]
10 -
"&- B
N —4 k
I 10
X .
I = -,
= o UNK tunnel
o - = LEP tunnel
2 -"j? | + Hiidenvesi cave
= = HERA tunnel
- - JSLAC tunnel
SLAC 2am model
0 [ ===+ HERA model
1 0 N LEF model
1
13
10 l--dl--_l-1 i---lu 2 ' B l-l-l---l.‘ o l-'\-_z
10 10 10 10

Frequency, Hz

Frank Tecker CLIC =8t Int. Acc. School for Linealr Colliders —6.12.2013 120



,",’,‘,‘ Ground motion: ATL law

© Need to consider short and long term stability of the collider
< Ground motion model: ATL law

<Ay2> — ATL A site dependent constant
T time
A range 10°° to 10" /im? /m/s L distance

¢ This allows you to simulate
ground motion effects

& Relative motion smaller

© Long range motion less
disturbing

Frank Tecker
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ile Stability Studies ah

Vertical spot size at IP is ~ 1 nm (10 x size of water molecule)

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

in luminosity
- Magnet horizontal vertical - Need active damping of
-, Linac (2600 quads) 14 nm 1.3 nm —, vibrations
Final Focus (2 quads) 4 nm 0.2 nm

N = B CERN vibration test stand
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il Ground motion . é®

Vertlical stabilization of a CLIC prototype quadrupole

Ground-to-table transmission
10

Integrated vertical RMS motion versus frequency

|
— 10\ | Floor (Normal working area)
0.1 I E |
3 - | " Toleran.
I . . & . . A Of linac
oo Mo T e g i, | quads
Fraguency [Hz] N
= | " Toleran.
RMS vibrations above 4 Hz E ———— | of FF
Quad | Ground | £ g4 | | quads
nmj [nm] % I
i = Beam-based
vertical 0.43 6.20 = feadbacks correct
Harizontal U ?g 3.04 motion below Iele
U.G1 L 2 PR | L L PR R R |
Longitud. 4.29 4.32 1 4 Hz 10 100

Frequency [Hz]

CLIC prototype magnets stabilized to the sub-nanometre level !!

Above 4 Hz: 0.43 nim on the quadrupole instead of 6.20 nm on the ground.
Stefano Redaelli (World record in magnet stabilily)
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e
o

Ok, this is good. But is it stable?

Jeline Genevois

E 14}
o127 ;
= [ |
g 10 <2710 nm
& 1
m 8
|
=) -
g 9
2 4 ]
oc L i
% o :
% [- S—Ldl :Tr_--_-._r_.'.' B __.—_..l.l.'-"':‘i.l I lte b -_-_.f':'. S -..-.-._."T-"i:""."':-. -.-.1 $ 1 - 3 n m
} G 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
goggUEgeR Yoo gegeRgeEgoEge Ry
L - R L L Ty
Time

Quadrupole vibrations kept below the 1 nm level
over a period of 9 consecutive days!

Stefano Redaelli
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ile Beam Delivery System

© many common issues as for ILC
€ diagnostics, emittance measurement, energy measurement, ...

© collimation, crab cavities, beam-beam feedback, beam extraction,
beam dump

Diagnostics Energy Transverse, Final
500 collimation collimation Focus syste6n45
T |31f'2 B T | 04
X1/2 -
>00 Byy 1035
i X 4 0.3
~— 400 05
E 300 | 102 &
= 1015 ©
200 - 01
100 - 4 0.05
‘_/\_‘_,1 | D
O I | Mot ot sl ol #0n B _0 . D 5
0 0.5 1 1.5 2 3

Longitudinal location [km]
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ile CLIC detectors 17 Y

© Different time structure of the beam has to be taken into account
detectors have to integrate over several bunch crossings

© changes for multi-TeV collisions
(first vertex layer moved out, calorimeter deeper (9X,,...)

© ILC/CLIC collaboration, profiting from ILC developments

© SID and ILD detector * WW -qqqq @ 3TeV
concepts have been adapted
to CLIC

© Linear Collider Detector
project at CERN focuses on
physics and detector issues
for both ILC and CLIC

Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 126


http://cern.ch/lcd
http://cern.ch/lcd

il -
e Other issues

© Many similar issues as ILC
© Collimation
© Final focus system
© Beam-beam effects
© Detector background
© Extraction of post collision beams
© Beam instrumentation
© Feed-backs
© Efficiency!

® ...
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il CLIC/ILC Collaboration (i

© Developing common knowledge of both designs and technologies on status,
advantages, issues and prospects for the best use of future HEP

© Preparing together the future evaluation of the two technologies by the Linear
Collider Community made up of CLIC & ILC experts

© Technology and parameters are quite different

< => Collaboration in working groups on subjects with strong synergy
between CLIC and ILC:

1) Civil Engineering and Conventional Facilities

2) Beam Delivery Systems & Machine Detector Interface
3) Detectors

4) Cost & Schedule

5) Beam dynamics & Beam Simulations

6) Positron Generation

7) Damping Ring

8) General Issues

© Participation of CLIC experts to ILC meetings and ILC experts to CLIC
meetings and several common workshops

Frank Tecker CLIC -8t Int. Acc. School chLinear Colliders —6.12.2013 128



e
o

2012$1680evelopment&hase&

Develop a Project Plan for a

i staged implementation in
agreement with LHC findings;

i further technical developments
with industry, performance
studies for accelerator parts and
systems, as well as for detectors.

CTF3 — Layout

DELAY
LOOP
/

4A-12ms COMBINER

150 MeV RING

%

DRIVE BEAM 3 & )
LINAC 28 A—140ns
150 MeV
1:)y- CLEX
y CLIC Experimental Area
/ -,

&016$17&)eC|S|ons&

On the basis of LHC data i 5
and Project Plans (for |
CLIC and other potential i

Two-Beam Test Stand (TBTS
Test Beam Line (TBL)

CLIC - Future Planning

{ 202322030&onstruc8on&
{ Phase&
Stage 1 construction of a

500 GeV CLIC, in parallel with
i detector construction.

2017R2&repara8on&Rhase&

i Finalise implementation parameters,
i Drive Beam Facility and other system
verifications, site authorisation and

i preparation for industrial
procurement.

| Prepare detailed Technical Proposals
i for the detector-systems.

{ Preparation for implementation
i of further stages.

DL delay loop

CR combinerring | |
TA turnaround

TBA two-beam acceleration

M dump drive beam accelerator
048CGeV,42A
e "
™ S
048GeV, 101 A
¢¢¢¢¢—- 025CeV, 101 A
— M 65CGeV,12A
e~ injector TBA
025GV, 12A

819klystrons
draunferences 17.4 MW, 60 ps

delayloop 73m I I
cmay zg;mx drive beam accelerator

CR439M 2.75GeV,10GHz
25km
<| delay loop
@ dacelerator, 5 sactors of 878m

C O C L Cline delay ne S - D
8c2 Y Y iR y F F BC2
45,“HM B -\\HM W R B3 g 60 4 ki HM// Wi MH

TAr=5m @ mainlinac,12GHz 80 MVim, 4.4 km [ *main linat

13km
CR combinerring
TA  turnaround
DR damping ring
oster linac
o

POR predlmpl grl 9
BC

TAraius 6m

nnnnnnnnn

BDS bum dallvery system

IP Inuu tion point

e* injector,
286GeV

2022R23&onstruc8 on&tart&%

Ready for full construction
and main tunnel excavation.

&030&2ommissioning8;

From 2030, becoming ready |

for data-taking as the LHC
programme reaches

projects), take decisions | completion.
about next project(s) at i
the Energy Frontier. i
Frank Tecker CLIC =8t Int. Acc. School for Linear Colliders —6.12.2013 129



e
HA CLIC near CERN
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.é Legend
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il CONCLUSION (e

© A Lepton Linear Collider as the next HEP facility would complement LHC at the
energy frontier

© Energy range < 1 TeV accessible by ILC

© CLIC technology based on

© nhormal conducting RF structures at high frequency
© two-beam scheme

only possible scheme to extend collider beam energy into Multi-TeV energy range
© \Very promising results but technology not completely mature yet

© CLIC-related key feasibility issues demonstrated

© CLIC Conceptual Design Report published

® possible future LHC physics discoveries (>2015) will tell which way to go ...
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:1 :
e Documentation

6 6 & &

&

&

General documentation about the CLIC study:
CLIC on INDICO

CLIC Physics + Detector

CLIC scheme description:

CERN Bulletin article:

CLIC Test Facility: CTF3
Int. Linear Collider Workshop 2013 (most actual information)

EDMS
CLIC technological challenges (CERN Academic Training)

CLIC ACE (advisory committee meeting)

CLIC meeting
CLIC notes
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http://preprints.cern.ch/yellowrep/2000/2000-008/p1.pdf
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http://cdsweb.cern.ch/journal/CERNBulletin/2012/47/News Articles/1493549
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http://cern.ch/clic-meeting
http://cern.ch/clic-meeting
http://cern.ch/clic-meeting
http://cdsweb.cern.ch/collection/CLIC Notes
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