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Linear Colliders

From physics requirements to today's projects
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. e N Director of the particle
Pioneer for both the Odd Dahl accelerator lab. DESY in
Erik Adli betatron principle and for Hamburg, and instromental
i i i ar accelerators Instrumental in the construction “ 51 € : < 3 <
Department of Physics, University of Oslo, Norway linear accelerators Inswrumentaln the cons in the development of the Kjell Johnsen
Synchrotron, still an important TESTA/ILC technology. In charge of the CERN
CERN Accelerator School part of the CERN accelerators Intersecting Storage Ring and

instrumental in the founding of
the CERN accelerator school
New push for Norwegian accelerator research since mid-2000, with 6 University of Oslo
PhD students currently studying accelerator physics.
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Outline g Hadron versus lepton colliders

ALEPH
| DELPHI
0r o1

Why a linear collider?

OPAL

£ 2}
& [ e mesrenens, §
by factor 10
+ Change of gears with 0
respect to earlier lectures
« A linear collider pushes the - ) ) ) )
state of the art of most 0786 88 90 92 94
accelerator aspects - all Eq, [GeV]
lectures relevant Hadron collider SppS, \s=540 Lepton collider LEP, \/smax=20? GeV,
« A bird’s eye view on the .. ; precision measurements of Z
current projects GeV, W*" and Z° discovery decay width
« Will indicate some collider S
parameter dependences in a o - e
simplified manner y y e
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LHC versus future colliders

Example: Higgs physics

Standard Model Higgs: V(n) = on® + lA;;‘
- scalar spin-0 particle 4
- specific form of scalar potential :

//-'\

]
Linear Collider: Precision measurements if the
trilinear HHH-coupling (Courtesy of M. Battaglia)

ATLAS and CMS@LHC, discovery of a Higgs
particle confirmed in 2012, possibilities for
mass measurement with good precision

.GV
(0.1% after 300 fb-') Linear Collider: Higgs spin measurements by energy
scan (spin 0 established by LHC by other techniques)
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Luminosity requirements

Example: Higgs production at an e*te- collider

Higgs-strahlung dominates at P(e), ')=(-0.8, 0.3), M, =125 GeV
400

low energies: T T T T T
—SsMallffh
_ —2h
o) )
=300+ —WW fusion -
c ZZ fusion
o
o=
$200f ]
Vector boson fusion dominates g
at higher energies: 3
. o . L100f
e v e 9 (&)
\Wli/ \Zli/ ILC TDR
H

H i Lt ,
. /WL . /Z& ) 800 250 300 350 400 450 500
€ v € € \@ (GeV)
Higgs production order of 100 fb + requirement of 10,000-100,000 Higgs
events for precision measurement for rare processes
= order of ab™! integrated luminosity needed = L~1034/cm?/s over ~10 years
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@@ Advantages of e+ e- pollisions

H \
! Left: simulated

e-e+ ->Zh -> p—p+1-+
at the ILC

Z

« cleanliness: reduced detector background with respect to LHC -> improved
detector momentum and energy resolution

« democracy: e+e- annihilation produces pairs of all species, new and exotic,
at similar rates. No trigger needed, can measure absolute branching ratios
and total width (unlike LHC)

« calculability: radioactive corrections more precise for EW interactions (LC)
than for QCD (LHC). More precise calculations possible

« detail: Reconstruction of complete events, direct measurement of spin-
dependence of production and decay processes possible

US “Snowmass community” summary 2013 - LC will complement LHC:

« “Full exploitation of the LHC is the path to a few % precision in couplings and
50 MeV mass determination"
“Full exploitation of an e+ e- collider is the path to a model-independent
measurement of the width and sub-percent measurement of couplings”

From the ILC physics TDR (20;13)
y
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@f@ + collisions at high
g €= €+ collisions a ] ene
) gh energy

e LHC results must be complemented by a TeV scale, high

luminosity, lepton collider in order to provide precision
measurements

o Circular accelerators: energy loss ~ E*:
e Limiting factor for the LEP ring (E., max = 209 GeV)
P: power loss e 1 E*
= 6meg (moc?)* R?

U: energy loss per turé‘l 7!
€ 1 E

AU=¢Pit=2_ = 2
v f 3eg (mee2)* R

synchrotron”

particl
Iight cone particle

trajectory
C: cost of circular machine
4

OCring Ef 2
_6R(R+ R)_O:chE

OR

o LC cost scaling: ~E with respect to E2 for rings

* We need several factors higher E., than LEP energy. Main
drive for linear collider research.
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Outline

General considerations
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@ Circular versus linear colliders

CMS

1173
DUZZS
TSR

&

We lose two advantages of circular TOTEM

colliders by going linear : RE
1) Each cavity accelerates each bunch
only once

2) Each bunch only collide once

extraction

LHC: collimation

e Rf acceleration of ~10 MV/turn machine "

e L = 103 cm2s! realized by bunch protection
crossing frequency of 40 MHz and 101!
particles per bunch

= corresponding to 1 TW beam power

2

ALICE LHCh

injection bl L injection b2

Linear collider: retain sufficiently higH total acceleration voltage (centre of
mass energy of ~TeV) and total collisions (luminosity ~1034/cm?/s) - with
a total power consumption of a few 100 MW

Erik Adli

Luminosity: power

Luminosity (ignoring enhancement factor)

I = nszfrep
4dmozoy

Total beam power
Pieams = nberepEcm

Requires a total wall-plug power of
Pyc = Pbeam/nACZbeam
Thus, luminosity proportional to power

nacebeamPac N
E.n 4dmozoy

=>L=

CERN Acceleratar School Advanced Course, August 23,2013, Trondheim, Norway

23/08/2013

Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway

C Luminosity: beam strahlung

Relative beam strahlung energy loss scales as

Eem N2 01

dps ~
0. (0 +0y)? .
Tl g
Minimizing dpg and maximizing L requires flat beams, JSF =
ooo1|
- Ecm = 500 GeV'
oy L 0, on =500 G

00001
080

Substituting and using oy, ~ \/Byey/Ecm

Example of luminosity spectrum

degradation due to beam strahlung
= L~ Mac2beamPac [0ps 02
Ecm Ey ﬁy

o,/ =05;1;2
Ay
'We want o, < 3, due to hour-glass effect.

Setting o, = §, yields
R N

Sia

olop

“hour-glass limit”

L~ nacaveamPac [0Bs
E., €y simplified treatment, for low beam strahlung approximation.

See e.g. Delahaye et al. CLIC-Note-333 for more details).
2
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Summary challenges

Energy reach E,, = ZFfll inae Orr ‘

e Typical accelerator gradient ~10 MV/m -> ~100 km site for 1 TeV collisions
e Structures: large accelerating gradient with Iow breakdown rate
L= N f;ell H o nbeam PAC

47[0' 0' £ E

y cm

Luminosity

« Beam acceleration: ~10 MW of beam power with high gradient and efficiency
--- compare to “1 TW” LHC type beam: reduce dimensions by a factor ~10° g =y Eﬁ
« Generation of ~10 nm vertical emittances by radiation damping (damping rings):

K —_\d_—

« Preservation of ultra small emittances through main linacs :
Precise static alignement, beam-based alignment plus advanced feedback and feed-
forwards. Stability of nanometer range.

« Chromaticity corrected final focus with beta function to order of 100 um :
Very strong final doublet magnets, and sextupoles to compensate chromatic aberrations.
Stability of sub-nanometer range.

Erik Adli
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History: SLC

« Only one e+ e- collider have been in operation, the Stanford Linear
Collider (SLC) from 1989 to 1998

e E., = 91 GeV (29), gradient 17 MV/m, L~103%/cm?/s, single bunch collisions
at 120 Hz, o,~1.5 um, 6,~0.5 um

« Very challenging to operate, but brought under control by hard work and
careful accelerator physics studies, in particular ring and linac instabilities

« Valuable proof of principle and lessons learned

Erik Adli
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@@ Linear collider conceptual scheme

Final Focus — >(

Demagnitya L (. {. {. |-

collide beam ain Linac
—=ll— Bunch Col -—ﬂ scelerate beam to

BN

=

mm"

ATVA

Reduce 0, t0 cunnnawe s zir:ienrgyl/)v:thout
[ hourglass effect at IP poiing
emittance

Damping Ring

Reduce transverse phase

space (emittance) so

smaller transverse IP size

achievable
Positron Target —
Use electrons to
pair-produce
positrons

From B. Barish, ILC school 2012
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@ Current Linear Collider Projects

s

SreRE>

The International Linear Collider, ILC
Main linac technology: super conducting rf 1.3 GHz SW cavities, 31.5 MV/m
Nominal design for Ecy = 0.5 TeV (250 GeV to 1 TeV)

Damping Aings 1R & detectrs compressor
\ 1

comprassor | . posiron

cental rogon
Skm

im

2k

The Compact Linear Collider, CLIC

Main linac technology: normal conducting Cu rf 12 Ghz TW cavities, 100 MV/m
Nominal design for Ecy = 3 TeV (375 GeV to 3 TeV)

Quadrupole

Quadrupole

;::wer eXtraction ang
nsfer structyre (PETS)
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CLIC High Gradient structure

High gradient limitations :

* Surface magnetic field
Pulsed surface heating AT => material fatigue => cracks

* Field emission due to surface electric field
RF break downs
Break down rate (BDR) => Operation efficiency,
Local plasma triggered by field emission => Erosion of surface

Numerical values for copper
AT =~4-107" [KTm]‘/z,, TEL
AT, ~ 50K
41,

Sl
o= (sw%]) 72
CLIC limit: AT < 50 K, limits pulse
length to few 100 ns

CLIC

Erik Adli CERN Acceleratar School Advanced Course, August 23,2013, Trondheim, Norway 7

2 Compact Linear Collider - CLIC

=

4.5 m diamete

* High acceleration gradient: > 100 MV/m
» “Compact” collider: total length < 50 km at 3 teV
« Normal conducting acceleration structures at
high RF frequency (12 GHz)

* Novel Two-Beam Acceleration Scheme
« Cost effective, reliable, efficient
« Single tunnel, no active power components
* Modular, staged energy upgrade

Compact rf pulses: by e- compression

few' Accelerating Structures
If::l" ﬂ'f'e‘/:::::; High Frequengy - High field b o poam - 100 A, 240 ns CHC TUNNEL CROSS-SECTION
High efficiency -> short pulses from 2.4 GeV to 240 MeV
Quadrupole
quadrupole power—extracﬁun
transfer Structure (‘;’rg‘s
« .i )
acce .
Long RF Pulses  Electron beam  hort RF Pulses =
0 To b manipulation : Py=Pox N 58 My
ower compression, T4 =T/ N
Frequency Main beam — 1 A, 200 ns

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

BDR = f(max field, rf pulse length, freq) ~ E,.°,° (empirical)

* 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.

e
Cu Surface eak down

CLIC main linac structure :
« 12 GHz Cu TW

+ 100 MV/m gradient (loaded) Beamin
* BDR < 3 x 10"7/pulse/m

* Rf pulse length: t, = 240 ns

RFin
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@ The CLIC collaboration

John Adams Institute/RHUL (UK)
JINR (Russia)
Karlsruhe University (Germany)

CIEMAT (Spain)
Cockeroft Institute (UK)

multiplication
Erik Adli

from 9 GeV to 1.5 TeV
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a Corpuscular (Spain)
rance)

ETHZurich (Switzerland)
Jefferson Lab (USA)
John Adams Institute/Oxford (UK)

ce)
iam (Netherland)

North-West. ois (USA)
Patras Uni )
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) CLIC layout 3 TeV
Qe
- 797 klystrons 797 klystrons.
1MW, 1391 circumferences 15 MW, 139
s ||| delayloop730m 1| e
drive beam accelerator CRI2922m drive beam accelerator
CcR24383m
P—
- 5 25km
Drive Be&Hl" delay loop| > < delay loop

Generation Complex

@ @ decelerator, 24 sectors of 876 m
N N - - _/\

450t 2.7Skm. 275km pis)
TA P

e main linac, 12GHz, 100 MV/m, 21.02km e* main linac
120m g g &1 TA radius =120 m

N\

48.3km
CR combiner ring
TA turnaround Main Beam

OR  damping ri X
POR pr:‘dpamgpln';grtng Generation Complex
BC bunch compressor
BDS beam delivery system
IP interaction point

K dump

‘ booster linac, 6.14 GeV

e injector, e* injector,
286 GeV 2.86 GeV
Main & Drive Beam generation
complexes not to scale
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Injector charge of N = 4 x 10? electrons (polarized)
and positrons (unpolarized) as baseline

Walk-through of the CLIC main beam

Corresponding to the “generic linear collider”

drve beam accelerator
238G, 1061
5im
or2 R oy,

decelerater 24 sac
b

\\v;v :!g?m o '1;vl// T

o main e, 1264, 100 M/m 2

v o manlinac

w3

P inter 50
e injctor o njectr
26680 o\« /o st
#or)| or | | o8 |l pOR
g\ 21| |21 (398
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Main Beam: Injector Sources

CLIC injector

Primary 5 GeV e’ PTEE;III-W‘JHEBCEOT Injector
e+ Linac Linac
TO
- - DR
VY 0.2GeV
L . momphous

Crystalthickness: 1.4 mm
Orientedalongthe <111> axis

DCgun rotatator

morphous) d = 2m Pre-injector
Amorphous ticknes & 10 mm e Linac ODR
DCBN o 1GHEbuncher 2.tz buncher + accelerator A
Option (R&D) for polarized e+:
X e

Polarized faser -

. g 7 N
e+ optlorgmmlm & —1

Tests @ KEK of Optical cavity using Compton
backscattering for ILC and CLIC polarized e*
(Collaboration CERN/LAL/KEK)
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Damping rings: ultra low emittance

From —>1 Energy [GeV] 2.86
sources s To RTML [gcimference [m) 4215
Number of arc cells 100
Number of wigglers 52
R e R RF voltage [MV] 5.1
CLIC DR: Theoretical Minimum Emittance Damping time x /s (ms] 20710
(TME cells) + wigglers in straight section 18S growth factor s
straight section
Hor. Norm. Emittance [nm.rad] 456
CLIC COR parameters . iection Ver. Norm. Emittance [nm.rad] 4.8
- ., Bunch length [mm] 1.8
¢ L ,M.L ,] Longitudinal emittance [eVm] 6,000

Very challenging requirements, 5 nm vertical

emittance at 50 Hz

Few ms damping time -> two-stage

damping, pre-damping rings required

+ Beam intensity in regime where intra-beam
scattering becomes significant

« All of CLIC pulse (156 ns) fits inside the ring

« Emittance targets comparable or more

dispersion suppressor &

o’ demanding than existing and planned e- rings
80 m * See A. Wolski's lectures
Stagisecion Y. Papaphilippou for CLIC DR details
Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 24
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@ Rings to Main Linac @ The CLIC main linac

Require emittance preservation over 21 km of linac Ae, <= 10
P MainLinac BC2RF and Chicanes nm. Beam passes through 77,000 100 MV/m accelerating structures
U - ——— V- and 2000 quadrupoles per linac.

Long Transfer Line

e~ Vertical
BC2 RF and Chicanes Transfe

e 7
Damping Rings
‘et
BC1 RF and Chicane

i Main sources of emittance
growth:

¢ Wake fields

¢ Component misalignment

Turn Around Loop

RTML not a simple transport :

* BC1 stage: bunch length from 5 mm to
1.5 mm at 2.4 GeV

* Booster linac from 2.4 to 9 GeV

e Transfer line and turnaround loops S5 - 5 "

sfum]

* BC2 stage: from 1.5 mm to 44 um RTML final phase space simulated with ISR, CSR and wake
fields effects included

== max_5 nm vertical emittance Beam dynamics studies : full start to end

growth is allowed simulations including ISR, CSR, wake fields and
imperfections are required to demonstrate
acceptable emittance growth.
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Wake field calculations in structure design

@@ Main Linac: wake fields

CN ;

N
NIV

D%;g
SreRE>

L DR AL
T
B e L . g 250 y ) impedance  x
A bunch entering any cavity will leave a wake field : See G. Rumolo’s Ultra-relativistic approxlmat[on. average In'gegrat_ed £ 500 JA\ GdfidL impedance ___e
P ® © and M. Ferrario’s transverse force, evaluated in a frame moving with the £ 150 J\
lect | particle: wake function per unit length, W';(z). Dipole 5 1o | |
ectures wake: force a offset of driving particle. S \ { M
M
e - Linac growth I )
factor: Linear collider tracking codes: time-domain - flGHz)
Y~NWs/K, implementation allows to implement an E 200 A impedancs =
N: charge / P arbitrary number of high-group velocity higher g b "\ | GafdL impedance
- il 0 50
Longitudinal modes: energy spread W dipole wake Ol‘lljel’l moges (HOM), to regener;afte_thel _ L 7 Nt
Transverse modes: deflect particles, instabilities, beam-break up kp: betatron k calculated HOM spectrum from rf simulations. X I !
Different from rings: frozen longitudinal phase-space; always unstable! wr 1 1 wr E -‘500 - P 3‘0 ” = -
SN oLt _ E
15 o Wi(2) ~ 4Zcsy 1-(1+./% 'z Wr(=) —21\1‘5“1(?3) exp( 5@72) 1[Gk
o V;:ﬁ:g,gz + 1z = Tt - 5. exp  — s1 Example of transverse impedance spectrum and mode 9 mode reconstruct
GoroL
oN -

F,

— 1!
j Single bunch wake: analytical formula (K. Bane) y,wake (S) Z) =eq HT(z)yl (S) o | orwnce
-> banana shape of beam \ FUNCTION

9
: YRR
=< //w‘\\ PETS DESIGN. c“”'ﬂflﬂs\

s '&ﬁl el pti. W y . y— -
Sess--T gk |

-10 V qi kgs=0 kgs =% kgs=r kgs= kps=2n - . . ‘ Nmo,}

. N [ox

s w 5

- A

Y/ Yinjection [1
o

Beam dynamics

Mitigations:
0 20 40 60 80 100 « Limit charge per bunch (4 x 10° for CLIC)

« BNS-damping: detune resonance by energy spread

s m|
Two-particle model: resonan{ arl'nphflcanon along linac « Minimize transverse modes in structure design z

PETS BAS
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N2 Main linac: beam based alignment

Components misalignment leads to beam offset in linac quadrupoles:
centroid kicks -> emittance growth -> beam-based alignment

e

o% TN

Quadrupoles, BPMs, structures are
aligned with finite precision

Dispersion free steering (DFS): correct the orbit and minimize
the difference between the nominal and a dispersive trajectory :

2 2 2 2 2
X = wOEyO,i -+ wlz(yl,’i _— yO,i) (sum over BPMs)

It is a least-square problem, that can be solved with SVD
techniques. 10077

o1+ BFs. 40
o %0l | 140-1 + DFS + dspersion bumps
Left: simulated VN oo e ] @
emittance growth in ' 80 | y 20
the ILC main linac, = 70| k
> 10
including effects of 4 6o ‘ B T o
transverse wakes and 2 50 i ‘H‘ =
quadrupule _§ o L,_LL 10
misalignment, after 1- 2 . 20
to-1 correction, DFS & 30 \ L 20
and tuning bumps. S R 40
= = 10 120 140 160 180 200
0 BPY number
2 4 6 8 10 12 14 16 Above: example of orbits before DFS and
[nm] after DFS has been applied.
Erik Adli kv Accereraror Scrijor Aavancea course, Augus <3,cuis, 1rondheim, Norway 2
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CLIC tuning strategy :

Structure design must be

within wake field tolerances I i I

Beam-based alignment
(dispersion-free steering,
ballistic alignment)

s

Wake field compensation using

dedicated wake monitors
Luminosity tuning bumps
(global corrections)

Structure misalignment before and after wake tuning

S B Bt

—\a—/-f—/-—

using wake monitors and girder

@@ CLIC main linac tuning strategy

o bumps”
1 bump.

5 bumps
7 bumps.

0 1z 1. B2
e [nM]

Effect on luminosity tuning bumps

\ imperfection with respectto  symbol value emitt. growth \
BPM offset wire reference o ypu 14 jan 0,367 .
BPM resolution Tros 0.1 pm 0.04nm
accelerating structure offset girder axis Ty 100 0.031m
accelerating structure tilt girder axis o 200 jeradian 0.33 nm
articulation point offset wire reference a5 12m 0.1nm
girder end point articulation point o5 5 pm (L.021mn
wake monitor structure centre o7 5um 0.54nm
quadrupole roll longitudinal axis &y 100 pradian | = (.12nm

Effects on emitt. growth due to misalignment

CLIC main linac design fulfills emittance requirements. Tight, but feasible component specification.

CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 30

Pre-alighment and stabilization

Pre-alignment of beam line components :

-Rf structures, quadrupoles (main and drive beam)

- Wire Positioning System, then independent pre-alignment by movers with respect to wires
After computation, for a sliding window of 200 m,

the standard deviations of the transverse position
ey of the zero of each component w.r.t a straight
fitting line will be included in a cylinder with a
radius of a few microns:

= 14 ym (RF structures & MB quad BPM)

= 17 ym (MB quad)

Adjustment: step size below 1 tm

Verticalaxis

& 3 Tongiadinal s

Beam stability by quadrupole stabilisation:0.2nm beam-beam stability@IP
« quadrupole passive and active stabilisation
« beam feedback (pulse to pulse) and Intrabeam feedback

Quadrupole Magnets | Horizontal Vertical
Linac (2600 quads) 14nm 1.5 nm
Final Focus (2quads) 4 nm 0.5 nm
Evik A CERN Accelerator School Advanced Course, August 23,2015, Trondhein, Norway a1

23/08/2013

Beam Delivery System

CLIC BDS: focus to a beam spot of 0,=40 nm (8,=10 mm), 6,=1 nm (B,=0.1 mm). Design uses local
chromatic correction (proposed by P. Raimondi and A. Seryi). In addition, the BDS provides final
emittance measurement, matching and collimation. BDS length depends on E,

cm,

Diagnostics Energy Transverse,_ Final
02Ff collimation collimation Focus system
600 R 0.45
0 - By — 04
500 B2 035
02 Dx = 03
= 400 025
= 04 =|
X 300 02 £
06 015 ©
200 o1
-08 - 500 GeV 100 0.05
0
-2500 -2000 -1500 -1000 -500 0 0 - -0.05
s[m] 0 05 1 15 2
BDS layout for E,, =3 TeV and E,, = 0.5 TeV Longitudinal location [km]
‘7?:\‘«
.
L* | total lumi eak lumi i
o umi | peaxlumi Final double
10%cm~2s~! | 10%cm~?s’ e .
magnification:

Erik Adli
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Nominal L* = 3.5 (QDUV inside detector)
Nominal crossing angle is 20 mrad (crab cavities required

Challenge: Alignment and tuning with sextupoles.

m = f,/f,
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Machine-detector Interface

* QDO integrated in detector
*FD sub-nm jitter tolerance
* Intra-train feedback within
150 ns train

e Active mechanical
stabilization of FD

* Anti-solenoid

Advanced Course, August 23,2013, Trondheim, Norway

Detectors

http://www.cern.ch/led

Push-pull concept: two detectors

CLIC detector concepts basec
on validated ILC detectors

SiD

Specific CLIC challenges issues:
- interval between bunches: 369 ns vs 0.5 ns
» Multi-TeV operation (beam-beam background)s

Erik Adli CERN Acceleratar School Advanced Course, August 23,2013, Trondheim, Norway
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TSNS

Final doublet stabilization

N.
Ry

e

100 -
i,
\@\}
%
10 L ]
£ 3
2 1k Bearh, thanical
o« feedback
= g
o1 Feed forward l Sub-nm stability has
been demonstrated
01 experimentally :
0.1 1 10
CLIC (2
target - ——
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@ CLIC integrated simulations

%
J

1175

T
i
Qg

* Sliced bunches tracked along the LINAC * Macroparticle tracking
« Including long- and short-range transverse + Alignment survey errors
and longitudinal wakefield functions « Dynamic i :GM —

« Alignment survey errors « Collimator wakefields :’er:‘Yn'::_lt's“c

+ Dynamic imperfections: GM . Crab cavity wakefields umi 1ty
including physics
background process

Placet : :
Guinea-Pig

I— RTML—|L’I)NAC |—’ DS}—T> Beam—BeamF’Otitput

Possibility of applying BA FB
101 control loop
«DFS
« RF alignment * FB systems
« Wakefield, dispersion bumps ... « Intra-train
« Inter-train

= Others ... (Under development)

CODES:
PLACET: allows the simulation of the different LC subsystems in a modular
fashion
GUINEA-PIG: performs realistic simulations of the beam-beam interaction
Enik Adi CERN Accelerator School Advanced Course, August 23,2013, Tronahein, Norway 3
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The CLIC drive beam rf power source
Unique for the CLIC two-beam acceleration scheme

My

15MR13

drive beam accelerator
23464, 1061z

9
i beam accelerator
G

im
delaylocp. - - dolayloop

@) decelerat

{ 7 82

505 g 6os 19
v G e —

- 483w
R combinerring
TA Lo
OR dampinging
POR predamgung e S
o e Sooste nac. 614G
805 beam deivery paten
P interacion pont v

« injecter, o injector.

2366w o - froxy

wor ) or [ | ok |l PoR
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The CLIC Two-Beam scheme

Delay Loop x 2
gap creation, pulse
compression & frequency

multiplication

Drive Beam Accelerator
efficient acceleration in fully loaded linac 0.5 GHz

Combiner Ring x 3
pulse compression &
Combiner Ring x 4 frequency multiplication

pulse compression &
frequency multiplication

CLIC RF POWER SOURCE LAYOUT

Drive Beam Decelerator Section (2 x 24 in total)
12 GHz

Power Extraction

AIN LINAC

Drive beam time structure - final

Drive beam time structure - initial

240 ns 240 ns
— 5.8 us

L L
ammw 0 NEEE

140 ps train length - 24 x 24 sub-pulses
y o s 24 pulses - 101 A - 2.5 cm between bunches

4.2 A - 2.4 GeV - 60 cm between bunches
39
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Erik Adli

Main beam - 1 A, 156 ns
from 9 GeV to 1.5 TeV

CLIC: “Transformer ratio” of
~1.5TeV /2.4 GeV =15

The CLIC Two-Beam scheme

Quadrupole ﬁsWﬂr-extracrion and
nsfersthCmre (PETs) Drive beam - 101 A, 240 ns
from 2.4 GeV to 240 MeV

Animation courtesy
SLAC ACD group
(A. Candel)

ACD

CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway

Erik Adli

=

ST
%
N

Drive Beam Accelerator
efficient acceleration in fully loaded linac

The CLIC Test Facility 3

Delay Loop x 2
gap creation, pulse
compression & frequency

multiplication

Combiner Ring x 3

pulse compression &
frequency multiplication

RF POWER SOURCE LAYOUT

Drive Beam De PN ator Section (2 x 24 in total)

g N

ERENENENENER L PrErErRr, WEREN

Drive beam time structure - initial

Drive beam time structure - final

240 ns
240 ns 5.8 us

140 s train length - 24 x 24 sub-pulses
4.2 A - 2.4 GeV - 60 cm between bunches
o

24 pulses - 101 A - 2.5 cm between bunches

CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway
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The CLIC Test Facility 3 at CERN

ores

Total length: 140 m
DELAY
LOOP

COMBINER

DRIVE BEAM
LINAC

CLEX
CLIC Experimental Area
Two-Beam Test Stand

CLIC Test Facility 3 : designed to test key pt of the two-b: h . Main parts :

* Drive Beam generation: acceleration in a fully loaded linac with 95 % efficiency and bunch
frequency multiplication by a factor x 2 x 4 (from 1.5 GHz to 12 GHz)

* Two-Beam Acceleration experiment — reach nominal CLIC gradient and pulse length

* Deceleration experiment — heavy deceleration of intense electron beam (>50 %)

Fully loaded acceleration RF to beam
transfer: 95.3 % measured.

No issues found with transverse
wakes in structures. Operation is
routinely with full loading

beamon

\. injection line

Tum o cptam

Drive beam current stability at the
end of the fully loaded linac : better
than CLIC specification: 0.75 10~

1# defector

——

1.2 us drive beam pulse er it

24 daflactor

RF deflctor o
feld

Beam pue #-|

* Instrumentation tests
rik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway a1
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@@ The Two-Beam

Spectrometers
and beam dumps

All hardware installed
Beam in both lines up to end
Commissioning with beam:
PETS 2009,

Two Beam Acceleration 2010->

WAVEGUDE

ooFF
MECHANISM FELDMONITOR

(ocants,
MNLTANK)

COMPACTCOURLER

ACCELERATING STRUCTURE

RER SPHERE

\ Sounscreon 4.7

23/08/2013

Erik Adli

Full commissioning
of x 4 combiner ring

AT,
&,

&

SRITE
D%;g
STENE>

et

Two-Beam Acceleration

Two-Beam Acceleration demonstration in TBTS
Up to 145 MV/m measured gradient

Good agreement with expectations (power vs. gradient)

15-Jul-2011

Erik Adli

Eneryy at screen center= 215.32 MeV

204 208 212 216 220 22 Drive beam ON

Energy at screen center= 212.25 MeV

Drive beam OFF

202 206 210 214 218 222 226
MeV

Maximum stable probe beam acceleration measured: 31 MeV

=> Corresponding to a gradient of 145 MV/m

160
E 1o CLIC Nominal,
210 unloaded
£100
2
£ g0 CLIC Nominal,
o loaded
£ 60
£
3 40
o]
g
2 20
0 20 40 60 80 100 120

Power in accelerating structure (MW)

CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 4
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Power production in TBTS

PETS operated routinely above 200 MW peak RF power
providing reliably pulses ~ 100 MW peak to accelerating structure.

About twice the power needed to demonstrate 100 MV/m
in a two-bi i with TD24 structure.

PETS powers
250
200 7 —— PETSout
150 CLIC target, .
% g ——— PETSref
sof T
%00 200 300 400 500 600

ACS powers

: Two-Beam Test Stand

100]--... = ACSTE( 7”’“‘1" (TBTS) Layout
7
y, - > |

£ ACsout L

CLIC target

200 300 400 500 600 700

t [ns]

Erik Adli CERN Accelerator School Advanced Course, 45

Decelerator Test Beam Line

Test Beam Line: Transport of the 28A, 150 MeV CTF3 Drive Beam, while extracting more than 50% of the
energy using 16 PETS, each producing CLIC level rf power, with small loss level.

= s
Current status: 13 out of max. 16 PETS installed demonstarting > 35% drive beam deceleration. Correleation beam|

paramet n and deceleration carefully studied and shows very good agreement.

+— Prediction from PETS rf power |
. Prediction from beam current
B | — spectrometer measurement | ﬁ...‘
1
g1 Vinitial energy: 135 e
B « Assumed farm factor F(X): 1.05
gr VRi power caiibration adjustment: 8 %
£  Maximum deceleration: 25.0 %
& AVerage beam current: 1356 A
« Average PETS power: ~40 MW
e —
0 100 150 200 250 3 350
Time [ns]
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The CLIC decelerator

Decelerator: Transports the 101A, 2.4 GeV CLIC Drive Beam,extracting more than 80% of the energy

326 klystrons. X 326 klystrons.
BMWI39ps ||| circumferences | || 33MWa39ps
delay loop 72.4m
drive beam accelerator CR11448m drive beam accelerator
CR24343m

1km Tkm

delay loop | > <| delay loop

@ @ decelerator, 24 sectors of 876 m
o s o T T TS T o
BD:! BD: A
5

45 ot 2.75km 275km 4

&K
TAr=120m \-malnllnac.lzGHuoon/m,zmzkm P e* main linac TA radius < 120m
A )\ -
48.3 km \/
. - e
by hes csran 3
” LT 2
2 I|| _
g
= .i )
ik ;
I %MW *
|
A - i s RS
o o5 1 a8 2 25 9 a5 & o m w0 w0 o
tins] s[m]

The drive beam is decelerated to 10% energy. The high energy transient must

be equally well transported to the end of each 1 km decelerator.
fcool Advanced Course, August 23,2013, Trondheim, Norway %

CLIC Status

+ Conceptual Design Report completed (2012) and proof of principle of the
two-beam scheme demonstrated

+ 2012-2018: technical design, CTF3 system tests, application of X-band technology,
cost and power optim., staging and scope of project with continuous input from LHC

Vol 1: The CLIC accelerator and site facilities

- 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
- a cern.ch, 1234244,

Vol 2: Physics and detectors at CLIC

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

- - External review procedure in October 2011
- http://arxiv.org/pdf/1202.5940v1

Vol 3: “CLIC study summary”

- 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)

- http://arxiv.org/pdf/1209.2543v1

Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 48
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=== CERN existing LHC

Potential underground siting :

CLIC 500 Gev
esse CLIC1.5TeV -
. CLIC 3 Tev o4 J—

Jura Moyntains

e

Outline

ILC

Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway

@ The International Linear Collider

e+ bunch
Damping Rings IR & detectors compressor

e- source

e-bunch .
compressor positron 2km
main linac
11 km
;
central region
5km C.M. Energy 500 GeV/
electron — Peak luminosity 1.8 x10% cm%s!
m?‘? llrr:]ac Beam Rep. rate 5Hz
2 km Pulse duration 0.73 ms
Average current 5.8 mA (in pulse)
E gradient in 31.5 MV/m +/-20%
SCREF acc. cavity Q, = 1E10

+ Designed for Ey, energy = 500 GeV, upgradeable to 1 TeV, Higgs Factory start-up option 250 GeV
Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway

ILC collaboration

Global Design Effort ' Physics and Detectors | Map -
T - y Pt

o0

g2 & 35@ %;W

Indion
Geean mmr&q o=

Truly global, with Americas, Europe and Asia as equal

partners - no “home institute”
Google & & ey
—
8 — = |11 [ L
- = Il (e -
—
Il sm ™= pm = I= =
Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 52
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The ILC SCRF Cavity

The ILC 9-cell cavity

+ 31.5 MV/m avg gradient
. H i imi Vi Niobium is the material of choice to
Gradlent_ mainly limited by superconductivity fabrioate SCRE covition:
constraints - High critical temperature (Tc = 9.25K)
« Allows for L-band SW long pulses while maintaining | - High critical field (Hc(0K) = 200mT)
] o ~ Chemically inert (surface covered by
high power efficiency oxide layer)
+ Long beam pulses, 1 ms. Advantageous for - Easily machined and deep drawn
. - Available as bulk and sheet material
detectors, machine feedbacks, MP and more.

in any size
« Long rf pulses, generated by klystrons. No |
drive beam. A
« Dimensions increase by ~12 GHz / 1.3 Ghz with ﬂ . ’_m,
respect to CLIC: looser tolerances, wake fields — |
much less of an issue u-
« High charge per bunch: 2x101° (CLIC 4x10° )
Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 53

TS,
B 2

ILC rf distribution

Type-B module
cavities (8) SC quad package  TpeAnas caites and o quacrupole

0

FecP

[ [}
< 12,652 m (slot lengthy————

Up to 9 Cavities integrated into one cryomodule; 2K superfluid He bath
i LLRF

o Vio
© vro
KLYSTRON MODULATOR
(10 MW, 1.6 ms) (120 kV,140 A) = WINDOW
DISTRIBUTION - WR770
SYSTEM WR650
ocavimes || scavimes || ocavmes || ecavmes || 4 cavimes

4.5 CRYOMOULES

~57m
Each 10 MW klystron drives 39 9-cell cavities.
Thales 1.3 GHz TH1801 multi- "Distributed Klystron Scheme” option shown here.
beam klystron, 10 MW,
65% efficiency

Erik Adli CERN Acceleratar School Advanced Course, August 23,2013, Trondheim, Norway 55
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@@ AC losses and ILC time structure

et

CIE

The ILC pulse length is 1 ms. Could it be even longer, or continuous?

1000 -

R, [10]

1t A\ |
46 31 23 18 15 13 o 500 1000 1500 2000 2500

Temoerature (€)

In SCRF AC losses are still significant for high fields:

e The ILC cavities operates at ~2K, where residual resistance prevents
significant further reductions in resistivity

e Ry~3nQ leads to ~100 W AC loss per cavity for a gradient of 31.5 MV/m ->
~1 MW per linac -> power to remove this heat would be ~1000 MW

e -> ILC must use pulsed time structure (as CLIC), 1 ms pulses at 5 Hz
(duty cycle of 1/200)

Erik Adli CERN Accelerator School Advanced Course, August 23,2013, Trondheim, Norway 54
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@ 3 decades of SCRF development

et

Inclusive training of 100s of
students in SCRF topics :

L-Band SRF Niobium Cavity Gradient Envelope
and Gradient R&D Impact to SRF Linacs

- T T T T
CEBAF: CW SRF Linac
XFEL & ILg: Puised SRF Lin
o o Fongafi Geng o
ILC 1 Tev Upgrade
) Very High Gradient Re
a 1
A
a0 | Single-cell cavity -~ @ ¢ @ ® .‘/‘“: )
£ - PXFEL1 ILC 500 Gov
E ILC goal module 2x 250 GeV linae
2 Muti-coll cavity L m
g a0 . i
o LAY o R
H ]
w

CEBAF 12 GeV Upgrade CEBAF 12 Gev )
design goal

225 Gov s
e i o )

CEBAF

module_rework
[]

/CE{ CEBAF CEBAF
/ design goal 4 GoV physics run 6 GeV physics run
et

0 . . L L L L

| ILC SCRF research:
synergy with a number
of accelerator projects

1975 1980 1985 1990 1995 2000 2005 2010 2015 — advanced the field
Year RUGENGBmazo1  significantly
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@ ILC cavity yield reaching spec!!

2nd pass yield - established vendors, standard process

TR
S

+>28MV/myield  W>35 MV/m yield

100 + *
i +
|
3 1
o
540
20
LCWS 2012
o |
5
N $ 8 $
# § §
¢ §

test date (#cavities)

The ILC GDE R&D goal of 90% yield for 35 MV/m +/- 20%
average gradient has been reached
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i ILC damping rings
e
L 712m . Circumference 32 km
Energy 5 GeV
RF frequency 650  MHz
— 2 Beam current 30  mA
\ Store time. 200(100)  ms
wiggler RF_ '\ Phase trombone [ Trans. damping time 24(13) ms
Extracted emittance x 55  um
(normalised) y 20 nm
579m
No. cavities 10 (12)
Total voltage 14(22) MV
RF power / coupler 176(272) kW
No.wiggler magnets 54
— -— — ! Total length wiggler 13 m
X \ AN Wiggler field 1522 T

\chicane \injection \ extraction
Beam power 176(238) MW

ILC damping rings :

¢ 1 ms pulse must be compressed by
factor ~100 to fit in DR (unlike CLIC)

e individual bunch injection/extraction,
requires very fast kickers with 3 ns rise/
fall time Positron ring (baseline)

e High current: intense study of electron
cloud instability for the e+ ring and fast
ion instability for the e- ring

Positron ring (upgrade) (4

Electron ring (baseline)

Erik Adli CERN Accelerator School Advanced Course, August 23,zvs, 1ronaneim, orway E

ILC positron source

o+ bunch

Damping Rings IR & detectors compressor

Post-linac e- undulator :

» sufficient e+ production (40 x more

e 2o charge/pulse than CLIC required)

"« 30% e+ polarization

+ 10 Hz operation needed for low E_,
(dedicated e+ generation pulse)

o-tunch e source
mprassor

cental region
Skm

\l to Damping Ring
Photon /
collimator Pre-accelerator
(pol. upgrade) (125400 MeV)
-~ E
aux. source (500 MeV) Target SCRF booster c;:"gYRF
Y T o concentate @45 6o
. F.— spin rotation
. solenoid

150-250 Ge. —
o —

SC helical undulator

photon
dump

Capture RF
(125 MeV)

e- dump
150-250 GeV.
&-beam 10 BDS

147 m superconducting helical undulator, ~10 MeV photons onto a
rotating Ti-alloy target producing a beam of electron-positron pairs.
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ILC status
ILC TDR finalized !

http:// T p
Volume 1 - Executive Summary Volume 2 - Physics
0007 05MB) Donnoad e 2/ 0.5 M8)
The International Linear Collider
- A Worldwide Event
F ity
12 June 2013
Tokyo, Geneva, Chicago
Volume 3 - Accelerator Volume 3 - Accelerator www linearcollider.orgworldwideevent

Part Part i
RAD in the Technical Baseline Design
Design Phase

Downlosd the oot (91 M) Donnioad he pdi % (72 MB)

Volume 4 - Detectors From Design to Reality
Dovwnioad the o 7 (66 MB)

23/08/2013
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@@ ILC: Japanese proposal @@ *** NEWSFLASH ***
The Japanese scientific community has proposed to host the T Te——
ILC in Japan, and commit to fund 50% of the material costs [ ——

(70% of an E_,, = 250 GeV first stage), with construction to
start as soon as feasible. Europe and USA positive, but financial
level of support not yet clear. b

- Japanese Mountainous Sites - - Japanese Mountainous Sites -

Tonoky Ditit

site-A  KITAKAMI
W

site-A  KITAKAMI
.

SEFURI Site-B

o o
Tokyo Tokyo
oD TOHOKU district D TOHOKU district
— KYUSHU district KYUSHU district
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&R - [ 3%, .
H 2 b 2
Outline N ) Comparison ILC - CLIC
Nrqusog e
From F. Tecker ILC cLIc
remarks
0.5 TeV 3 TeV
TDR CDR CLIC: proof of principle of two-beam acc. demonstrated (CDR, 2012)

Technology readiness 1 )
complete | complete | 1y c. 5 good as ready for construction (TDR, 2013)

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 erossings

One CLIC pulse fits casily in small damping ring, simple single turn

Bunch train length s 970 0.156 | extraction from DR.

But intra train feedback very difficult.

Charge per pulse nC 8400 185 | Positron source much casier for CLIC

. e Pulse to pulse feedback more efficient for CLIC
Summary R I I ) pro—

Because of smaller beam size CLIC has more stringent requirements
Y E,YEy nm | 10000,40 | 660,20 | for DR equilibrium emittance and emittance preservation
p (partly offset by lower bunch charge and smaller DR)
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Conclusions

Exciting time in the linear collider world!

ILC is basically ready for construction and
a Japanese site has been proposed gf@éﬁ;gLfL\gf,
We support the International

. . L. Linear Collider Projéct:
CLIC, as a Multi-TeV e+ e- option, is in an RATANE ARITRRES
thriving R&D phase as the CLIC high gradient { =
X-band technology is becoming mature and
now being considered for other accelerator

application

These project, under the Linear Collaboration
umbrella, will host a number of research
topics for students in the years to come
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Eighth International Accelerator School for Linear Colliders

December 4 — 15, 2013 Hotel Rixos Downtown, Antalya, Turkey »

TOPICS: ILC » CLIC » Superconducting & Warm RF Technology « Beam Dyr s e L

http://www.linearcollider.org/school/2013  online application deadline: September 10, 2013

Extra
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oSV,

\ LC 500 GeV Main parameters

S5

| nc | cucswc|

e entre-0f-mass energy | NLC CLIC
500 GeV 500 GeV/ Relaxed Nominal

Repetition rate (Hz) 120 5 50
Loaded accel. gradient MV/m 50 33.5 80
Main linac RF frequency GHz 114 1.3 (SC) 12
Bunch charge10® 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-%/10%) 3.6/40 10/40 7.5/40 4.8/25
Hor/Vert FF focusing (mm) 8/0.11 20/0.4 4/0.4 4/0.1
Bunch length (microns) 100 300 100 72
Hor./vert. IP beam size (nm) 243/3 640/5.7 248/5.7 202/23
Soft Hadronic event at IP 0.10 0.12 0.07 0.19
Coherent pairs/crossing at IP 10? 10? 10 100
BDS length (km) 3.5 (1 TeV) 2.23 (1 TeV) 1.87

Wall plug to beam transfer ff

23/08/2013
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Accelerating Structure

RF to beam Efficiency temp stabilised (%)

Accelerating Structure Performances

100.00
World record
90.00 +— N . —
oTFs brive RF to beam efficiency
cam
80.00 +——Fully loaded
3GHz
70.00
60.00 World record
N LEP
- . .
s0.00 | 1SSS Accelerating Gradient
[~ 4 .k
40.00 ILC design
- 1.3 GHz CLIC de}ign
30.00 Pulsed SC‘ 500 GqV |
'm |NLC design CLIC design
11.4 GHz = 3 TeV
20.00 P Tieveza
SLC operation N 12GHz
10.00 3 GHz “': o
Single bunch easure
0.00 A
0.00 20.00 40.00 60.00 80.00 100.00 120.00

Loaded Average Accelerating Field (MV/m)

Performances
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