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This lecture
» technologies for a future linear collider
* highlights of related research

Sections

1. circular versus linear colliders

2. accelerating gradient

3. radio frequency power generation

4. R&D projects for a future linear collider
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1: Particle Collider History
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Fixed Target Collider
Outline
Proton-Proton (2835 x 2835 bunches
: — Frotons/bunch  10M
1. Colliders fc eunut ATOR w Beamenergy 7 TeV (7x10% eV

Lurninosity 10 cm? g1

Bunch - o

RING R AL Crossing rate 40 MHz

Proton
Collisions = 107 - 10°Hz

Parton

(quark. gluon)

I Higas
Particle ,
SUSY....

jet

Ecm = V2 (Epeamme® +m2ct) << Beony = 2 (Fpeam + me?)
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Hadron versus Lepton Colliders

UPPSALA

UNIVERSITET hadron collider at the frontier of physics
.
= — e
Outline <.°7% JAN K =
1. Colliders —huge QCD background
— not all nucleon energy available

in collision

lepton collider for precision physics

e+ e-
= s o
— well defined CM energy
— polarization possible

after LHC — lepton collider
— energy determined by discoveries
—consensus E_, 20.5 TeV
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Circular versus Linear Collider

accelerating cavities

UNIVERSITET V- 4 ] 4
Outline ¢
N 4 N y 4
1. Colliders @7& o

Circular Collider
many magnets, few cavities — need strong field for smaller ring

high energy — high synchrotron radiation losses («<E*/R)
high bunch repetition rate — high luminosity

e e i e e HH A YT Ry | Py ey | Py | p sy

source main linac

Linear Collider
few magnets, many cavities — need efficient RF power production

higher gradient — shorter linac
single pass — need small cross-section for high luminosity:
(exceptional beam quality, alignment and stabilization)
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Cost of Circular & Linear Accelerators

cost

Circular
Collider

Linear
Collider
~200GeVe 0
Circular Collider Linear Collider
* AE, ., ~ (9°E*/m*R) cE~L
e cost~aR + b AE e cost ~alL

* optimization: R~E? — cost ~ cE?
LEP200: AE ~ 3%; 3640 MV/turn
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Linear Collider R&D

RF power RF power
Source Source

4—[ € source ]

accelerating cavities accelerating cavities

high energy — high accelerating gradient
high luminosity — high current & small beam size

efficient radio frequency power production
feasibility demonstration

s wn =
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\ 2. Accelerating Gradient
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ACCELERATING PER TIN
ELECTROMAGMNETIC WAVE ElégEng:ﬁxg GAEIT‘(

‘4l MADE OF NIOBIUM
2. Cavities i iR
COSLED TO -280° C

LIKE THE WAVE PROPFPELS THE SURFER
ELECTROMAGNETIC WAVES ACCELERATE
PARTICLES
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Accelerating Gap and Gradient

Gap voltage required for acceleration

« cannot be DC,
because beam tube on ground potential

use cavity with RF field (Maxwell equations)

vxE-_8 E-d§=—jj— dA
ot
breakdown limit Y

(vacuum, Cu surface, T
4.25

24.67,/f =Ee E
— high E_ requires high f

room)

frequency fdetermines cavity shape
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Drift Tube Linear Accelerator Structure

universitet - Low velocity particles
Outline « for velocity < 0.4 ¢ (50 keV e-; 100 MeV p)
« standing wave
2. Cavities « drift tube size and spacing adapted to
— RF frequency
— particle speed

drift tubes

radio-frequency
power source

proton
SOUrCE

) 2007 Encyelopadia Britannica, Inc.
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Example of Drift Tube Linacs
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Disk-loaded Accelerating Structure

In free space,

electro-magnetic wave travels faster than particles
— couple wave to resonating structures

— particle velocity equal to phase velocity N NS

Example shows standing wave structure (v,,,=0) with
11 phase advance per cell

RF power z X7

load
source \ % /
bunches Electric field
‘ Particle bunch Electric field T

) d

’
’
!
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Superconducting RF Cavities (SRF)
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2. Cavities

Niobium Cavity
RF Antenna \ He Pumping Port

Electric Fields

Liquid He Bath
Beam Path

s

.J- _-”".l.-l_ C
© Cornell Univefsity-_"_z

i‘—‘

T

He Fill Port

Vacuum Insulation
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Advantages Superconducting RF

Very low losses due to tiny surface resistance
— standing wave cavities with
low peak power requirements

« High efficiency
* Long pulse trains possible
« Favourable for feed-backs within the pulse train

« Low frequency
— large dimensions (larger tolerances)
large aperture and small wakefields

= Important implications for the design of the collider
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SRF Field Gradient Limitations

Eacc limited by Bcritical
* ~59 MV/m (single cell) it

A
e ~32 MV/m (multi-cell) s A a
NI
1th"|=-=w—_=af‘iﬁ$‘“"”" k\‘::.,___
o
* Field Emission B
: . N .
—due to high electric field around iris | |, *e"m W | %\:
' R L Mo | .
) QuenCh Duench Excessive
—caused by surface heating from " et et ﬁ 'F

ark current, or J J

—magnetic field penetration around

[\ | f’f Tﬁ\\?.,x_ v O N

“Equator” . {F‘M{% —
[ L] [ f ; 5 1 Y,
- Contamination \/ \/ % 1 R % r-
o W, L . . . . - W
_ d u rlng assembly Pumicle contwmingtion from mechanical shrasion
/N A4 |
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Progress in SCRF

UNIVERSITET Record 59 MV/m achieved with single cell cavity at 2K
* improved surface treatment ™ :
* shape optimization o

RE, LL, IS, new-RE shapes]

Outline

50 |

2. Cavities .

Eacc,max [MV/m]

+ HPR + 120°C Bake

20 [

emical Polishing

10 — ——
91 95 97 '99

i i ; i i 1 i
'00 03 05 07

e — S e Date [Year|
TTF = TESLA, LL: low-loss, RE: re-entrant »
30 E

W Cavity average

@ Operational in FLASH
251 F

9 cell cavities in operation
at DESY (FLASH/XFEL):

—R&D Status ~30 MV/m
—DESY XFEL requires <23.6> .
—ILC requires <31.5> MV/m 0

20 -

Operational Gradient [MV/m]

Module Number
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Normal Conducting Accelerator Structures

E_.. limited by breakdown RF-field
* > 60 MV/m

Higher gradients than SCRF cavities, but requires
* very high frequency: >10 GHz
* very short pulse lengths: < 1us

* high ohmic losses
— travelling wave
(unlike standing wave in SCRF
or low gradient NCRF)

« fill time to, = [ 1/v5 dz
order <100 ns (~ms for SCRF)
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High Frequency Iris Loaded Waveguide Structures

UPPSALA
UNIVERSITET 11.4 GHz structure (NLC)
Outline

2. Cavities

30 GHz structure (CLIC)
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High Frequency Structures

CLIC type
T18 vg2.4 disk

designed at CERN
build by KEK
tested at SLAC

E...=106 MV/m

* 11.424 GHz

« 230 ns pulse length

* 10 breakdown rate (BDR)

Frequency 11.424 GHz
Cells 18+input+output

Filling Time 36 ns
Length 29 cm
Iris Dia. a/A 15.5~10.1 %
Group Velocity: vg/c 2.61-1.02 %
S/ Sy 0.035/0.8

Phase Advace Per Cell 211/3

Power Needed <E_>=100MV/m | 55.5 MW
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3. RF Power Source
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Electromagnetic Waves

o static electron
— electric field

* moving electron | i
— electromagnetic - Warelngih—
wave ANV
N4 N4 N4

Ilin

Sound Pressure

e constant electron beam isvr
— static electric field
+ static magnetic field

* bunched electron beam \.
— electromagnetic wave coherent
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Klystron Microwave Amplifier

« vacuum tube amplifier by
electron density bunching

e 200 MHz — 20 GHz
« <1.5 MW ave.; <150 MW peak

|—7 drift space 4._|
‘Buncher! '‘Catcher'
Canity Canity
density of electrons
Cathode \ Collektor

electron heam

Yo Annde—ll‘ll —|[|)-
Microwave Input Microwave CDutput
electron bunching 777
. . +4, I6E-+HI02

il

15 SOE 002

& J _ i S1E+001
+1.45E+003 +1.78E+H103

—an TEERRE S
+1.19E+103
# (i)
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Two-beam Acceleration Concept

* 12 GHz modulated and . meais
high power drive beam ot
 RF power extraction transfer
in a special structure waveguide a%cuer:iﬁa;sd
(PETS)

— only passive elements

« use RF power to
accelerate main beam drive beam

] drive beam 100 A, 239 ns
e compress energy density

2.38 GeV - 240 MeV
B

quadrupole

quadrupole power-extraction and
transfer structure (PETS)

——

=

Bfive b inb main beam 1.2 A, 156 ns
fivébeam main béeam 9 GeV - 1.5TeV beam-position monitor R
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Drive-beam Generation by Beam Gymnastics
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UNIVERSITET ‘ !'r Delay loop x 2
Drive Beam Accelerator gap creation. pulse
. efficient acceleration in fully loaded linac compression & frequency
Outline . m ultlpllcatlon
-—_—-—-—-—-—-—-—-—-—”‘—-—-—-—.-"
_ o B Transverse RF
Deflectors : :
Combiner ring x 3
pulse compression &
3. RF power Combiner ring x4 = frequency multiplication
‘: pulse compression & — _ -

frequency multiplication

RF Power Source

'_-—“\ | Drive Beam Decelerator Sector (24 in total)
- L
.\ Power Extraction i
— — - —)
_ iﬁi-ﬂﬁﬁdﬁ:’ z
Drive beam time structure - initial Drive beam time structure - final
=i 240 ns
—> : : 58 ls
1 1 8 T B R ‘ «
140 us total length - 24 x 24 sub-pulses - 5.2 A FeE e
7 4 GeV - 60 cm between bunches 24 pulses — 100 A — 2.5 cm between bunches
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Courtesy A. Andersson
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4: Projects for a Future Linear Collider
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Basic Layout of a Linear Collider
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Outline ‘
Final Focus—"
Demagnify and collide

<
beams Main Linac =
= Accelerate beam e
, ~—_l—Bunch Compressor to IP energy ]
4. Projects - . o without spoiling
educe o, to eliminate DR emittance
= hourglass effect at IP

Damping Ring

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

Positron Target | @
h\ Electron Gun Use electrons to pair-
. produce positrons
Deliver stable beam _I
current
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The ILC and CLIC

nrsAls - LHC should indicate which energy level is needed
— ILC International Linear Collider CLIC Compact Linear Collider
* superconducting technology * normal conducting technology
* 1.3 GHz e 12 GHz
* 31.5 MV/m « 100 MV/m
* Ecy =500 GeV « Egyy =3 TeV
4. Projects * upgrade to 1 TeV

TevaTron LHC

ELECTROMAGHETIC FORCE

THE TERASCALE 2TeVi i7 TeV

ELECTROWEAK UNIEICATION 6 §3km ?ka
WEAK NUCLEAR FORCE “GRAND UNIEICATION”
BIG BANG .
(=)

STRONG NUCLEAR FORCE
PLANCK SCALE

GRAVITATION 7
10 10 10 o) 10 1 10 0o 10 10 o EMERDY (TEN 35km

10t [ 10 1 1O 0o W0 10 10 [ o L0 T TIME (%)
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e

ILC: The International Linear Collider y
. Parameter Value
UNIVERSITET Baseline: C.M. Energy 500 GeV
« 2 x 250 GeV superconducting linac . Y
Outline . %103 cm2s- (14 rad X_ang|e) Peak luminosity 2x10%* cm2?s™"
Beam Rep. rate 5Hz
* pOIarized electron photo-gun Pulse time duration 1 ms
* undulator positron source at 150 GeV  average beam current 9MA (in puise)
» 5 GeV damping rings (C=6.7 km) Average field gradient 31.5 MV/m
* 4.5 km long beam-delivery system # 9-cell cavity 14,560
4. Projects to make spot sizes of 640 x 5.7 nm # cryomodule 1,680
# RF units 560
Electrons Detectors Electron source Positrons

Undulgtor

o

= \
V| T \
4 va | L
‘\
I A
llllll CR - . —) |-
‘ ‘: !
| . '
\ :
\

R Beam delivery system

31 km

&
r

v

Main Linac Damping Rings Main Linac
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Linear Collider Siting o
* Where to build?

* Deep/shallow
tunnel

T Pt fp— Paint 10

« Geometry el = T T | e
— Laser straight? = '

a0 em A0 en a 10 km A
— follow curvature?
L]
Phase 1
Phase 2 30870 m Phase 2
- —_— —_— —_—

N [
I 1.001.1
] Shaft 11 Shalt 7 Shah 5 shaf 3 Shaft 2 Shaft4 Shat€ Shaft 10

Claymy Marains Molesse (Sandstones & Masis) S Limestone

FIGURE 2.13. Geology and tunnel profiles for the three regional sites, showing the location of the major
access shafts (tunnels for the Asian site). Top: the Americas site close to Fermilab. Middle: the Asian site
in Japan. Bottom: the European site close to CERN.
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CLIC: Compact Linear Collider
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UNIVERSITET 126 kiystrons
BMY, 139 | ||
Outline drive beam acoelormtor 2,38 G, 1.0 GHr
i -—
gcz L F
TYTYY MrvTYY M 'L'r:l'h' iﬂ_ h_i
4. Projects TA rads = 120 M o i lnac, 12 GHz, 100 MY/, 21,02
i A8 3k m
Main Linac
C.M. Energy 3 TeV
i i 34 2a-1
Peak luminosity 2x103%* cms o Mfeckon. 2 4 G
Beam Rep. rate 50 Hz
Pulse time duration 156 ns

Average field gradient 100 MV/m

# accelerating cavities 2x71,548

22-Jun-2010

e ELM*—D

CHEUMme rances

delay iop T2.4 m o el
CR1 144.8m I il
Ch2 4343 m

drve boam accelerator 233 G, 1.0 GHr

w
= o
1km 1 Em
delay ioop h- e | delay oop
@' deceleraior, z-u sactors of 876 m
b

) —_—,...

_i_hu!‘_ Yy +_1rﬁi -r-r-rnri

AALR|
o* maain linac TA I‘aﬂuﬁ l?ﬂ'm

‘ booster linac, 9 G

e* Infector, 2.4 GaV | (fE=

P4. 5m tunnel
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i CTF3: CLIC Test Facility o

% ta-' 'q'* ’

UPPSALA . . .
universiTer — * demonstration drive beam generation

(fully loaded acceleration, frequency multiplication)

Outline
 evaluate beam stability & losses in deceleration
» develop power production & accelerating structures
(damping, PETS on/off, beam dynamics effects)
4. Projects ety M SRR i,

\

ﬂi

/
CLIC oxpseri el area [CLEX] with

TETs e L

A0 GHz 1edd stand. 150 MeV & Inae
354 I 4 ps

L
' phota injector bests and zsA 140 ns
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Demonstration Fully Loaded Operation 9

UPPSALA .- . i
vaversiter — Efficient power transfer s "
i
. “Standard” situation: beam

Outline .
« small beam loading 8
« power at exit lost in load Et unloaded gradient
“Efficient” situation: V,.- = 1/2 V ,0aded
* high beam loading

4. Projects * no power flows into load

953% RF | i

unloaded gradient

5 Pout

| beam on

,\ beam off
s+ | el field builds up linearly
f (and stepwise, for
! St | point-like bunches)
M —
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Demonstration Beam Re-combination e

UNIVERSITET  delay loop (DL) gap creation after DL '\33 | 140 ns |
. 6 > e
(for CR extraction) and m M ﬁ N
: . . . in DL i
Outline doubling frequency + intensity ': ) | |
!
o | | ARCETRTHH
- combiner ring bunch interleaving - W |l -
(delay loop bypass, instabilities)  peford oL L L |
) \__J |
= 0 | — &::i Lﬂ" ! L‘Eﬁ.zi__
4 Project 3rd OCt 2008 CR.SYBPMD1S55 - CR.SVBPI0130S +$mggz 0 500 1000 1500 2000
; 1.0 ‘ == t [ns]
i 1st ond  3rd 4t e
. turn turn  turn  turn
3A Mo, Acceleration 3 GHz
b Beam Current
* .. Combiner Ring ‘ IAVAVAVAVAVAVAVA
- 3
cx. Evrpo2 . 180° phase switch in
- 1 E;egeghon Sub-Harmonic
=T TN\ Pcher
CR.SVBPIO1305 -11.95600 ’I 12 A v v v v \./

SKD2({ns)
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Demonstration Two-beam Acceleration

|||||| st ulsa compression inquoncy muiplication
p p =

Bvaw s Two-beam Test Stand

Outline
4. Projects Spectrometers and ﬂ!
beam dumps
>j"°:5
L™ _
drive beam
probe beam
B_ L U N . | g .~ .~ Construction supported by the
rSal L A T o =h AW 3 . .
RV o AL 'ch J I2] -lﬂ}jl 7" Swedish Research Council and the
: -7 TH h & Knut and Alice Wallenberg Foundation
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Two-beam Test Stand o

I —

UPPSALA B - | ' — = |
UNIVERSITET i Sl S — =
i R T, e e ey experlmental area

\ = : 4 i A . o o , T — o ,._ N

Outline

4. Projects

006091 0;

© CERN-ACH

\\
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RF Waveform Distortion on Breakdown e

UNIVERSITET Normal RF pulse Break down

Outline

—

Voltage (A.U.)
Voltage (A.U.)

g
!

!
I
|

4. Projects

200nsec/div

200nsec/div

Incoming wave
Outgoing wave

lL Break down i Reflected wave

from S.Fukuda/KEK

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

« Low breakdown rate required (< 10-°) for useful operation
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B Beam Kick Measurements e

UPPSALA :
UNIVERSITET Breakdown kick
. R 6.1m ‘ .
Dutline BPM4:x, BPM 3: x, l BPM2:x, BPM 1: x,
1 1 1 1
T T % T T
\ Incoming
4. Projects beam

Two chicanes remove breakdown currents

Estimated error
* beam position: 10 ym, angle: 7 yrad
 kick position: 31 um, angle: 11 prad

* relative energy change from kick: 32x10-6
(see M. Johnson, CLIC Note 710, CERN-OPEN-2007-022)
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RF Breakdown: a Reliabllity Issue

UPPSALA .. . .
UNIVERSITET Conditioning required

» to reach nominal gradient

Outli
utine but
. damage by excessive field |
Physics phenomena not yet
4. Projects completely understood!
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