L inear Colliders
Ron Ruth

 Lectureone
— Introduction and Luminosity

e Lecture Two
— Obtaining the Energy
 Thisisavery big subject.
* Need to choose how much to cover and
whereto start.

e First approximation:

lim  { Audience}
knowledge - 0
Intelligence - oo
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Linear Colliders; Lecture one
Introduction and Luminosity

e QOutlinefor Lecture One
— I ntroduction
— Emittance and Size
—Final Focus
— Beam-Beam effects
— Some Parameters:

TESLA JLC/INLC CLIC
Energy (TeV) 0.5 1.0 3
L uminosity (10*) 3.4 3.4 10.0
Rf Frequency (GHz) 1.3 11.424 30
Rep. Rate (H2) 5 120 75
# Bunch / Pulse 2820 190 154
Bunch Spacing (ns) 337 1.4 0.666
Bunch Charge (10™) 2.0 0.75 0.4
ox/ oy at IP (nm) 553/5 190/2.1 40/0.6
Site Length 33 30.6 30

June 2000 R. D. Ruth



Motivation for Linear Colliders

Physics with electron-positron collisons at the
Energy Frontier.

Circular electron/positron Collidershave run
out of gas.

Wewould liketo embark on a next generation
collider which can cover a decadein energy, say
from0.5to5TeV.

For a Circular collider the synchrotron
radiation power for an electron is

4.4
P, :Eremcz 0,82y
0

Although p can beincreased (magnetic field
lower ed) to compensate for the highy, in
practice LEP isthelast energy frontier electron
positron circular collider.
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The Basic Idea of aLinear Collider

 Createéeectronsand positrons

 Acceleratethemin alinear accelerator towards
each other (no bending, no synchrotron
radiation)

 Focusthem each to a small spot at the collision
point

 Transport the ‘disrupted bunch to dump’
o Start over with the next cycle.

 Therepetition rate of the linear accelerator
playstherole of thecycletimein acircular
collider.

« Thelower cyclerateiscompensated by small
spot size and many bunches each cycle.
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Linear Collider Cycle in Detall

A train of bunches of electrons are created and
accelerated to about 2 GeV.

These areinjected into a damping ring which
reduces the ‘emittance’ by synchrotron
radiation cooling.

The bunches are compressed in length and
accelerated to an intermediate energy (~ 8 GeV).

The bunches are compressed again to their final
length.

The bunches are accelerated in alinear
accelerator with gradient Ez and length L.

Thebunchesaredelivered through a collimation
system.

They aredemagnified in size by a telescopic final
focus.

Positrons have the same history except they were
created and pre-cooled earlier.

Each electron bunch collideswith its partner
positron bunch once and continuesto a dump.
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Some Issues for Linear Colliders

e Obtaining the Energy
— Choice of Collision Energy
— Accelerator Technology Choice
— Acceeration Gradient vs. Length
— Radio Frequency Energy Source
— Accelerator Structures
— Efficiency

e Obtaining the Luminosity
— Damping Ring ‘emittance’
— Emittance preservation
— Collimation and Background
— Final Focus and chromatic correction
— Final spot size and ground motion
— Beam-Beam disruption
— ‘Beamstrahlung’ and I P physics
— Fundamental Limits (Oide Limit)
— Other Issuesfor experiments
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Luminosity Basics

e ThelLuminosity Formula
R
= N'N"fn, ¥
4710,0,

D

 Wheresymbolshavether usual meaning and
Histhe disruption enhancement factor

* Another useful way of writing thisis:

| = I:)beam HD 1 N
Epeam 477 O, O,
e WhereP,_,,isthe power in the beam.

« Theonlyreal control we haveisto decrease o,
or increase P

beam*
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Increasing Luminosity

Theincrease of the beam power and the increase
of the effective repetition rate ar e effectively the
samething.

The power inthe beam isrelated to the wall plug
power by the overall efficiency.

I:)beam - I7 tot I:)wall

How to get energy effectively into the beam will
be discussed in the next lecture. Thewall plug
power isabout 100-200 MW.

Thedisruption Hy islimited...morelater here.

Thevertical size o, isa strong handle for
luminosity increase. Thisleadsto very flat beam
designs.

The electromagnetic field seen by the opposing
bunch islargely controlled by N/ o,.

Thishigh field leads to beam-beam effects
discussed later.
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The Vertical Spot Size

Thevertical spot sizeisdetermined by the
emittance at the | P and the optics which focus
the beam.

g, = ey,B

The betafunction is given by the optics of the
final focus...moreon that later.

The emittanceisgenerated in the damping rings
but must be preserved throughout the
acceleration.

L et’ s discuss emittance generation in more
detail.

Theonly test facility for low emittancein the
world isthe ATF damping ring at KEK.

The measured vertical emittance is about 50%
mor e than futurelinear collider needs.

Futurework includes multibunch effects.
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Emittance Preservation

Thisisacomplicated subject, but hereisthe
basic idea.

First | told you that the ‘nor malized emittance’
was an adiabatic invariant under acceleration.

So that means that ideally: o= En

14
The emittance adiabatically dampswith
INnCreasing energy.
However thevariation of the linear focusing
force over the sx dimensional bunch
distribution can lead to correations.

These correlations can filament resulting in an
emittance dilution when projected onto any two
dimensional (x,p) subspace.

Examplesare:

— chromatic and dispersive effects
— Wakefield deflections

— Jitter pulseto pulse
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Transverse Beam Breakup

Consider atwo particle model of an extended
bunch.

Thefirst one oscillates essentially harmonically.
2
4%, %~ 9
ds* p

The second onefeels a transver se deflection due
to induced dipole EM fields.

d’x, . %, _ NeW (o)
9$ B E

Thusthetransverse position of the second
‘particle’ growslinearly.

X
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‘BNS Damping

 Thisproblem looksbad but can be solved by
BNS damping (Balakin, Novochatski, Smirnov)

o |f both particlesstart in phase, thiswake gives
and extra deflection away from the axis.

 Butif wearrangefor thetrailing particleto have

lower energy, it will get an extra deflection from
the focusing magnets.

LA T N T 1T |
------------- »i----------l\------------
I I V2 I B N A B
! / \ \

/ / \ \

/ / \ \

’; .i" \\ \\

) 1 \ \
ri A
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yd
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__________________ ——m——— “'f“""'i::‘
v=_C
“~
“External
101 Focusing

« Thereisnoresonant growth and thetwo
particles move in phase when offset together.
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Chromatic/Dispersive Dilution

e Congder threedifferent energy sliceseach with
equal emittance.

* Kick thebeam in the magnetic lattice.
« Allow it to propagate down thelinac.

X' =dx/ds tx =dx/ds

/ X' =dx/ds

> X
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Alignment

To avoid emittance dilution we need to send the
beam rather precisely down thelinac.

Thisisaccomplished with ‘beam-based’
alignment.

Thekey issuesare:

— Precise position monitorsin the quadrupoles
and structures.

— Methodsfor measuring the beam size
precisely to see how well you are doing.

During the past 10 yearsthere have been

— Extensive ssmulations worldwide.

— Experiencewith SLC

— Experience with the Final Focus Test Beam

All indications arethat we have the technology
and the strategy to use it correctly.

This should get the beam to the end of thelinac
with only modest emittance dilution.
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Collimation and Background

 Thisisaboring subject....well maybe not for a
HEP experimental physicist.

 Thebeam distribution in thedampingringisa
six dimensional gaussian in phase space.

« Theparticlesin thetail of thedistribution feel
variation of the linear focusing fields.

 Thus, they can get to even larger amplitude.

e $0....collimate early and often.

 Theoften part of thisisexpensive.

o Collimators, especially at the end of thelinac can
be easily destroyed by a missteered beam.

 Largeaperture magnetsin thefinal focus
help....just let thetails go through.

* Enough on collimation

« Wereturntotheissue of backgroundsinduced
by fundamental processes later.
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Final Focus

 Thepurposeof thefinal focusisto demagnify
the beam.

e Thisisdonewith an arrangement of magnetic
focusing which actslike an optical telescope.

« Theprimary problem isthat the final magnet
focuses different energy particlesto different
positions.

High Energy

f \ P
Low
ey Conta

1-91
Magnetic Lens 6793A18

e Thiscausesthe spot to beenlarged at the
Inter action point.
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Chromatic Correction

We haveto provide a correlation of angles with
energy at thefinal lensto exactly cancel the
effect. Need to use nonlinear magnets,
sextupoles, together with dispersion (position,
momentum correlation).

This has been tested at the SL C and Final Focus
Test Beam below.

SLC

A
Beam

o e y o Research
SLAC R s -~ Yard

0,T

Quadrupoles Dipole Bends Final Quads 6793A11

12-90
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Final Spot Size

In afield freeregion a focused particle beam
convergesto awaist and then diver ges.

29 =ep + }?’)Z = £(s)

The spot sizeisgiven by the usual formula and
the Courant Snyder beta function playstherole
of the depth of focus.

Both the spot size and diver gence ar e gover ned
by the beta function with the product yielding
the emittance.

With chromatic correction (FFTB):

10 { \ I

Uncorrected
. al
A =

p
= FN -
= .

' \\Corrected e

-
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Opticsfor Final Focus
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Measuring Small Spot Size

 Thefinal spot in the FFTB was measured with
Interfering laser beams (Shintake)

0.53 um
_ Interference

Fringes

2.1 um

o
e
oy =0.16 ~ 0.72 um
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FFTB Measurements

« Thebeam was scanned acrossthefringes. No
modulation yields large size, deep modulation
yields small size. (Tenenbaum, Shintake,..)

250 r———1——

200

150

100

Compton Signal

50

-0.8 -0.4 0 0.4
Electron Beam Vertical Position (um)

Number of Occuirences
L]
. . ' .

0 25 50 75 100

Beam Size (nm)

June 2000 R. D. Ruth



Digression on Ground Motion

e Inorder for the beamsto collide they must not
move mor e than about one sigma at the IP from
pulseto pulse.

o Offsetsinthelinac are demagnified with the
beam size.

o |fthecorréeation length islong enough, thereis
no relative motion of the colliding beams.

o Offsetsof thefinal magnet are mapped directly
to thefinal focus.

e Zero mode movement of pair of final magnetsis
OK, but pi modeisnaot.

e Techniquesfor solving this problem will be
discussed later.
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Beam-Beam Disruption

For particlesin the same beam the electric and
magnetic forces cancel, so the net space charge
forcedropslike 1/y2.

For atest particle offset by X, in the opposing
beam, the forces add and the particleis
deflected.

Ay = — 2N, X,

y olo+a,)

It isuseful to definethe disruption parameter,
D=0 /(focal length).

D = 2Nr, 0,

y olo+o,)
If D isgreater than one, the luminosity is

enhanced because the beams pinch each other
during collision.

Flat beams snhould have H~ 2
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Beamstrahlung and IP Physics

The bending field on atest particlein the
opposing beam isof order kilo-Teda.

Thereforethe synchrotron radiation called
Beamstrahlung plays an important role.

Theradiation is characterized by thecritical
energy w.. A useful Lorentz invariant
parameter Y (upsilon) isgiven by

2
Y :Ehwc DE I.\Irey \
3 E 6aaz(ax+ay)

For typical parametersupsilon isof order one so
theradiation reaction must be taken care of.

The energy of the particle effectively cuts off the
synchrotron radiation spectrum.
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Energy Loss and Number of Photons

 Theradiation can be calculated following
Sokolov and Ternov.

« TheBeamstrahlung energy lossisgiven
approximately by

5a0,Y? 1
s U 2/3
4 Ay (1+(1.5Y) )
 Thenumber of photons emitted per electron is
2r.aN 1
/2
g, t0, (1+ Y2/3)1

nyD

e Both parametersareimportant because of the
non gaussian natur e of the process.
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L/L, per 0.5%-bin

Luminosity Spectrum

 Theluminosity at full energy |s given by

e Simulationsof the dlfferentlal Ium|n03|ty
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Fundamental Limitsto the IP spot size
(Oide, 1988)

 From the beam sizeformula it appearsthat the
size can bereduced arbitrarily by smply
reducing 3.

 Duetothedepth of focus problem we must
restrict
Bzo,

« However, the particlesradiate photons asthey
arefocused in thefinal lens. Thelower energy
resultsin differing focal lengths. Oidefinds

110 e, O
o, =P, + — rekeysF(quad)S‘%E
y

nrm
124"

10 1
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Back to Backgrounds (D. Schulte,99)

 When an electron and positron bunch collide at
high energy a lot happens (besidesthe desired
collison for HEP).

 Very strong fields pinch the particle beam.
* High energy photons are emitted.

 Thesephotonscan convert to electron-positron
pairs.

« Thepairsfed thestrongfieldsand are deflected.
e Incoherent pairsarealso produced via
— ee->ee(ete), ey ->e(ete), yy ->(ete),

name TESLA | NLC/JLC| CLIC

Eom | [TeV] |05 08 | 05 | 1.0 [ 05 ] 3.0
Nopwirs | 103|160 | 242 | 395 | 92 | 21 | 455
Epuirs | 10°GeV | 310 | 1070 | 124 | 965 | 113 | 38500

 Theparticlesareof both signs, have alarge
spectrum of energy and are deflected by the
strong fields.
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Detector and Background issues

« Theparticlesarecurled up in the detector
solenoid, but even so masking must be used.
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Figure 7: Particles from incoherent pair creation after the collision (CLIC at I, =
3 TeV). Each dot presents one particle. On the right hand side the number of particles is
shown that hit the inner layver of the vertex detector as a function of the radius. Different
magnetic fields are assumed for the detector solenoid. The detector half-length is always
z = Or, given a coverage of | cos | < (.08,

Central tracker Cryostat
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Figure 9 The masking system as foreseen for TESLA, the one for CLIC is expected to
have similar properties,
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Digression on Detector |ssues

e Thereisalot of work that has been done and a
lot moreto do on theintegration of the detector
and thelinear collider.

« Therearethebackground issues discussed.

 Thereisthestability of the final focus
guadrupoles.

 Thelist goeson.
e Hereareafew samplestaken from Markiewicz.
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Luminosity Summary

First we need high quality (low emittance)
bunchesto start with.

— TheKEK ATF isaprototypedampingring
very ssimilar to those proposed for
NLC/JLC/CLIC.

— The TESLA dampingringisanovel design
(dog bone) which is much longer
(17km/ring).

Next we need to preservethe emittance.

— Thisrequires beam based alignment
technigues using experience from SLC.

— Wealso need to control transver se deflecting
fields from accelerators (more on that next
time).

Wededliver collimated beamsto the | P.

— Focusthem to a small spot.

— Control thejitter dueto ground motion.

— FEEDBACK (Important)

Collidewith High Luminosity.
Next lecture....How we get to High Energy.
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