L/I/(L- Accelerators
o

creating the initial state you dream of,
the collider system

Outline
The goal

The acceleration techniques

Linear, why ?
Energy and luminosity challenges

nasty consequences
fffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffffff end of lecture 1

Collider elements
Polarisation
e"e - option

Yy option

ey option
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L/I/(L- Accelerators The g oal

Build an accelerator

- with enough energy to reach a valuable physics
- to collect all the physics reachable

In a reachable time, around 15 years.
That supposes an adequate luminosity.

AE X L ~ cst
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Accelerators The acceleration techniques, a remainder

>

electrostatic

RF cavities, modes, losses, dependence in w

superconducting / warm accelerators

plasma accelerators
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Accelerators
o

Study of the techniques to accelerate particles

Apply to a particle of charge e an electric field E.
It generates on the particle a force F = eE = ma
and the particle supports an acceleration ek

After a length L, the energy acquired by the particle is the work of the force
E = eEL where EL if the voltage difference V
E=eV
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Accelerators electrostatic

Method I.

Apply to the particles, here electrons, a static voltage.
The electron acqires the energy eAV.

We have an electrostatic accelerator.

Beware of the limitations dues to breakdowns

This will be used for polarised sources, see later.

modul ati on

Anod
Cathod

Do you know what a triod is?
a classical source of electrons is just that.
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Accelerators Radiofrequency
>

Method II.
Can we apply a time-dependent field, an electromagnetic wave ?
In the absence of boundary conditions, the solutions to Maxwell equations

are plane waves where E and B are orthogonal to the plane wave direction of
propagation. Not very convenient.

Is it possible to impose boundary conditions such that the E field becomes aligned
with the propagation direction ?

In a cylindrical wave guide, YES
but unfortunately the phase speed
becomes > c !! it

OK when introducing I T
boundary conditions in z.

2-2003
BEEBADZ

Existence of oscillation modes
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Accelerators .
Maxwell equations .
V- isthedivergence

VD=p Vxig-92=; ” B=uH  Vx istea
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and also
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L/I/(L- Accelerators

Maxwell equations

>
in relativistic notations
0O -E, -E, —-E
X Y g Lorentz invariants: E-B E°—B’
v _ |Ex 0 -B, B,
Ey B, 0 -B, energy %F“VFW: E*+B?
E, -B, B, O
0.F"'=J" - '-
" J where j’ is the electric current _IM — (p,j)

The other group of equations is obtained by duality:
noting that there is no magnetic charge or current

0,j' = 0,6,F" =0

Current conservation is obvious:

— —

B->E

— —

E->—-B

’

0. e "F

W

o= 0

where € ""?? |s the order 4 totally antisymetric tensor (Levi Civita).
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Accelerators .
Maxwell equations

Looking for a free wave solution of

We take the z axis along the propagation direction
and look for a plane wave solution.

The absence of boundary conditions,
a homogeneous and isotropic vacuum,
requires that E, et H, are constants.

Applying the wave equation to the electric field

-
s
ot

V’E = K’E = ue

It is a plane wave with phase speed equal to 1/Vue,
in the vacuum it propagates at the speed c.
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Accelerators .
Maxwell equations

Applying Maxwell equations to this solution:

?-E:a—lj:—ikEo,zexp[i(mt—kz)]:O

either k or E4, have to be 0

k=0 nowave
E,, = 0 the field is perpendicular to
the direction of propagation!!

Henri Videau Weihai August 2016
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Accelerators

Looking for a solution with boundary conditions

We introduce boundary conditions in x and y in order to compensate
the z derivative of the field by non zero derivatives in x and y.

We take a conducting tube with axis z and radius b.

Henri Videau Weihai August 2016
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L/I/(L- Accelerators

-> -> .
E=Eexp[i(wt—kz)]
We look for solutions like:
-> -> .
H=H,exp[i(ot—kz)]
where E, et H, depend on x and y

or going to semipolar coordinates
on p and 6 butnoton z and t

we have then

Henri Videau Weihai August 2016
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L/I/(L- Accelerators Circular wave guide
>

At the boundary (r=Db), the normal component of B and the tangential
component of E are continuous. If the conductor is perfect the fields are zero inside
andwhenr—b H,E,andE,— 0

Since E = 0, the 6 component of the magnetic field curl vanishes.

and we have :

H =0 @r=>b

Henri Videau Weihai August 2016
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L/I/(L- Accelerators

Speaking of continuity

Stokes theorem

Henri Videau Weihai August 2016
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Accelerators
-

Rewriting the z component of the wave equation as

ViE —-K'E +pew’E,=0

defining

where ] are Bessel functions
of the first type

00

Z a J (k.r)cos(nf+8 )

n=()
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Accelerators
o

1. nis an integer because the field is monovalued
--cos[n(6+2m)] = cos no if n is integer.

2. toimpose E;20 @ r=b, kcb = zpp, where zpp Is the pth zero of Jp.

Notice that it implies k>0 and

EO,Z=Z Z anp‘]n(kc,npr)cos(n9+enp)
p=1n=0

Notice that Hence k=0 corresponds to a

non-zero w.

Cut frequency

Mass

Henri Videau Weihai August 2016
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Accelerators
o

W > We: krealis possible, the wave is a complex exponential

W < W¢: kisimaginary, the wave decreases exponentialy with z, it can not
propagate — evanescent wave!

Phase and group wave speeds:

<C Since particles move with a speed <c
they will dephase against the field

no acceleration is possible!

1 We have to introduce z boundaries

multicavities acceleration.

Henri Videau Weihai August 2016
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Accelerators

radiofrequency

Use of progressive (travelling)

or standing waves

Progressive wave
phase speed c

the particle bunches see a constant field

EZ:EO COS ((P)

If not for the energy absorbed by the beam

(beam loading)

from RF
Source

) - ! ! Y
Input

coupler

Output
coupler

Henri Videau

Weihai August 2016
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Accelerators :
radiofrequency

progressive/travelling wave stationary/standing wave
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Accelerators :
radiofrequency ~

¥y Q-,,m,,@wu REB.B .8 .5
RPN

Stationary or standing wave

Resonant cavity :
the particles see the field :

E =E,sin(wt+ )sin

=E,sin(kz+ )sin

Polarity reverses
every T/2
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Accelerators :
radiofrequency ~

A standing wave is less efficient by a transit factor T=sin(y/2)/(y/2)
where y is the transit angle, wave phase variation during the particle
transit in the cavity.

"‘
i

nl
..,-1?'

Electric field in a TESLA cavity for the
fundamental mode w at 1.3 GHz (S).

The beam passing through induces in the cavity a decelerating field

Henri Videau Weihai August 2016
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Accelerators :
radiofrequency ~

Wake fields in the RF structures

Wake fields induced by the beam
passing through the cavities

The wake fields
have long lifetimes
T =2Q/wge ~ 1s

The out of axis bunchs
generate dipole fields
which deflect the following
bunchs =

attenuation T < 100 us
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Accelerators :
radiofrequency ~

Important quantities / RF mode standing waves

Voltage gain along the axis values for EXFEL ILC
U= [dz E, (z, t=z/c) 20 31.5 MV

Stored energy: W U?

2
geometrical factor : R/Q = U? oz W~ 1 kQ e TbL \/g optimal transit angle 134°
mRF

Power dissipated: P, corresponds to the ohmic losses
P =dW/dt=Pg, + Py .m
Quality factor Qo = wrg W/ Py, ~1010
(Shunt Impedance R =U?2/P)

The size of the cavities is about the wave length

The power transferred to the beam is in w?,

it is more efficient to go to higher frequencies
super 1.3 GHZ (S), warm 11.4 GHz (X), CLIC 30 GHz, (plasma 3THz).
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Accelerators :
radiofrequency ~

RF power when accelerating

The RF power is provided by klystrons: Q_,, = wge W/Pze

ext —
The RF power is dissipated in the beam
and in the resistive losses

Pze = Pheam T Po valeurs TESLA
Pioeam = Y lheam 230 kW = 25MV . 9mA
with P, = wge W/IQ, = U?/R 2.5 mW

NB P, ~ Rg surface resistance

Rs (Nb @ 2K) = Rg (Cu @ 300 K) 10

Po <P forNb, P, =P for Cu

beam beam
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Accelerators

radiofrequency

>

The difference between warm and superconducting

Energy loss: P =P

in beam + PQ + I:)out

For superconducting P ~ zero.

In stationary mode P zero.

For warm as P, is dominated by P (2/3 de Pin),
progressive waves with constant gradient,

for cold it is more favourable to use standing waves.

If P4 nul, the wave stays longer, long pulse, 1ms against us.

A cavity quality is measured by its « Q » value
fraction of the stored energy lost in the walls
in 2rt times the RF period.

Henri Videau Weihai August 2016

25



Accelerators :
radiofrequency

Running cost: electric consumption

I:)total = (Pbeam T PQ) / NRr + PQ / T]cooling(T)

Beam power: P

beam = ECM X Npart = ECM lel N Ul

beam — ' Vcavity beam

Ohmic losses: Pq =N ., U°/R=E¢y/eN R

cavity

A cooling is necessary to maintain the Linac at the temperature T

In a cryogenic machine the ohmic losses are dissipated in a refrigerator
providing the temperature T :

Efficiency (Carnot)
Neooling (T) ~ (T/300) / 4 = 1/300 @ LEP (4K)

1/600 @ ILC (2K)

Henri Videau Weihai August 2016
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Accelerators :
radiofrequency

>

time structure

In a superconducting accelerator with cavities Q ~ 1010

The RF stays long and should be used fully.

At a given power it will be better to have few trains per second
with numerous bunchs properly spaced.

RF beam efficiency at ILC 44 %

In a warm accelerator
the RF pulses are short, few bunches well packed in numerous trains.

good transfer efficiency, higher fields.
shorter accelerators

Remark: all the stored energy can not be used for accelerating due to beam loading
the last bunchs would be submitted to very reduced fields.

Henri Videau Weihai August 2016
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Accelerators

Time structure:
In ILC 5 RF pulses 1 ms long per second, every 200 ms (5H)
In each pulse a train of about 3000 bunches separated by 300 ns.

Warm accelerator, 100 pulses per second, containing 150 bunches separated by
1.4 ns, about 40 cm.

This implies that the two beams cross at angle to avoid crossing at more than one point
This induces a loss in luminosity which can be corrected by a crab crossing
which degrades in turn the interaction point knowledge.

~idem at CEPC

/

Henri Videau Weihai August 2016
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Accelerators
-

The choice for ILC has been the superconducting accelerator
CLIC is a warm accelerator.

This is linked to the gradients
expected for superconducting cavities
today about 1/2 of warm cavities

ILC has two prototypes :
the EXFEL in construction at DESY
LCLS Il in design

ILC power consumption 160 MW to 210 to 300
500 L upgrade 1 TeV

Henri Videau Weihai August 2016
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Accelerators
-

Superconducting cavities

Those used at LEP reached 6 to 7 MVV/m, much too low for a linear accelerator.
But they were running in a continuous mode.
TDR : ILC 500 GeV needs 31.5 MV/m +- 20 % Q,=0.8 10%°

The technology has much improved for the voltage and the Q.

Industrial cavities reach 45 MV/m currently,

this is not so far from the « theoretical limit » close to 50 MV/m, linked to the field
on the surface which induces the return of the niobium to its normal state.

from H, < H_, =200mT for the massive Niobium

LC goal for 1 TeV : 40-45 MV/m Q,=1-2 10"

It is essentially a question of the state of the surface
which can be improved by different techniques like RF burning,
electropolishing in presence of nitrogen...
but also : Large grain niobium
new shape for cavities
coating of Nb2Sn or MgB2 (47 % increase)
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L/I/(L- Accelerators

Req

- = 7| (length of the
straight segment)
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Shemelin PAC 2007
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Accelerators
o

“standard” 120C bake vs “N infused” 120C bake

1011_'|-|-|'||||'||

® |LC processing 1 o . .
m  Modified 120C baking (N2 included) : Achieved:
L.

| ", { With Q ~ 2e10!
"“"......"'m.. | IIIIIIIIIIIIIII.............I _

00...
o \% * Qat~35MV/m~
g 107 o

2.3e10!
"“-\ :
Chigesi : | * ILC specs: Q=0.8e10
irsuses; _ @ 35MV/m
Eacc

109 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 ] 1 | 1
0 5 10 15 20 25 30 35 40 45 50

E_ (MV/m)

acc

Increase in Q factor of two, increase in gradient ~15%

N.Solyak | High E, high Q ECFA LC, May.30-Jun.5, 2016, Spain 32

Fermilab
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Accelerators

JLAB SRF 1-Cell 1.3 GHz Large-Grain Niobium Cavity G2

S U OO OO UL L]
S N . R S — S ——— B Q0-20K, 1apr5 |feeemeee- 1
R ——— 0 T —— e o @ 0Q0-18K, 1apri5 f-mmmrmrmt

Quench wio X-ray

0 5 10 15 20 25 30 35 40 45

E [MV/m] RLGENG4APR2015
acc

Geng et alii IPAC 2015
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Accelerators

34

CLIC accelerating cavity

Accelerating cavities for the american project NLC
the wavelength is reduced by a factor 10 from ILC.

[ EXPERIMENTAL FIVE - CELL BRAZE ASSEMBLY A

Henri Videau Weihai August 2016
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Accelerators
-

Generating RF : the klystrons

A continuous beam (<500 kV, < 500 A) is emitted by an electron gun.
A low power signal, at a chosen frequency, excites the input cavity

The particles are accelerated or decelerated according to the phase
when they enter the input cavity.

The speed modulation is transformed by the drift in the tube in a time
modulation (the beam is pulsed at the pilote frequency)

The pulsed beam excites the output cavity at the chosen frequency
(beam loading)

The beam is finaly stopped in the collector.

drift tube collector

Input cavity

OUtpUtCavilty peter Tenenbaum

Henri Videau Weihai August 2016




L/I/(L_ Accelerators

Multibeam klystrons
going these days from 66 % efficiency toward 90 %

Henri Videau Weihai August 2016
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L/I/(L- Accelerators Linear ?
-

To reach really higher energies the next electron accelerator should be linear!

Radiative losses:
a charged particle with energy E 151 4
following an orbit of radius R looses the energy: 0 E=610 "R 'y

where R is in meters and E in MeV

Example:
a 100 GeV electron and a 1km radius
_ — 5 ~15 4 A3 20
m=0.5MeV, y =210 0E=6.10 "10 "16.10"~10GeV
Radius such that 6E = E E’~ 10’ R with E in GeV and R in km

that does not mean that the beam stops in one turn

l.e. 100 m for 100 GeV, 100 km for 1 TeV
the earth radius for 4TeV !!

R increases like E3 when in a linear accelerator L increases like E
as the cost is = L (or 21R) at some energy the linear becomes cheaper.

The proton, 2000 times heavier, radiates much less (about 10%°),
the muon also
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Details or exercise

L/I/(L- Accelerators

>

Motion of a charged particle in a magnetic field

equation of motion %:QF“”UV

X" is the time-position 4-vector
U" is the speed 4-vector ' 0 '
P" is the energy-momentum 4-vector P*'=mU' :my(l,[S )

UM_ ax"

T dt

dv 2dv v
in the absence of electric field the spatial part writes MY -=MY =0y (V A B)

Writing with complex numbers the motion in the plane orthogonal to B

. 5 5 [
v _ —| 98 V writing
dt my my \

The trajectory is a circle with radius

R:%:
p =qRB

in SI, pisin VC/c, gRB in CmT

dv

o — —i(k)dt - )
v=v,e""" h
. LV, ot
X=X, +ize"
myv _ p .
g8 qB

if the charge is in electrons: p (eV) = ¢ R(m) B(T)

Henri Videau Weihai August 2016
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Accelerators

U'=(yc, yV)

Acceleration 4-vector

writing é:%;v A=

U2:y2C2(1— [32)2:C2
A= U=ct = UhS=0 = UA"=0

dy . dyz dv _1
_IC’EV-I-YE) dT——dt

Henri Videau Weihai August 2016
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Accelerators
-

Synchrotron radiation

2 AZ
power radiated by a charge g 2= q
with A for acceleration 4-vector 61 Eo C3

time for a turn: 2nzp
pc

factor to convert in MeV:

Henri Videau Weihai August 2016



Accelerators
o

Synchrotron radiation

Expressing the radiated power as a function of E (energy) and B for an electron

1 _eB _ ecB
p e —

p ~ PE

in relativistic regime (f=1), )

and for a revolution (T = 2xp/Bc), gOrOCESB

This is a purely classical approach which does not take into account

the quantum mechanics aspects
synchrotron radiation spectrum
critical frequency

Henri Videau Weihai August 2016
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Accelerators

What about cost?

The cost for building increases like L hence E

The proportionality factor depends on the acceleration gradient
from 35 at ILC to 100 MV/m at CLIC

The running cost depends on the power consumption

Beam power: 5 x 3000 bunches of 1010 electrons of 500 GeV
few tens of MW,

Balance between construction and running costs

Henri Videau Weihai August 2016
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Accelerators

The ancestor, a proof of feasability

Clectron

l Caun
.-'.‘:'::":': : -

SLAC Linear Collider

" Positron
Retarn Line

Pissitron
Source

o i
Fosiirons

; - :

i Are Bending
\v R Particle Detector

o, /
Vo
h
\"-S‘-m Final Focusing

i "‘“‘. Magrnets

o
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Accelerators
o

And the progress to be made

SLC LC
ECm 100 500-1000 GeV
- 0.04 5-20 MW
o*y 500 1-5 nm
dE/EbS 0.03 3-10 %
L 0.0003 3 10**cm®s™

Henri Videau Weihai August 2016
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L/I/(L- Accelerators . .
Luminosity g

L is a number characteristic of the collider which,
multiplied by the cross section o

gives the number of events per second: N=L o
dimension [ T* L*] or E°, current (non SI) units cm™®s™

[1[2 Ii IS the current in the beam |,
g:—HD Ais the beam section at the interaction point
A H_ an amelioration factor (pinch effect).
In the case of a pulsed beam with gaussian profile 7 n, N2 frep .
o0, P
Xy

where n, Is the bunch number,

N the number of electrons per bunch
f ., the repetition frequency

o et o, the lateral and vertical size of the beam.

one size at least is very small to limit the disruption at the collision
few nm at LC
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Accelerators . .
Luminosity g

The luminosity per bunch crossing is a Lorentz invariant: _
J, and J, are the 4-vector current densities of the 2 beams J, = pl(X) Y (X)<1, Bl(X))

| zdt = [[(1,-0,0-T;03]"d*x

For relativistic beams (B = 1)

f < dt is the overlap between the spatial distributions of the two beams :
J‘gdt ~ 2p,(x)p,(x)d*x

For two identical and gaussian beams

2 2
[7adt = N 7 =~nf, — N
4o, * O % P4no,x O %

with n, =#bunchs/pulse , f_=#pulse/s

rep
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Accelerators

Integrated luminosity

is measured in cm2
we are still at the time of CGS

or more usually in fb1

1fb=10"1 10 24 cm?
which is much smaller than a barn.
« it's as big as a barn »

Henri Videau Weihai August 2016

47



Accelerators
o

The notion of emittance

The emittance measures the volume or spread of a bunch of particles
in its phase space e=A A AyAp A, A

In the absence of couplings between planes

we can consider independently the x emittance
idem for n

idem fory and z e =A_ A

When the beam is accelerated P, growths

the emittance goes down.
The normalised emittance we will use further is defined
to stay constant as

=Rye » at high energy it becomes €,=A Ay

0,=—=
p

Disruption in linear and circular.

Henri Videau Weihai August 2016
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Accelerators
o

Few effects which degrade the collider performances

Hourglass effect

Beamstrahlung

Henri Videau Weihai August 2016
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Accelerators
o

The hourglass effect

At the focal point or interaction point ,
the emittance is e = 0" X 0" = beam invariant

the depth of the focusis f*=c*/06"=0*/¢

The hourglass effect
Collision point requires
B*

Reducing o* does not
help except if

e Or o, are much
smaller!

The vertical o is currently
at ~ 1nm
what is the ultimate ¢ ?

Henri Videau Weihai August 2016
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L/I/(L- Accelerators Beamstrahlung
| o

During the collisions
the particles see the field of the particles of the other beam

and can emit photons by bremsstrahlung

collisions yy.

At the linear collider the bunchs are so dense that
the particles radiate in the macroscopic magnetic field
from the opposite bunches.

mean energy loss: <A—E> oc ! >
for a small disruption E GZ(GX *+O_y*)
(B) = BgX 1N f
= 5 6a.0,(0, %0, ") Compton length : A=—
mc

where B.,=mJz2c’e =4.410°T (Schwinger field)

1
eE,—=m applied to an electron its work on a Compton length equals the mass
m

(BY =032T@LEP 60T @ SLC, 360 T @ TESLA
Notice the s * term. Could be terrible for plasma acceleration but QM effects.
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Accelerators Beamstrahlung

>

Consequences

This radiation induces a reduction
of the energy in the collision CM

giving an energy spectrum extending
to lower energies.

efe-»>ZHwithZ - uu
recoil mass to the Z

1 ] 1
110 120 130 140 150 160 170 180

masse de recul aux 2 mus GeV
AND

The beamstrahlung gammas induce an important background

creating a cloud of e’e” pairs and minijets backscattering on the forward calorimeters
up to the vertex detector.

The detection of particles emitted very forward becomes delicate.

Henri Videau Weihai August 2016
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Accelerators

o
-E- 0.1
pair halo =
0 Z=1cm
Observe the behaviour 0
of the positrons / electrons 0.1 -
-0.1 -D.05 v} 0.05 0.1 -0.1 -0.05 v} 0.05 0.1
Zz=10cm
z = 240cm

04 -0.2 0 02 04

Henri Videau Weihai August 2016
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Accelerators
o

Beam energy spectrum Integrated beam energy spectrum

f | o um T T D | (b [ o ? ) o o ! ) ey ; )
0.96 0.97 0.98 0.99 1. 0.8 0. 85 0.9 0.95
fraction of beam energy fraction of beam energy
Differential energy spectrum Beam fraction with an energy greater

than a fraction of the nominal energy

Henri Videau Weihai August 2016
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Accelerators Luminosity

The luminosity challenge at the linear collider:

keep the power consumption at a reasonable level e.g. few hundreds of MW

It would be politically incorrect
to reach the power of a nuclear plant ~ 1 GW

In a circular accelerator the bunchs recirculate and we have « just » to reinject

the energy lost in the turn,
for example at the LEP the bunchs were recirculating at a frequency of 44 kHz.

what if the energy loss becomes heavy ?

For the linear, the power consumption is directly proportional to the repetition frequency.

Then to increase the luminosity we rather play with the interaction zone size,
hence the beam emittance.

Henri Videau Weihai August 2016



L/I/(L- Accelerators Flat beams

By making o * <« o *, the beamstrahlung strength
i.e. (AE/E), is made independent of g *.
The luminosity is then increased by reducing o,

Other way of looking at this :
maximising (o, * + o*)) at constant luminosity (o, * x 0%*))

leads to flat beams with:
0,* K 0*, or 0* K 0%,

= ‘razor blades’ with R = (g,* / 0*)) = 100

The particles of one beam are sensitive only
to the field created by the opposite beam in their vicinity

56
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L/I/(L- Accelerators

End of the first lecture

Henri Videau Weihai August 2016
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Accelerators
o

Summary of what we saw up to know

How to accelerate charged particles
How cavity structures bring the RF in phase with accelerated particles
Travelling or standing waves
Warm or super conducting cavities
Why this collider has to be linear
Notion of luminosity
Notion of emittance
Beamstrahlung
that concerns the main linac

Now we go for :

structure of the collider complex
sources : electrons and positrons
damping rings

beam delivery system

alignment

luminosity, polarisation measurements
options e- e-, Yy

cost

plasma acceleration

Henri Videau Weihai August 2016



TESLA LC conceptual scheme

Final Focus—"

Demagnify and collide
beams

[
—— l—Bunch Compressor

== Reduce o, to eliminate
hourglass effect at IP

Damping Ring

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

I:-""" Electron Gun

Deliver stable beam
current

Carlo Pagani 5

Main Linac E===

Accelerate beam | _—
to IP energy "1:::]

without speiling

DR emittance
Positron Target___ @
Use electrons to pair-
produce positrons J

ECFA LC Workshop
13 Movember 2003
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Accelerators
o
30m radius RTML
- 7 mrad
schematic layout of ILC in the TDR i
Beamline
<104 K electrons

~1.1km
e= extractlon
~2.25km e+ Injectlon
=~ 5.6 km
~ 30.5 km
e-le+ DR
~3.2 km
~ 2,25 km e+ extraction
e= |njectlon
pOSIU‘OnS
. Damping ~11.0 km
\ Rings
\ e+ Linac
I"., | Beamllne
\ \ Main Linac
ETURN EBCI +BDS
= 1.4 km
7 mrad
30m radlus RTML
Not To Scale

Henri Videau Weihai August 2016



Accelerators

>
Looking at the other parts of the collider
We have to:
produce the electrons electron source
produce the positrons positron source
reduce the emittance cooling (damping) rings
focalise the beams at the interaction point beam delivery system final focus

Henri Videau Weihai August 2016
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o

Requirements :

produce long trains (RF) of bunches 1ms @ 5-10 Hz 3000 bunches
with high charge few NC or 10" particles

with an excellent emittance En Xy ~ 106,108 m
and polarised (electrons and positrons)

Henri Videau Weihai August 2016
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Electron sources

L/I/(L- Accelerators

laser photo-injector :

circularly polarised photons on a GaAs
strained cathode

to differentiate the energy levels of the
two spin states

= longitudinaly polarised e-

the laser pulse is modulated to provide
the required time structure

a strong vacuum is required for GaAs
(<10-11 mbar)

the beam quality is dominated by the
space charge (note v ~ 0.2¢)

Principle

120 kV

30 A
stralned GaAs 40 A

1000 A M

25 um GaASD.64Pn.36 stralned GaAs
strained GaAs

—5
¢ ~10 "m

we have to gain a

factor 10 in the plane x

25 um

factor ~500 in the plane y

Henri Videau Weihai August 2016



L/I/(L- Accelerators

.
E J
A A
+1/2 S
Transition -3/2 - -1/2 ‘ A 12
or-1/2 - +1/2 \ \
the first one is 3 times \
more probable \
t _p- _ \
P:P+ P_ _1-3_,¢ .
P +P 1+3 \ \ P
—3D —10 T 3D 3/2
The strain differentiate —_— — Puz
the 3/2 and Y2 levels -1/2 +1/2
in theory could reach -
100 % polarisation

GaAs energy levels in the Brillouin zone L

Henri Videau Weihai August 2016
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o

Actual scheme for electron source from gun to damping rin

Faraday Cup

Energy Compression and Mott
L-band (b= 0.73) pglarimeter
NC fune-up dump Ty Bunching (13.5W)

Spin Rotation

(11.3 KW) and Pre-Acceleration
DC Gun (2x)

SC eLINAC (5.0 GeV)

2% 5 MW
(1+ 1 spare)

ﬁ

i

Energy Collimation 10 MW10 MW 10 MW = =
[ e

[oF W ap ]

SC tune-up dump (311 kKW
P P ) 8x 10 MW
(Vertical Chicane) SPARE
Drive

SHB Laser

(above
L 32nC 5nC Ground) |
140 keV - 76 MeV ‘

76 MeV - 5.0 GeV

Henri Videau Weihai August 2016
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66

positron source

e*e" pairs production
by converting photons on a target
keeps partly the photon polarisation

the photons having been produced by

* Bremsstrahlung of electrons on a target
 through an undulator (baseline in ILC)

* by backward Compton scattering,

the last two solutions providing polarised
photons.

target solution

e Y e

Henri Videau Weihai August 2016

pair creation

_.--""'-F.-'_.

_.-.-._._._._.-l—.-.-.-.-._'-._

AN AN <

bremsstrahlung
/.-/’

-
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=
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Accelerators .
positron source

undulator

set of opposite magnets

nonnnonnnn

B sl —“-—é?: ——mm e SRR i _'_'—3

s nJsInisin s n]s N

The coherent synchrotron radiation in the undulator
generates photons of around 30 MeV

a 0.4X0 target produces e* e pairs

a thin target reduces the scattering for a better
emittance, which stays way too high. 102 m

less power left in the target 5 kW
but need an electron energy > 150 GeV!

And the circular polarisation ?  helical undulator

Henri Videau Weihai August 2016
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Accelerators .
positron source

. . undulator kinematics
Weiszacker-Williams

68

Static structure providing a periodical field, electrical or magnetic :

k is the spatial frequency, o EX:O, E :EO COS kz, EZ: 0
the wave length is then g y
k an electron comes in with the speed : [3:&
in the laboratory E,
. !N I — I /
In the electron frame: BX Ey _yEO COSk(}/Z +I3W )

at high energy (p=1) it is a plane wave of frequency ky
or an ensemble of photons with energy ky polarised linearly or circularly depending
on the geometry of the undulator

Backscattering If the photon energy is <<m_,
the backscattered photons have an energy ky or yA™

Going back to the laboratory,
the photons take a boost y and their energy is y* A*

Example: with a structure pitch of 1cm, electrons of 150 GeV (y =3 10 °)
lcm = 5104 eV hence E, =45 MeV

Henri Videau Weihai August 2016
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Accelerators .
positron source

to Damping Ring

Photon
: c;olllmatodr : Pre-accelerator
___________ pol. upgrade (125-400 MeV)
I <——Energy
aux. source (500 MeV) | Target SCREF booster comp. RF

(0.4-5 GeV)

l

Flux concentrator
<—— spin rotation

solenoid

150-250 GeV : _ "3
o E— B

SC helical undulator

Capture RF

(125MeV)

. 150-250 GeV
COOIlng > e- beam to BDS

Problem : we need photons of about 30 MeV to generate positrons
energetic enough to resist the Coulomb forces

the pitch of undulators is imposed by technology ~ 1cm
then the electron energy in the undulator has to be high enough

too high for running at the Z !
Remark : plasma undulator

Henri Videau Weihai August 2016
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Accelerators . .
Damping rings

€

X ) y

€

Emittance: a size times an angular dispersion ; dimension L
conservation of emittance along the accelerator: Liouville's theorem

Rings in which the bunch train is stored

foratime T (~20-200 ms)
to reduce the emittance under the concomitant action of the synchrotron emission

and the acceleration by the RF.

Initial emittance
(~0.01m for e™)

—2T/,

€ :Ee +(Ei_Ee )e
e q

final emittance
emittance at equilibrium damping time

Henri Videau Weihai August 2016
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Damping rings .

vertical damping

the slope y' is not modified

by the photon emission _
op restored by RF in such a way

that

APz =0p,.
B due to the adiabatic cooling
y’=dy/ds = py/pz,

and the amplitude is reduced by:

We have to integrate over all g phases : = -py
2F . § _

Tpmﬁ with pyocE4p > hence T, cEp’
Py

LEP: E ~ 90 GeV, Py~ 15000 GeV/s, 1, ~ 12 ms

Henri Videau Weihai August 2016
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Damping rings .

horizontal damping

Pi=(E-u)/ecB

The particles undergo then 8 oscillations around
the new closed orbite p1 = emittance increase

The equilibrium is reached when

Henri Videau Weihai August 2016
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Damping rings

L/I/(L- Accelerators

-3 2
‘CDOCE P suggests high-energy and small ring. But

4
E
required RF power: PRF or — X nbN
P
equilibrium emittance: €, OCEZp_l
X

)

example:

Take E = 2 GeV

<Py> =27 GeV/s [28 kV/turn]

hence tp = 148 ms - few ms required!!!
Increase <Py> by ~30 using wiggler magnets

Henri Videau Weihai August 2016

Remember: 8Xtp
needed to reduce e”

vertical emittance.

Store time set by

frep: -
rep ts - ntrain/ f rep
n_.nAt.c
radius: 0= train b b
2T
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L/I/(L- Accelerators . .
Damping rings

The horizontal emittance ¢,%9 is set by the dispersion of
trajectories with random energies around the ring .

The vertical emittance ¢ Is set by the random angle
of y emission, and by x-y coupling due to defects .

= The damping rings produce naturally flat beams !

Henri Videau Weihai August 2016
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Accelerators . .
Damping rings

and the quantum excitations

In fact

The emission of photons is not a continuous process,

the radiation is emitted by discrete quanta

which number and energy spectrum follow statistical laws.
The emission process can be modelled as a series of "kicks"
which excite longitudinal and transverse oscillations.

Henri Videau Weihai August 2016

75



76
Accelerators
-

/ o ) )

LEGEND:

| | Return To Main Linac

| | Main Linac
I SOURCES & BDS
| | Damping Rings
BN DETECTOR AREA
| | SERVICE TUNNEL

(@]

\ (2

® C
\ ’
ll-\--.\‘ ==—M|

Henri Videau Weihai August 2016
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Bunch compression

The length of the bunchs coming out of the damping rings
~ few mm
at the interaction point it has to be in the range 100-300 um

evolution of
the longitudinal
phase space

rotation in phase space
we trade

the chromaticity

for the length

Henri Videau Weihai August 2016
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Accelerators

>
Final focus
Chromatic corrections | order to focus efficiently
it is necessary for the energy spread
(chromaticity) to be very small before collision
4 ——positron production system > Electron Beam Delivery System
|
Fast abort line
|
|
— 2T | Chicane to detect
é : laser-wire photons
ﬁ l Polarimeter
o " chicane
() ¢ HH 4 | IR | Betatron
% Sacrificial Undulator collimation Energy
> collimators & | imati
8 chicane to “ﬂﬂﬂ | | | | I | ”HH{HHHHHHH]LH ihsad
© -2 . | iy Final focus
= detect off- ' Skew correction | *H{H}
energy '& emittance ‘ | HH
beams t |H\|HH
: measuremen »HWIHH—H
4+ :
| Tune-up
| line & dump
|
_6 | | | ! | | | |
0 500 1000 1500 2000 2500 3000

Distance along tunnel (m)

Henri Videau Weihai August 2016




Accelerators : :
Interaction region

In view of the distance between bunches 300x 0.3 m
the beams cross at an angle of 14mrad

normalised emittances 10000 /35nm

bunch length 300um

horizontal beam size 500 nm

vertical beam size 6 nm at 500 GeV (y=10°)

Vertex Detector

Support Structure

Beam Pipe

Silicon Tracking

Henri Videau Weihai August 2016
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 Beams with very small emittance
* Very strict tolerances on the components

- Quality of the fields
- Alignment

* Question on vibrations and ground motion
« Active stabilisation
 Feed-back systems

Stability

much worse for CLIC

Henri Videau Weihai August 2016
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o

Alignment using the beam

- The alignment tolerances vary like wg3, and are below 1um.

> The laser systems offer an alignement precision ~ 100 um

> The beam itself is used to define straight lines passing through very
precise beam position monitors (BPM)

> The magnetic centre of the quadrupoles and the electric centre of the
RF cavities are measured and moved.

wal.

P——(
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Beam-Beam orbit feedback

FDBK

kicker
use strong beam- Generally, orbit control (feedback)
beam kick to keep will be used extensively in LC

beams colliding

The first bunches determine the corrections
for the rest of the train

Henri Videau Weihai August 2016



Accelerators

Spectrum of ground motion

10 ————rrr
7 sec hum -
» Cultural noise 7
10
.
N —4 K
I 10
N x.
* B T
= o UNK tunnel
o B = LEP tunnel
=2 -"j? i - Hiidenvesi cave
= = HERA tunnel
- +« SLAC tunnel
SLAC 2am moadel
10 [ ===+ HERA model
1 1 R LEF model
0 1wt
y 13 i 4k PR R i i PR T S A | i M .D-. PR U
1 n =1 (i ] 1 2
10 10 10 10

Frequency, Hz

Vibration damping, for the accelerator (QDO0), and for the detector (platform)

Henri Videau Weihai August 2016
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Luminosity measurement

Using reference reactions well known and computed theoretically

Usually the BhaBha scattering e \/e

but it is very sensitive to the measurement of the polar angle in 64. ;

Use of WW
"

e\ M .
o S

Note: The Bhabha acolinearity measurement provides the beamstrahlung
spectrum

Henri Videau Weihai August 2016
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Polarisation

Essential ingredient for numerous physics subjects
especially at the GigaZ to measure A

The electrons can be polarised at 80% or better

electron gun with a GaAs cathod lit by a laser
in a reasonnable electric field (no RF)

Positrons could be polarised at 30-60% depending
on the length of the undulator 147 - 220m

undulator plus damping ring

It is essential to know it with a very good precision

Polarimeter before and after interaction point by Compton scattering
+ measurement from the data utilise WW in the forward direction

Reference: Klaus Monig LC-PHSM-2004-012
Henri Videau Weihai August 2016



L/I/(L- Accelerators

Option e” e”

Luminosity reduced by a factor 3 (pinch effect)

No technical probleme

double beta inverse

With a left polarisation study
LNV leptonic number violation
LFV leptonic flavour violation

W- W- scattering isospin 2

doubly charged Higgs

Mgaller scattering to explore Z'
Henri Videau Weihai August 2016

e wW

probability in M2
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87

>

3

Can be provided with two electron beams
no need of positrons

Probleme of the laser power:
recycling cavity

laser

vy Luminosity Spectra

- 1 Higgs i
= Spin-0 =
= Factory | =
= | =

L2
=& <
= —
3 0.5 e

i =
= T
= =
£ - £
= ' e [ =
g % 50 100 150 5

YY Center of Mass Energy (GeV)

Henri Videau Weihai August 2016
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Option yy

Henri Videau Weihai August 2016
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L/I/(L- Accelerators

Higgs factory, (x750 factory ?)

>

21000 H (120) per year
for TESLA at 160 GeV

that was before the Higgs discovery

r, measured at 2% per year
provides 4% on the Ht t coupling.

Henri Videau Weihai August 2016



Accelerators

Option ey

>

90
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Cost

91

6000
5500 739
5000 | m Conventional Facilities: 2,055 MILCU
Components: 5,725 MILCU
4500 |
4000 +——
o 2600 +——
[&]
2
=
= 3000 ——
b=
o~
2500 f—
2000 —— 4106
1500
1000 +——
154
152
500 +— . 127 174
— ? — _ra 184 54
0 . ‘ . 269 182 228 ‘ | i EKvE i
Main Linac RTML Damping Rings Common BDS Positron Source IR Electron Source

Figure 15.8. Distribution of the ILC value estimate by system and cc>|mmc>n infrastructure, in ILC Units. The num-

bers give the TDR estimate for each system in MILCU.

9,000
8,000 +——
Installation: 5,433 K person-hrs
2,067
7000 | Other: 17,180 K person-hrs
917
o 6,000 +——
5
§ 5000 ——
2
o
[=N
2
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3
2
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Figure 15.10. Distribution of the ILC Labour estimate by accelerator system. The numbers give the TDR estimate
for each system in thousand person-hrs.
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DESY site Westerhorn
[ ]

Electron

sources Q e- Damping Ring@ e+ Source PreLinrac e+ Beam Iineh’©\e+ Damping Rin
%E %%»

H = \? 8
e- Main LINAC Delivery e- I‘P e+ Delivery e+ Main LINAC

> @
e- Beam lines |
1131 Million Euro 3 High energy physics detector &
X FEL | Xray Free Electron Laser laboratory

schematic view

Switchyard

Machine cost distribution

587 546
Total 3.1 GE
336
241 215
| N T
| | |

Henri Videau Weihai August 2016




93

Accelerators
o

Plasma accelerators

with « classical » accelerators we can dream of reaching about 100 MeV/m
with problems of structure degradation.
going farther ?

We can consider creating accelerating structures of short wavelength
in an already disrupted medium : a plasma.

In an ionised gas the speed of the move for ions is much lower
than for electrons, as their mass ratio,
at a certain scale we can consider the ions as static, the electrons )

oscillating collectively at the plasma frequency o= 4nNZe
p
m

gaseous target, electronic density 10'° to 10*® cm??
)\p ~300 to 10um

Exciting a longitudinal wave
the plasma wave propagates at a phase speed equal to the laser group speed

creating very high electric fields, about 1000 times those
In @ « classical » accelerator

Henri Videau Weihai August 2016



Accelerators
o

Charged particles injected at the right place of the wave
are submitted to accelerating and focusing forces.

How to excite plasma waves ?
By a short and powerfull laser shock, few tens of fs,
>50TW >1] few tens of fs.

1ns = 3 10° um
1fs =3 10" LM~ 1 optical wavelength

laser pulses at 1fs are white

By a pulse of electrons, experiments at SLAC doubling the beam energy
for the tail of the bunch.

By a pulse of protons, experiment AWAKE at CERN.

A bunch of particles entering the gas cell
looses its energy to the gas as a plasma wave (a clever beam dump)
which in turn transfers its energy to the second beam.

Henri Videau Weihai August 2016
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Proliferation of the PW and UHI laser systems in the world (>102° W/cm?)

Jena Pearl Beijing

Texas PW  Hercules ALLS :
0.5PW  Dresden ggpw  1-2PW APRI

1.3 PW 0.5 PW 0.2 PW

0.5 PW o
TITAN UNL 141.5 PW
0.4 PW Astra-Gemini CETAL J-KAREN

2%0.5 PW 1PW 0.3 PW

¥

"» i CILEX/Apollon 10 PW ELI-NP 2x10PW
ELI-ALPS 2PW
ELI-BeamLine 10PW

bl 8 ey e

Many installations with 1-10 PW lasers are under development in the world
with a focus on particle acceleration, the record is a 4GeV acceleration e L 4 e
ina 10cm long plasma on BELLA at the LBNL.

Henri Videau Weihai August 2016
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>

Laser Wake Field Acceleration

courtesy of Arnd Specka

longitudinal electric field accelerating

transverse electric field focussing

laser
.

r(pm)

quasi-linear regime

longitudinal plasma wave
external injection

laser pulse O(100fs)

plasma density 10*° to 10*' cm

E, (GV/m)

-60 -50 -40 30 -20 -10 0

non linear regime (bubble)
electric central wakefield
self-injection

laser pulse O(20fs)

plasma density 10*° to 10*° cm™

Henri Videau Weihai August 2016
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But the devil is in the details : few problems

the phase speed depends on the plasma density, at a point vy, >y,

the acceleration also

the speed is lower than c and grows by reducing the density L ey 1y
then the acceleration goes down.

Like in RF accelerators we need then cells and a multistage accelerator

12

The laser beam is focussed in the plasma but diverges (Rayleigh length) and,
except if we introduce some guidance (autofocus, capillaries, discharges...) ,
the acceleration length is limited (10cm max up to now)

But the main issue is the energy vyield.

The beam energy in a current laser is about 0.025 % of the plug energy !!!
recall that the total yield from the plug of an ILC is about 17 %

plus the efficiency of the transfer to the plasma
plus the efficiency of the transfer to the particle beam, beam loading.

Fibre lasers pumped with diodes are efficient, up to 50 %

but of low power
need for coherent bundles of fibres.

Henri Videau Weihai August 2016
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4000 1
o 3000
w -4
- q
> ]
; 2000-5
L

1000 4

U Mich 06

AOR™ "'BNL 04

0 LR ' J L |

Plasma density (108 cm-3)

In order to gain in energy per stage :
reduce the plasma density

increase the laser power
Henri Videau Weihai August 2016
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Accelerators

Gas jet

Positron production target

A TeV collider in a few hundreds of meters
Leemans & Esarey Physics Today 2009

A lot to develop to reach that

Eupraxia : an intermediate step, a reliable accelerator at 5 GeV

Henri Videau Weihai August 2016
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End of the section
on accelerators

Henri Videau Weihai August 2016



TESLA I TESLA Multi Beam Klystrons

Three Thales TH1801 Multi Beam Klystrons have been produced and tested

MBKs reduce HV and
improve the efficiency:
lower space charge.

Seven beams, 18.6 A, 110
kV, produce 10 MW with
70% eff.

Cathodes are still the
weak point

Operational experience

Achieved efficiency 65%

RF pulse width 1.5 ms

Repetition rate 5 Hz
HMutathoos g Operation experience > 5000 h

10% of operation time at full spec's

A new design proposed by Toshiba looks more robust and should reach 75% efficiency

) ECFA LC Workshop
Carlo Pagani 29 13 November 2003
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Superconducting linac
long RF pulse: 1 ms 300 km

5 per second for reason of power consumption, could go to 10

bunchs every 300 ns i.e. 3000 bunchs per train

Strong consequences on the detector
Warm

short RF pulse
100 Hz

bunches every 1.4 ns i.e. 200 bunchs per train

Henri Videau Weihai August 2016
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Parameter 2 L
C. M Energy/Evergy Reach [TeV] | 0350625 | 0.5/0.625
Loaded tf gradient [MV/m) 52 28

2-linac total length [km] 134 27.0
12%,(IP) [um-rad] 3.6 9.6

ve,(IP) [um-rad] 0.04 0.04
£, [10%cm?s+] 142 14.5
D, 129 220

H, 1.46 1.77
L]10%%cm 2] 208 256
Number of main linac klystrons 4520 603
Number of main linac RF structares | 18080 18056
Peak RF power per structure [MW] | 36 0.28
Average power per beam [MW] 6.9 11.3
Linac AC to beam efficiency [%] : 17.0
Site Operating AC power [MW] 179

Henri Videau Weihai August 2016
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