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1. Introduction

1.1 Acceleration and its limitations

Two tasks in particle accelerators

(i) acceleration: electric field
(if) focussing: magnetic field
(usually)

—

F :e-E+e-(\7>< I§)

A \

typ. 20 MV/m typ. 1T

How to create electric fields?

- static or time-varying voltage (displaced charges)
- induction (time-varying magnetic field)

- electromagnetic waves (rf technology)

- new concepts (laser, wake fields)
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Static voltage, electrostatic field (displaced charges) — 4U
- Cockroft-Walton generator T
—_ 2U
—_—
=1 M O ©
Cavendish Laboratory U~

Cambridge, Massachusetts
800 keV in 1932

J. Cockroft,
E. Rutherford
and E.T.S. Walton
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Static voltage, electrostatic field (displaced charges)
- Van-de-Graaf generator

MIT 1932

Tanden Van de Graaf accelerator
(Western Michigan University)

R. Van de Graaf
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Limitation of electrostatic accelerators

breakdown

air 3MV/m
SF, 8 MV/m
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Induction (time-varying magnetic field)
- betatron

Rohre, in der
Elektronen kreisen

D. Kerst 1940

B, ==(B)+B (Wideroe condition)

hom
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Time-varying voltage (~kHz to MHz)

plus minus plus minus plus

A T T T T

|
minus plus minus plus minus

first linear accelerator, Aachen 1928 Rolf Wideroe
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Radiofrequency voltage (~GHz)

TTF 9-cell superconducting cavity

Full cell

¥ iz (m]

i B o
=006 =004 -0.02 o 0oz 004 006

zasism DORIS 1-cell ,,pillbox* cavity
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Pillbox cavity and J,

Feynman, Leighton, Sands
Lecture Notes on Physics Vol. Il Ch. 23
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Plattenkondensator mit Wechselspannung

) ) T,
= —

E=const. E ~ J,(kr) E ~ J,(kr)
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Radiofrequency voltage (~GHz)

SLAC two-mile accelerator

a)

v

Vphase >C

disk-loaded waveguide e.g. SLAC
b) el

European X-ray FEL (XFEL)

11
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Short laser pulses

typically Ti:sapphire laser systems,
example (moderate system ~300 k$)

wavelength 800 nm

pulse length 30 fs or 9 um (fwhm)
pulse energy 3 mJ @ 1 kHz rep.rate
spot size 500 x 500 pm (fwhm)

energy density 1.1 GJ/m?3
power 0.1TW

electric field 16 GV/m n

but E LV
U and W = F -dS = eE - Vdt
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Wake fields

charged-particle beam in vacuum pipe with
- non-uniform geometry )
- finite conductivity

simulation with CST
Microwave Studio

wake turbulence from heavy aircraft

Example: the klystron amplifier RF Input

dE.fRFautput

buncher cavity catcher cavity

electrons grids 4 and 5

& 2004 Eneyclopaedia Britannica, Inc.
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2 Plasma-wakefield acceleration

Plasma wake field acceleration (PWFA / PWA)

electron bunch

Laser wake field acceleration (LWFA / LWA)

plasma wave laser pulse

_ mwcCc
field E=——"—with plasma frequency o, =

€

eg. n,=10"cm® - @ =56-10"s" — E=1.0GeV/cm

14
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_ mwcCc
field E=——"—with plasma frequency o, =
e

eg. n,=10"cm® - @ =56-10"s" — E=1.0GeV/cm

a=-a,Sinw,t

x:xosina)pt:&;sina)pt E
)
p
=lo- £ __¢E X+—— = K+ ——x =0
a)p mea)p mea)p

K, Xy =@,C-% 1

m,@,C
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e
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Suggested reading

VoruMme 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 1979

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Depariment of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10'*W/cm? shone on plas-
mas of densities 10'® cm™? can yield gigaelectronvoits of electron energy per centimeter
of acceleration distance, This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined,

theory (,,wave breaking®, ,,bubble®)
A. Pukhov and J. Meyer-ter-Vehn, Appl. Phys. B (2002), 355

breakthrough (,,monoenergetic electrons) in 2004:
S.P.D. Mangles et al., Nature 431 (2004), 535
C.G.R. Geddes et al., Nature 431 (2004), 538

J. Faure et al., Nature 431 (2004), 541

most recent energy records:
W.P. Leemans et al., Nature Physics 21 (2006), 696 (LWA with 1 GeV electrons over 3.3 cm at LBNL)

H. Schwoerer et al., Nature 439 (2006), 445 (LWA with 1.2 MeV protons at Jena/Germany)
I. Blumenfeld et al., Nature 445 (2007), 741 (PWA energy doubling of 42 GeV electrons at SLAC)
overview:

C. Joshi, Particle Accelerator Conference 2007, Albuquerque, 3845 [www.jacow.org]

C. Joshi, Scientific American (Feb 2006) or Spektrum der Wissenschaft (Aug 2006), 56

11th Advanced Acceletaror Concepts Workshop, Stony Brook (New York), AIP Proceedings 737

12th Advanced Accelerator Concepts Workshop, Lake Geneva (Wiskonsin), AIP Proceedings 887
[DESY library, electronic books]

16
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2.1 Short-pulse lasers ¢ |
usually Ti3*:sapphire £ oel
time-bandwidth product
Tims " s ~ 0.5 ) . . ; ; : . . .
600 650 7oo ?‘iﬂavEIeiDg?:h (nr?'E)D 900 950 1000
: - > Ti:Sa Ti:Sa L’
Ti:Sa Ofcnlator amplifier > amplifier
Nd:glass Nd:glass Nd:glass
pump laser pump laser pump laser

| laser diodes | | laser diodes or flash lamps| | laser diodes or flash lamps|
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buzz word #1: mode locking laser

crystal

Ti:sapphire oscillator — T d

." saturable
absorber
/' prism mirror
pair

output /
coupler éﬂf

/\/\/ Lol locked phases

) i)
1.5
R, R,
e I
05F random phases
o Py 05 1 15 2 25 3 35 Py 45 5
| | FQI | | | time (a. u.)
> _ : =
f
A
>
f
A
1 | | | 1L )
f
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electric field (a. u.)

buzz word #2: chirped-pulse amplification (CPA) g-p ftggﬂmnagggég“g;“;f;’

chirp
v(t)

EE{I}E amplifier
By crystal
laser | L >/l ¢ regenerative and multipass amplifiers
L .I_ — .l_.-____:'_\____..-__:-- - -|:|E

Pockels  If4 TFP
l:EI_I______.--_ |

Farada;“-....«'

rotator — output

amplifier
crystal

19
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Electron
Characteristic

Laser intensity frontier Energy

a0 Nonlinear QED: Eel =2 m”c's

Elacirowsak Eva

10
Zettawatt Laser

4
/ Quark Era

10 Laser intensity Limit; [ = by =‘-—' / 1 2y
o i : I

Fositron-
20 | Relativistic Optics: v~ ¢ Elactron Era
10 T o
=)
Bound Electrons: E=—
t1‘/ Flasma Era

-— mode-locking hy 1 & I

=—— Q-switching Atomic Era

L

Focused Intensity (W/cm’)

| | Ii ] |

I I | 1
1860 1970 1980 1990 2000 2010
Year
T. Tajima, G. Mourou,

Gaussian Iaser pulses Phys. Rev. Special Topics — Accel. Beams 5 (2003), 031301

w(z) = 20(2) = wo\/1+(|v| 21z, )2 w(z)
2
with Rayleigh length z, = Zﬂ .y

small beam waist = large divergence
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2.2 Laser-driven plasma wake field acceleration (LWA)

LOASIS/LBNL Berkeley (USA)
PBPL/UCLA Los Angeles (USA)
University of Michigan (USA)
LOA Palaiseau (France)

RAL Chilton (UK)

University of Strathclyde (UK)
University of Tokyo (Japan)
Lund Laser Centre (Sweden)
MPQ Garching (Germany)
University of Jena (Germany) ?
FZ Dresden/Rossendorf (Germany) ?

goals:
- ,,table-top* free-electron lasers
- pushing for higher energy (10 GeV and more)

VU FEL radiation:

LEMNL-LWFA single-pass, high-

—— R gain SASE FEL 3:;1331 Rmt e
o i - I 0O T T photons/puise
Wiem? q - — »  (ndulaior &m NN
10 Hz plasma  0.5GeV, 5kA, vuv
L&ser beam channel  Electron beam 2.18 cm period, radiation

10" em® 220 periods, K=1.85




Terascale Accelerator School 10-14 March 2008, DESY Hamburg S. Khan, University of Hamburg shaukat.khan@desy.de

How to obtain ,,monochromatic* beams?

- ,,bubble* regime
- wave breaking

2001/2002: simulations

until 2004: electron beams < 200 MeV with 100% energy spread

in 2004:  up to 170 MeV with few % energy spread (RAL, LOA, LBNL)

- wave breaking
- increase interaction length by (i) wider beam = larger Rayleigh length

(i1) channeling with precursor laser pulses

but: precursor laser requires high density and
dephasing length

in 2006: 1 GeV electrons using gas capillary L _3/2
as a waveguide with electric discharge (LBNL) g N

in 2007: undulator synchrotron radiation from laser-plasma accelerator (Jena)

22
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Simulations

at the wave-breaking threshold
(20 mJ, 6.6 fs)

from A. Pukhov,

J. Meyer-ter-Vehn 140 150 160 1...,;0

Appl. Phys. B 74 (2002), 355

above the threshold

(12 J, 33 fs)

N,/ MeV
1108 1 10°[T]
5107 5108 !
) M
: N
0 20 0 200 _ 400

E, MeV

23
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Experiment at LOASIS/Berkeley Bicdet
et 40 TW

Nature Physics 2 (2006), 696 ICT
Laser

Beam Dump / Magnet OAP

e

Wedges

i

1.1GeV

Moderate resolution
(~2.5%)

160MeV CCD {_}:“/Diodez

High resolution (~1%) view

W.P. Leemans et al., Nature Physics 2, 696 (2006)

T

)

=

=

4]

2

=3

?:,_ -

X L=33mm .
0.03 045 0475 03 04 0.6 0.8 1.0 190 - 310 um

— sl ~ 1-5%1018 Crieé=

Gev

results: energy approx. 1 GeV

charge >30 pC gas capillary with
energy spread  2.5% rms discharge ~150 ns
prior to laser pulse

divergence 2.0 mrad
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Alternatives

LWA laser pulse length ideally 4,/2

self-modulated LWA laser pulse length > 4,

beatwave plasma acceleration

AE =¢eE -V =¢eEv,

direct laser acceleration

laser-plasma acceleration of protons,
using mircostructured targets (Jena)

Titanium foil with
proton-rich dot

Laser incidence @ 4
5

® Accelerated .2
o, protons S

Hot electron
cloud

Blow-off .

plasma .' Yo
a2
=

® *

Target-normal,
quasi-static
electric field

Proton counts (a.u.)

1.2+

Simulation
B Experiment

10?" W em?

1.04

0.8
0 172 174 176 178
0.6 Proton energy (MeV) |

0.4+

0.2

0.0

T T
0.0 0.5 1.0 1.5 2.0 2,5
Proton energy (MeV)

H. Schwoerer et al., Nature 439 (2006), 445
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Towards 10 GeV and higher?

- goal: 1 nC, 10 GeV = 10 J per bunch
- higher laser pulse energy and power, e.g. 100 J /100 fs = 1 PW (PetaWatt)
- longer gas capillary (several 10 cm), lower density, longer dephasing length

- staging: inject electron bunch into plasma bubble

40TW, 30 fs
laser pulse

i
o 3-cm capillary

plasma
accelerator  Undulator

magnet

'

Focusing = elactron
magnets

v

Coherent X-ray -7
radiation

26



Terascale Accelerator School 10-14 March 2008, DESY Hamburg S. Khan, University of Hamburg shaukat.khan@desy.de

Number of photons/0.1% bandwidth

Undulator radiation from laser plasma acceleration

Univ. Jena & .-

(Nature Physics 4 (2008), 130 = vt -
specirometer
i~
Aluminium
Fail
0914@1@
spectrometer
A, K?
A=Y |14+ —
2y° 2
4,000 - T
g 1,000 -
% “ g50 - ThEOl'-j'
S E : 5‘ { = Experiment
' s 4 At 900 {
(=] §oo- |
g J E 850
o w E-— 1
2,000 e — =
60 70 80 &
Electron energy (MeV) %
=
1,000 <
ﬂ - v 4 - 4
600 700 800 00 1,000 1,100 1,200 75
Wavelength (nm) Energy (MeV)
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T

LLEL111NY

A =

400 410
Wavelength (nm)

50

Snapshots of laser wake fields g o
5 9

N. H. Matlis et al., -
Nature Physics 2 (2006), 749

a a]
g -
g 2
g =
: E

800 600 400 200 0 —200
Time (fs)

Pump pulse (2800 nm)
1J,30fs

13 parabola

________

Unchirped '\ 'I
probes Second-harmonic-
generation crystals

Probe line

Z 2.22
-2 g <?§ Il
=
5 t'f:, 1119
d = osst i
[}
2.5
Z(mm) |
0 I I T T
800 600 400 200 0 -200
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2.3 Bunch-driven plasma wake field acceleration (PWA)

Argonne National Lab (USA) - late 1980s
Fermilab Batavia (USA) — 1990s
PBPL/UCLA Los Angeles (USA)
SLAC/Stanford Menlo Park (USA)

goal:
- double the energy of a linear accelerator (,,afterburner)

field ionization

/7,

ion channel : B el >
- i beam
acceleration . electrons
lithium vapor

lithium W@ 8 o oy n'r,lrl 1

mﬁ] i

29
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Experiment at the Final Focus Test Beam facility at SLAC

Nature 445 (2007), 741

Spectrometer
magnet Plane 1 Plane 2
Plasma 0,
Electron
Pulse
85 cm 8 218 cm A 86 cm 8 100 cm ”
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Experimental Results

Nature 445 (2007), 741

a Dispersion (mm)
-18 -16 -14 -12 -10 -8
Energy gain
e
electron bunches Scalloping of the beam
g 2 :
beam energy 42 GeV -§
bunch length 50 fs s

bunch charge 2.9 nC

Li vapour "
density 2.7e¢17 cm3 = 180 120 60

£10° | Charge density (—e um-)

E
max. energy gain ¥

S|
43 GeV (85 cm column) =52 GV/m 5 " N
29 GeV (113 cm column) 5 Simuiation 0RO

107 * ! ! ! ! ! A
35 40 50 60 70 80 90 100

Electron energy (GeV)
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Simulations

Nature 445 (2007), 741

detrimental effects

- energy depletion
(by wake production)

- beam breakup
(instability)

- head erosion

(not focussed by the ion column)

Transverse distance (um)

1007

a s=12.3cm
Plasma electrons

-50 lonization
Pulse front
-1007 lons
1001 b s=81.9¢cm
Peak accelerating field

Pulse
scalloping

50 100 150
Distance along pulse (um)

Plasma density at 61.4 cm

Maximum energy (GeV)

100

80

60

40

20

. ; ] 8x 107
B Experiment
® Simulation
- ]
- ° 46x107
[ ol LI
[ ]
@ ]
B ° 44 x107
o ]
',"“““'““““'““"".. 1
= V2% 107
" 1
] (|
] L]
1 L3
] L]
q Y
| | H O
40 80 120
Distance into Li vapour (cm)
Plasma density at81.9em
0
2
-4
:ﬂ-
-
8
-10
X (t:.'(Dp)
Plasma density at 94.2 cm
0
2
-4
=D.
=]
-8

Lithium vapour density (cm™)
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PWA - Status

- N0 ,,monoenergetic* beams yet
- two-bunch experiments (only preliminary)

Example: proposed SLC afterburner

FEF NI SSAL PEP I
Low Enargy SPEAR IR-2
Ring (LER) Detector

7
North Damping Ring

Posilron I.’I;ab.:m Line

a-gun
- . : 4 e slD
Linac X
200 MoV L
injoctor ~

South Damping Ring

= 30 m —— Afterburners
‘ | LENSES o I ‘
50 GeV € o e 50 GeV €%
IP

FIGURE 1. Schematic of the SLC Afterburner (from Tom Katsouleas).
T. Raubenheimer, Eleventh Advanced Accelerator Concepts Workshop, Stony Brook 2004
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INTERMISSION
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3. Two-beam (wake field) acceleration

3.1 Wake fields and impedance

CT

Force on a trailing charge 2 due to the presence of charge 1

F(I’l,Sl,I’Z,SZ,'[) = Q2{E(|1,31,r2,52,t)+Vx B(I’l,Sl,I’z,Sz,t)}

Wake function (general): time-integrated force per unit charges

W(rl,rz,r):—qi.[dt{E(rl,rz,r,t)+v>< B(n,1,,7.t)}
1
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test charge

f
/

ll——-ﬁiﬁé

—_—

particle bunch

TSI
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y
q, q, 4

5 ]

CT

Force on a trailing charge 2 due to the presence of charge 1

F(5.8,,5,5,,t) = 0, {E(1,5,,1,,5,,t) +VxB(K,5,,1,,5,,t)}

Wake function (general): time-integrated force per unit charges

W(rl,rz,r):—£ dt{E (1,1, 7,t)+VxB(r,1,7,t)}

G
Longitudinal wake function

AU C
W.(r,1,7)=———=—-—|dtE,(1,rI,,7,t
A5t 7) 0,0, qu (55m)

Transverse wake function

Wi(rl,rz,r)=—q£ljldt{El(r1,r2,r,t)+[v>< B(r, rz,r,t)} N
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Wake function

Time integrated force caused by a pointlike unit charge,
acting on a trailing pointlike unit charge

Wake potential

Time integrated force caused by an extended unit charge,
acting on a trailing pontlike unit charge

Expample: longitudinal wake potential (superposition principle)

V.(r)=[" dt W () j(z-t)

Impedance

Fourier transform of the wake function

Z(w)= _CodeD (7)exp(-iwr)

Z,(0)=i] diW, (r)exp(-ier)
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Properties of wake functions

longitudinal

a) ,,causality: zero at t<0

b) Long. wake function at t=0+ positiv (energy loss)

c) Long. wake function at t=0 is 1/2 of that at t=0+
~fundamental theorem of beam loading*

d) Long. wake function never larger than at t=0+

e) Trans. wake function is zero at t=0

f) Trans. wake function negativ for small 1

g) Trans. wake function has maximum at zeros of the
long. wake function (trans.=sin-like; long.=cos-like)

v

transverse

39
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Properties of impedance

v

longitudinal transverse

Long. impedance symmetric about 0, trans. impedance anti-symmetric
Long. impedance positiv, trans. impedance positiv for ®>0, negativ for <0
real und imaginary part are not independent

(maximum of real part = zero of imaginary part)

Wake function can be calculated from the real or imaginary part alone

40
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Example: beam position monitor Somf 1 AV /\ /\
calculated in small time steps | \/ \/ \/ v v
-0.02
070 04 02 05 04 05 06 07
t/ ns
; 15 [
5 [
OC;‘ ‘ ‘20‘ ‘ ‘40‘ ‘ ‘60‘ ‘ ‘80‘ ‘ 1(‘30 ‘ 12‘0 ‘ ‘140‘ ‘
w / GHz
; ol Im (2)
£
_105‘ | ‘2‘0‘ | ‘4‘0‘ | ‘6‘0‘ | ‘8‘0‘ | 1(‘30 | 12‘0 | 14‘¥0 |
w / GHz
_ V(o Iw d2V, (7)exp(-iwr)
V.(7)= _dt W, (t) j(z—t) Z ()= Jga);: e o
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Impedance (Wake) and beam instability

Particle bunches perform oscillations
- transverse: betatron oscillation
- longitudinal: synchrotron oscillation

Real part of impedance causes™)
- imaginary frequency shift
- increases (or damps) oscillation

cexp(i{o+Awm}t)

*) similar concepts of impedance in

electricity, mechanics, acoustics

Imaginary part of impedance causes*)
- real frequency shift
- changes the frequency

Impedance is potentially harmful, when

: i® W (@)

beam spectrum and impedance overlap
/\
0 t 0 o

signal / dB
&
()]
T

| |
[ )]
o o
T T

|
~
o
T

|
~
a

|
o]
(&)

|
o]
&)

|
©
o

L

frequency / MHz

wake fields can also be used for acceleration ...

Ew\wwww\wwww\wwww\wwww\wwww\wwww\wwww\w
2348 2349 2350 2351 2352 2353 2354 2355 |||| ||||ll||||||||| "
S 0 t
T, Tyr

2TC/THf 27/T,,
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2.2 Acceleration concept

V
( w $\ power = voltage (beam energy) x current

(i) drive beam: low energy, high current T GeV
i) mai i TeV

(it) main beam: high energy, low current >

How to transfer the power from the drive beam to the main beam?

basic concepts (W. Schnell, E. Sessler, ... 1980s)

- accelerate drive beam with induction linac, rf generation by FEL radiation
- accelerate drive beam by s.c. cavities, rf generation by (n.c.) cavities

/

s.c. cavities limited to ~50 MV/m

design goal 100-150 MV/m
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Drive beam: high beam current

- high bunch charge (prone to instabilities)

- many bunches and high rf frequency (at CLIC: initially 30 GHz, now 12 GHz)

Linac with low (feasible) rf frequency + combiner ring

from long, low-current
to short, high-current bunch train

./.even\'
' buckets . Delay Loop

A

S
odd buckets

o o0 @ H_—j__lr_;‘D oo

E 8

RF deflector 1.5 GHz
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2.3 CLIC at CERN (Compact Linear Collider Study)

(now 42 km)
352 klystrons
CLIC 3TeV delay Y?Y 40, S ps
21 m drive beam accelerator
84 m
combiner
rings

deceleralor, 21 sectors 0f 669 m

St

IP1 &IP2 gt g;in inac BC2

BDS
25 km

BDS
2.8 km

—

Kk— 33.6km
train combination
Ag 16cm— Bem

booster linac,
8 GeY 375 GHz

e Injector
24 GeV

e* injectar,
24 GeY
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DRIVE BEAM

QUAD

QUAD

POWER EXTRACTION
STRUCTURE

-

ACCELERATING
STRUCTURES

RF power «&—

MAIN BEAM

BPM

Energy stored in the drive beam

- N0 power-generating devices
(klystrons, ...) in the tunnel
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Recent developments

- two-beam acceleration demonstrated at CTF 11 (CLIC test facility) ~ 200 MV/m

- construction of CTF3

- CLIC parameters reconsidered

Rf frequency from 30 to 12 GHz
Gradient from 150 to 100 MV/m

Linac length from 34 to 42 km

] Drive Beam Accelerator 35A-14.us X 2 Delay Loop nle
Drive Beam 14 oi1ctyres - 3 6GHz - 7 MV/m 150 MeV TJ i
Injector
F\ [ || | — TLI (
m— 1 [ 1 1 [
:‘ e s _‘._r__.-'!

= *— - "—-——;!;__..‘ ———— = L E
Two-beam -
IJI Tors Kon 150 MV/m “\ :

10m s =

Main Beam

Injector 35 A -140ns

150 MeV @® RF DEFLECTORS

mm HIGH POWER 30 GHz
TEST STANDS
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4 Inverse free-electron lasers

4.1 Synchrotron radiation
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Radiation from accelerated electrons

radio transmitter

SRR
AN

N X
W
i |}t}r"

/ f‘fl}‘ )
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X-ray tube

50



Terascale Accelerator School

10-14 March 2008, DESY Hamburg

S. Khan, University of Hamburg

shaukat.khan@desy.de

synchrotron radiation source

electron beam

S
AL
%&‘Wx

o
o
AN
BN

- \-‘:{\\R\
SN
S

5
2
KK
N

<L
=S

¥
‘4
/

(co-moving system)
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Theory of synchrotron radiation

Consider the magnetic vector potential A and electric scalar potential ¢

Wave equations ... ... and their solution ,,ansatz*
- 10°A 1V . 1 Vp(x,y,z
VZA——ZG > - P «— At) = > I p%.y,2) dxdydz
c- ot g C 4rcg, .

109 1 o(X,Y,2)
Vip———=—"— «— t) = dxdydz
i ¢’ ot’ & P o) = Arc? 80'[ . y

»~retarded* time distance charge-observer unit vector
tr:t_m F_é:(xr—X,yr—y,Zr—Z) ﬁ:B
C R
1 -
consequence Iﬁ dxdydz .4 —> A(P,t) = 4 '6:~
R r R Arc? & R1+ n,b’
leads to Liénard-Wiechert potential
eads to Liénar iechert potentials 1 q 1

and after a few trivial manipulations ... N o(P,t) =

47, R1+1f)

and likewise for
the magnetic field

E®) 1-8 (5 o (s li5 o2 _dB
Ay = = (R+Rﬂ)r+c? Rx (R+Rﬂ)rxd—tr
~1/R? Coulomb regime ~1/R radiation regime

r

53



Terascale Accelerator School 10-14 March 2008, DESY Hamburg S. Khan, University of Hamburg

shaukat.khan@desy.de

J. J. Thomson‘s argument

E, Av-t-singd
E, C-At
E = L 12: g Coulomb
Are, r° Ame,-r-c-t
E q Av-t-singd q-F-sin@
° Ame,-r-ct C-At 4rte,-C* -1

Energy flux per time into solid angle d

2 22 oin2
VPPN L. L ,
dt 167°¢,-C
dw  g*-i
3 Larmor‘s formula
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Synchrotron radiation from
bending (dipole) magnets

2001/10/09 15.36

BRILLIANCE BESSY (I 1.7 GeV

typical half-opening angle

0~ 1 % ‘
/4
total radiated power 107
4
P oc . 4 E_Z 15155—
() F

spectrum (angle integrated)

d_P E4 S Ephoton

oC ———- - 14
2 crit 10
d @ R Ephoton 5

average spectral brilliance Iphatons/(sec mm? mrad® 0.1 %EW) 1

bend BESSY ||

bend BESSY |

13

11 |||| 1 1 1
100 10° 10t 107
R photan energy [ &Y ]

O~1/y | 6~1/ - :
! ! spectral brilliance (or brightness)

qualitative estimate of the spectrum - photons / second
mm? mrad® 0.1% bandwidth
E At h

typical
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Spectrum from bending magnet (integrated over angles)

linear plot

1
e F©=35)

0] 05 1.0 1.5 2.0 25
§=w/w.=ulu,

D. Carey, The Optics of Charged Particle Beams

dP E4S )

3 oc o7 where
10 )

double-logarithmic plot

1.000 =
S(a/) 7
0.100 =
0.010 =
0001 T IIlIIIIi T [1IIIIIi T IIIIIIIE T IIIIIIIi T hlllllli
0.0001 0.001 0.01 0.1 1 x=0/u
H. Wiedemann, Synchrotron Radiation
0] N3 w (=
S = j' Ks,5 (x)dx
@, 87 @, Yol
7 1
P=—P P=2P
8 8

horizontal / vertical polarization
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Wigglers and undulators

average spectral brilliance Iphotons/(sec mm?® mrad?® 0.1 REW) 1

2001 /10/09 15.36

BRILLIANCE BESSY Il 1.7 GeV
0ol Y

10'8L

10" L

W125

ek

10'3E
F bend BESSY Il

104

bend BESSY |

103

10° 100 10 107
photan energy [ &V ]

spectral brilliance (or brightness)
3 photons / second
mm? mrad® 0.1% bandwidth
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strength parameter K K
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'photon
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Radiation from undulators

typical half-opening angle

undulator line width

first-harmonic wavelength

1
0~

7N
AE 1

N

2
ﬂ:iuz(ldrKj K = € -2, B

2y 2 27rmce

K
max. angle = —
Y

electrons lag behind the radiation by one wavelength per undulator period (,,slippage*)
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Angular distributions of undulator radiation

o-Mode n-Mode

Ist harmonic

2nd harmonic

3rd harmonic

from H. Wiedemann,
Synchrotron Radiation
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History: three ,,generations*

1970s: parasitic use of e*e-colliders AN
1980s: dedicated electron storage rings 10% - Free Electron Laser
1990s: high-brilliance sources ia 1
1030 : :
— Synchrotron radiation =
L sources of the: =
1026 [ o
: ESRF 2nd improvement :
E | 3rd goneratlon|: ESRF 1st improvement =
S 1022 [~ ESRF design values | Gil
5 % : 7
=L
E 1013 ----- . _I
=
101
1010
108
1900 1950 2000
Two energy regimes Years

1-3 GeV electrons: VUV, ,,soft* x-rays
6-8 GeV electrons: ,,hard* x-rays
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Synchrotron radiation sources worldwide

SPring-8 (Japan) 8 GeV

ALS (USA) 1.9 GeV

Diamond (UK) 3 GeV
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A typical synchrotron radiation source
(and my favorite)
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4.2 Free-electron lasers (FELS)

Is the free-electron laser

... a particle accelerator?

... just another electron tube?
... synchrotron light source?
.. orisita LASER?

radiation
Undulator electron beam
hf Amplification by
e e -
Stimulated
@ =B, B Emission of
Radiation
JR— Eu
1) a free-electron laser amplifies light
A E (it) radiation accelerates electrons and
(b) hf=E,—E accelerated electrons emit radiation
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X-ray FELs require high charge density

Low beam emittance
Short bunches

Low emittance: photocathode rf gun + ,,adiabatic* damping ~ 1/y

electron beam

laser beam

coax.
coupler

transverse solenoid
momentum

M. longitudinal

| momentum
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Short bunches: bunch compression (cf. laser compressor)

A
Vrf
—>
time
(i) energy chirp by ,,off-crest acceleration (ii) energy-dependent path length
In a magnetic chicane

40 T T T 400 T T T 1500 T
z 1000 - =
2 20 4 200F —
o 500 [~ .
3

0 | | | 0 | | 0

126 T T T 126 T T 380 T
S 125 4 1sb 4 SR 7
= 378 -
> 124 =4 124 _
s 377 -
c - - - -
§ 123 123 376 |

| | | | | |
122-4 -2 0 2 4 122-2 -1 0 1 3750.5 0 0.5

¢ [mm] ¢ [mm] ¢ [mm]
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Energy exchange between radiation and electrons

assume a given radiation field (whatever its origin) E

and a relativistic electron moving in an undulator with velocity v

AE=—e-E-dS=—-e-E-v, -dt

electric field E

transverse velocity v,
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AE =—e-E-d

§=—e-E-v, -dt
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AE =—e-E-d

§=—e-E-v, -dt
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AE =—e-E-d

§=—e-E-v, -dt
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AE =—e-E-d

§=—e-E-v, -dt
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Energy exchange — calculated

E =E,cos(k, z—m,t)

AE =—¢.E.ds=—e-E-v, -dt

AE - ECKE,

cos(k,z)cos(k, z—m t+y,)

ecKE
—_ 2, 0 {cos([kL +k, ]—coLt+t//O)+
constant phase for
o [, K :
A = 27/2 £1+ > j

AE

energy (a.u)

v, = cos(i,2)

cos [k ko=t v, )

oscillates as [J cos(2k,,z)
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2
The pendulum equation A = A_U(l_k K_)

some cosmetic changes

y—v — dn  eE,K .
= f =|k, +k,|fct—ot+y,+— — = sin
T 7, p=lkrk]p L2+ o dt  2m.cy?
phase-dependent energy change
2
; kLc(1+ KZ] ]
% ) 4
E:[kL_FkU]IBC CULt~kUC— 27/2 =... EZZKUCU
{ energy-dependent phase change
2
2y 2

Combining these two coupled differential equations leads to the pendulum equation
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dn  eg)K

= sin
Ay dt 2m.cy’ i

phase-dependent energy change

7R 9 o
=

dt

energy-dependent phase change

pendulum equation

2
C;t(zp +Q%-sinp=0
with 02 = $Ekky

2
M.y,
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Electron motion in phase space

(a) AY (b) A

\\
7
\

(a) equal energy gain and loss
(no net energy transfer)

(b) more energy loss than gain pendulum equation

(second-order effect) ,
Gclltgp +Q%-sinp=0
with 2 = $5KK
m.7;
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Low-gain FEL: undulator with mirrors (oscillator)

mirror

electron
accelerator

mirror®

either linear accelerator or storage ring
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High-gain FEL: no mirrors for small wavelengths

Wellenldange / nm
10’ 100 10 1 0.1
I I l l I

[
<

\

Metals Projected

Optical | M8F/Al J mulilayer

Reflektivitat
o
wn
|

Photonenenergie / eV

consequences

- single pass

- high gain

- E-field no longer constant
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Electron motion in phase space - revisited

dn  eEK
dt 2m.cy’

phase-dependent energy change

dt

do _

2k, cn

energy-dependent phase change

>
<

\

»
>

/
% -y

7D

)
\

Sin g «—— depends on E-field

low gain:
change of E-field ignored

high-gain:
change of E-field significant
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Electron motion in phase space - revisited

dp  eEK

sin
dt 2m.cy’ v

phase-dependent energy change

do
— =2k C
dt u 7]

energy-dependent phase change

~
L1

2 & )
j = _neecW Z exp(—ig, )
n=1

modulation of the current density

dE u,cK - //' ) ““Q\

dz 4y LAY

current-dependent field change ——

NV AV Y
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4 T T
From here
3 - —
.. analytical treatment:
predicts exponential growth log (G(T2) 2 - 1
.. numerical simulation to e (H(T ) exponential
. . . og z 1 |
study the dynamics in detail B lethargy growth
regime
1 _
1 | l L ]
0 1 2 3 4 5
I'z

Energy(au)

Denzity(a.n.)

]

bl

Energy{aw)

Density (a.n)

05
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SASE (self-amplified spontaneous emission)

electron beam
undulator

photon beam

" ."-E
I Y ARV
Bp %V N AT - W
spontaneous LR B (\1 dump

emission ene'rgy h—| |—-— |
modulation / bunching ( }
. coherent emission 4
log("adiated) saturation
| power
‘ ] 10° - 10°
Sz

... starting from spontaneous undulator radiation
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Example: FLASH

Tl 6 undulator modules
i TR TG T

18t bunch 2"d bunch collimator
compressor compressor
bypass
4 MeV 130 MeV 350 MeV 450...800 MeV
¢ 250 >
m

superconducting L-band (1.3 GHz) linac

wavelength 6 nm with 1 GeV (y ~ 2000)
pulse energy up to 40 uJ (~ 10*? photons)
repetition rate 10 Hz

pulse duration ~10 fs

2
A= %(H %} with A, =27.3 mm
4

and K =1.23
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Example: LCLS (Linear Coherent Light Source, Stanford)

SLAC Linac

0 km = . normal-conducting S-band (2.9 GHz) SLAC linac
=== CLS Injector ¢ commissioning in 2009
gt 2 kim, cil®

Photon : € beam energy 15 GeV
Beam Lines > e wavelength 0.15 nm

[

-

Eadweard Muyridge Amasa Leland Stanford
(1830-1904) (1824-1893)
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Example: European XFEL (DESY, commissioning 2013)

= 7 / / ;\_/ /_f’"\_ /‘

AN T
10°° [T T
beam energy 20 GeV with w | xreL i
superconducting L-band linac 10 | oA A . i
10” | -

wavelength 0.09 nm
" -~

107 ./ FLASH (3rd) m

- // FLASH (5th) -
27
T / o
25
107 I PETRA Ill 20m ID -

SPring-8

Peak Brilliance [Photons/(s mrad” mm® 0.1% BW)]

Energy [eV]




Terascale Accelerator School 10-14 March 2008, DESY Hamburg S. Khan, University of Hamburg

shaukat.khan@desy.de

4.3 Concept of inverse Free-electron lasers (FELS)

(a) equal energy gain and loss
(no net energy transfer)

(b) more energy loss than gain
(second-order effect)

(c) more energy gain than loss,
if starting from Ay <0
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two steps:
—~ 0.5
>
=
> 0
(@)
(-
o
-
v _0.5

4.3 Concept of inverse Free-electron lasers (FELS)

1. moderate energy modulation 2. laser interaction after microbunching

microbunching chicane

86



Terascale Accelerator School 10-14 March 2008, DESY Hamburg S. Khan, University of Hamburg shaukat.khan@desy.de

4.4 Examples

Conceptual Design for a 1-GeV IFEL Accelerator

W. D. Kimura et al., Eleventh Advanced Accelerator Concepts Workshop, Stony Brook 2004

40 MW 10TW 10 TW 1M0TwW 10TW
Zz=40cm _ Zr=20cm | Zr =20 cm | Zr=20cm | Zr =20 cm
Phase o Fhase o Phase o Phase __ =
Buncher m Delay =270 >q Delay =270 N Delay =180 Delay ~ 180

NEHH | Stage 1 NP | Stage2 PSS | Stage3 SR { Stage 4 [Py

{ Triplet /
| +-{ |4 *| 97.85 cm |4 >| 97.38 cm F = 57.80 cm |4 B 95.98 cm
i I
51MeV  20cm  Mirror 385 MeV 629 MeV 887 MeV 1.1 GeV
jiw = 2 €m (constant) Aw=14-50cm Aw=50-68cm Aw=68-82cm Aw=8.2-9.4cm
Taper = 0% Taper = 652% Taper = 66% Taper = 36% Taper = 24%
Bunching ., Trapping _ e Trapping _ 5. Trapping _ 70 Trapping _ 5o,
Efficiency 20% Efficiency 79% Efficiency 76% Efficiency 70% Efficiency
AEIE=0.03% (14) ABE=12% (1g) AEE~07% (1g) AEE~05% (1) AEE~04% (1g)
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= |nverse Free Electron Laser experiments
4.4 Examples HEPTUNE
; 10 4 STELLAZ
[3)
=
£ LA
% 2STEU
> 14 NP
o
3]
LA
LICJ SMIFE
aFELA
0.1 ’ ’ ’ ’ : :
10 10° 10° 10* 10° 10°
Radiation power (MW)
NEPTUNE (UCLA)
To streak camera diagnostics )
Final focus quadrupoles
cameras Undulator vacuum box COZ beam
\

— MaCl lens
—

| 14.5 MeV beam
E-beam 400 GW laser

CO2 beam dump

) rchatov undulator mirror with hole
Magnetic
spectrometer

15 20 25 30
P. Musumeci et al.,

Electron energy (MeV)
Eleventh Advanced Accelerator Concepts Workshop,
Stony Brook 2004
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5. Other ideas

only two general remarks:

(i) the Lawson-Woodward Theorem:
Direct acceleration by laser fields is only possible in ©
the proximity to material boundary conditions AW = ej E - vdt
(e.g. apertures, dielectric material etc.) —~0

(it) the,,Acceleration Theorem*:
acceleration by an external field requires the
existence of spontaneous radiation

fields E, + Eqon total field energy W oc |E[

W = Wlaser +Wspont + 2\/ A1aser Aspont COos ¢

e.g. inverse free-electron laser

but consider also: transition radiation, Smith-Purcell radiation, Cherenkov radiation etc.
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