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THEORETICAL UNDERSTANDING -

1873 Maxwell’s equations

- made evident that changing charge densities would
result in electric fields that would radiate outward

1887 Heinrich Hertz demonstrated such waves:

..... this is of no use whatsoever !



Maxwell equations (poetry)

/
War es ein Gott, der diese Zeichen schrieb
Die mit geheimnisvoll verborg’nem Trieb

Die Krdfte der Natur um mich enthiillen

Und mir das Herz mit stiller Freude fiillen.
Ludwig Boltzman

.

/

/
Was it a God whose inspiration

Led him to write these fine equations

Nature’s fields to me he shows

And so my heart with pleasure glows.
translated by John P. Blewet

.

Y

Why do they radiate?

Charge at rest: Coulomb field

Uniformly moving charge

Accelerated charge

vV = const.
—




Bremstrahlung

1898 Liénard:

ELECTRIC AND
MAGNETIC FIELDS
PRODUCED BY A POINT
CHARGE MOVING ON AN
ARBITRARY PATH

(by means of retarded potentials)

L'’Eclairage Electrique

REVUE HEBDOMADAIRE D’ELECTRICITE

DIRECTION SCIENTIFIQUE
4. CORKU, Professeur & I'Ecole Polytechnique, Membre de Ilnstitut. — A. D'ARSONVAL, Professeur au Coliége
de France, Membre de I — G. LIPPMANN, Professeur 4 la Sorbonne, Membre de I'Institut. —
D. MONNIER, Professeur & PEcole centrale des Ars et Manufactures, — H. POINCARE, Professeur 4 ia
Sorboone, Membre de Ilnstitut. — A. POTIER, Professeur & IEcole des Mines, Membre de Flastitat, —
J. BLONDIN, Professeur agrégé de VUniversité.

CHAMP ELECTRIQUE ET MAGNETIQUE

PRODUIT PAR UXE CHARGE ¥LECTRIQUE CONCESTREE EN UN POINT ET ANIMEE
D'UX MODVENENT QUELCONQUE

Admettons qu'unc masse élecirique en
mouvement de densité p et de vicesse u en
chaque point produit le méme champ qu'un
courant de conduction d'intensité u3. Ea con-
servant les notations d'un précédent articte (')
Dous obtiendrans pour déterminer le champ,
les équations

‘avee les analogues déduites par permutation

' tournante et en outre les suivantes

De ce systemé d'équations on déduit faci-
lement les relations

' L theorie de Lorem. wye Elecrigue, 1. NIV,
P 417, 3, 5, 7, sont des composames de L force magud
tigue e [, celles du deplacement duns I'ither.

Soient maintenant quatre fonctions ¥, F,
G, H definies par les conditions

(v = 50) )
(=
(v = g Jo=— ey ®

On satisfera aux conditions (5) et {6) en pre-
nant

Quant aux équations (1} 4}, pour qu'elles
soient satisfaites, i faudra que, en plus de (7)
et (8!, on ait fa condition

4 dF 4G A .
Tt @ttt E S ()

Occupons-nous d'abord de I'iquation (7).

On sait que la solution la plus générale est

la suivante :
JEE= T

Fig. 1. Fiest page of Liénard's 1698 paper




Liénard-Wiechert potentials

_ 1 q <. q [ v
T A et B,

and the electromagnetic fields:

Fields of a moving charge

J 1
)

ret

¢ [ix[G B« B _
475800[ (1 - ﬁ : B)3y2 r ret



Transverse acceleration

Y

Radiation field quickly
separates itself from the
Coulomb field

Longitudinal acceleration

—>
—>

Radiation field cannot
separate itself from the
Coulomb field



Moving Source of Waves

Time compression

Electron with velocity B emits a wave with period T

emit
while the observer sees a different period T, because
the electron was moving towards the observer

n

Iy =(=n-p)T,

emit

p
The wavelength is shortened by the same factor
ﬂ’obs = (1 - ﬂCOS 9) ﬂemit
in ultra-relativistic case, looking along a tangent to the
traject
rajectory NS
- 2

since |1-P 1+B 2y

. ==L

obs _2_,Y2

emit|




Angular Collimation

Galileo: sound waves v,=331m/s

4‘% " L//e

v
— Vsl — Vol . 1 ~ 1
VSH"'V VS” 1+Vl S 1+VL
S N

Lorentz: speedoflight c¢=3"108m/s

Radiation is emitted into a narrow cone

: rodius o-F
K orbif K

¢slow)

(ret'ockﬁsﬁc:

Rodiokion field
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Typical frequency of synchrotron light

Due to extreme collimation of light

e observer sees only a small portion ;2P
of electron trajectory (a few mm) ¥

e Pulse length: difference in times it takes
an electron and a photon to cover this distance




Synchrotron radiation power

Power emitted is proportional to:

cC, g* _2.5 Y
SRzz_ny'F PSR—§OL7102?
_4n_ e _ -s[_m
C == =8.858 - 10
"3 (me?)’ [GeVs] i
¢~ 137

hc =197 Mev - fm

Energy loss per turn:

E* 4
Up=C,- P U,= 4—?0(?10%

The power is all too real!




Spectrum of synchrotron radiation

¢ Synchrotron light comes in To
a series of flashes
every T, (revolution period)

e the spectrum consists of _ 1 time
harmonics of Wy = T

0
» flashes are extremely @, ~1 MHz

short: harmonics reach up
to very high frequencies

o, =y’e,| ¥ ~4000

Oy ~ 10" Hz!

e At high frequencies the
individual harmonics overlap

continuous spectrum !

Ptotzzhczay_
3 p
0.1
3
o o
2

001 fe [eV] = 665 E{GeV] B[T]

0.001

0.001 0.01 0.1 1 10
X = 0/0,



Synchrotron radiation flux for different LEP energies

1 [LEP Dipole Flux 00Vl &
_ 1/I=1mA i
E 10" // \
= T ~ |
o‘ .
3 ] —\ SOGe\i
= ] [50 Ge
S 0 / \
% ] 20 GeV|
5
&
< 10" 4
T
10° 4+— T
10" 10° 10° 10" 10° 10° 107

Photon energy [eV]

Flux from a dipole magnet:

photons
|s - mrad - 0.1%BW|

Flux =2.46-10"E[GeV] I[A] G, ()

Power density at the peak:



Polarisation

Synchrotron radiation observed in the plane
of the particle orbit is horizontally
olarized, i.e. the electric field vector is

orizontal
? E

Observed out of the horizontal plane, the
radiation is elliptically polarized

&

Polarisation: spectral distribution

jlf;:i) S(x)zfa’r)or [S. (x)+ S, (x)]
7

SO. — gS
1

Sﬂ — gS




Angular divergence of radiation

«at the critical frequency

g
T

well below

well above W

20

Angular divergence of radiation

The rms opening angle R’

- at the critical frequency: o=o, R=04
1 Q) 1/3 }\4 1/3
o«o, R'= —(—c) ~ 0.4(—>
+ well below v o p

independent of y !

C0.6(®)"
. well above oro, Rix=~o
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THE ELECTROMAGNETIC SPECTRUM
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The “brightness” of a light source:

Source
area, S
Angular

. Flux, F
divergence, Q

F

Brightness = constant x
SxQ

G. Margaritondo




The electron beam “emittance”:

Source
The brightness
area, S depends on the
. Angular geometry of the

source, i.e., on the
electron beam
emittance

divergence, Q

Emittance = SxQ

WHAT DO USERS EXPECT FROM A

HIGH PERFORMANCE LIGHT SOURCE ?

® PROPER PHOTON ENERGY FOR THEIR
EXPERIMENTS

®E BRILLIANCE —— B ®

2
m STABILITY (277) L X XX,

FIGURE OF MERIT

2 _ 2 2 . "
Y'=o0,t0, XX .00, ~E,

Photon beam size (U): o :\F o, = AL
r L Y 4Ax



Steep rise in brightness/brilliance

units: photons/mm?2/s/mrad?, 0.1% bandwidth
p

1021

Undulators

Pring8

APS

Wigglers

G. Margaritondo

Bending
magnets

Rotating
anode

[ | I

1900 1950 2000

3 types of storage ring sources:

1. Bending magnets: B ~ N,

]

O\O~§o€detector
[ ]

broad
hv-band

time frequency



3 types of storage ring sources:

2. Wigglers: large |
undulations
el

B~N.N, x10

Series of broad
short hv-band
pulses
time frequency

G. Margaritondo

3 types of storage ring sources:

3. Undulators:

small
undulations

detector
continuously
illuminated

/4

detector

G. Margaritondo

B ~ N_.N2, x103

narrow
hv-band

hv/Ahv
=N

frequency



The three generations

1. First experiments

2. Basic phenomena, new methods
tunability, flux
photoeffect, X-rays

3. Brightness, coherence, time structure

From rings to linacs (ERLs) to X-ray FELs:
new community
new techniques

FIRST GENERATION

About 60 ring sources world-wide

Synchrotron
storage ring

300m . =" =

Spectrometer \
L», e Monochromator Undulator
\ Focusing
‘ device S Lo
L S eeen sl 30 m
- L= 3 5

el 10 m J.Als-Nielsen, Des Mc Morrow



Protein structure

Diffraction pattern
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Protein Data Bank

m Deposited structures for the year
O Tatal available structures

X-rays: 82% Dominate!

NMR: 18%

PLELEELLEIPIIE PSSP SPIFI IS FS PSP

Year Last updated: 02-May-2005

THERE IS AN INCREASING NEED

FOR HIGHER PHOTON ENERGIES !

Medium energy machines can only get there by:

- SMALL PERIOD (LOW GAP) UNDULATORS

- THE USE OF HIGHER HARMONICS

- SOLVE LIFETIME PROBLEM + STABILITY
WITH TOP UP INJECTION



Radiation Field from a Planar Undulator in time Domain

A,cos0

i 1

4y

A=c(—>

vV, C

38 , P. Ellea

5

ime, (

AS, Brunnen July 2-9

2003
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undulator
y N u )\aad

Undulator e —
line width - -

T
Undulator of infinite length N—x = A

Finite length undulator

e radiation pulse has as many periods as
the undulator e

e the line width is AN,

Due to the electron energy spread %_27

Undulator line width

_ [ A W
sin| AN, —
o,

T{A) o<




Electron Dynamics
with radiation

L. Rivkin
Swiss Light Source

Radiation effects in electron storage rings

Average radiated power restored by RF ‘
+ Electron loses energy each turn
E:ciat\gttlﬁz ;;L?:‘/;::I\;t:]lt;gi to accelerate electrons
Radiation damping
» Average rate of energy loss produces DAMPING of electron
oscillations in all three degrees of freedom (if properly arranged!)
Quantum fluctuations

+ Statistical fluctuations in energy loss (from quantised emission
of radiation) produce RANDOM EXCITATION of these
oscillations

Equilibrium distributions

+ The balance between the damping and the excitation of the
electron oscillations determines the equilibrium distribution of
particles in the beam

Uy= 103 of E|




Average energy loss per turn
= Every turn electron radiates small amount of energy

= Since the radiation is emitted along the tangent to
the trajectory, only the amplitude of the momentum
changes

Y,
<, U,
b - = Plzpo—%:PO(l_E_o)
- 0

Energy gain in the RF cavities

= Only the longitudinal component of the momentum
is increased in the RF cavity

I l RF Cavity

P
|

Py =

» The transverse momentum, or the amplitude of the
betatron oscillation remains small



Energy of betatron oscillation

» Transverse momentum corresponds to the

energy of the betatron oscillation 5
E;oc A4

U, U
AT=A431-22] or A z41-2
Ey 2E,

» The relative change in the betatron oscillation
amplitude that occurs in one turn (time T,)

A __ Yo
A 2F

Exponential damping

= But this is just the exponential decay law!

= The amplitudes are exponentially damped

A=Ayt

with the damping decrement —




Adiabatic damping in linear accelerators

In a linear accelerator: = % decreases OC%
P P
L ) S
P P

In a storage ring beam passes many @

times through same RF cavity L

= Clean loss of energy every turn (no change in x’)
= Every turn is re-accelerated by RF (x’ is reduced)

» Particle energy on average remains constant

Damping time

= the time it would take particle to lose all of its energy

ET,

T, =

UO

. . ET, E
= or in terms of radiated power T, =—"=—"
Uy P,

remember that P, < E*

1




Longitudinal motion: g

compensating radiation loss U, RE

= RF cavity provides accelerating field fre =k 1y
with frequency
¢ h — harmonic number

» The energy gain:

URF = eVRF(T)

= Synchronous particle:
¢ has design energy

¢ gains from the RF on the average as
much as it loses per turn U,

Longitudinal motion:

phase stability \/ k

» Particle ahead of synchronous one
e gets too much energy from the RF

¢ goes on a longer orbit (not enough B)
>> takes longer to go around

e comes back to the RF cavity closer to synchronous part.

= Particle behind the synchronous one
e gets too little energy from the RF
e goes on a shorter orbit (too much B)
e catches-up with the synchronous particle



Longitudinal motion:
damping of synchrotron oscillations & < E*5°

During one period of synchrotron oscillation:

= when the particle is in the upper half-plane, it loses more
energy per turn, its energy gradually reduces

TS U>U,
I

[ T
| U<U,

= when the particle is in the lower half-plane, it loses less
energy per turn, but receives U, on the average, so its
energy deviation gradually reduces
The synchrotron motion is damped
= the phase space trajectory is spiraling towards the origin

Radiation loss P <E’B’

Displaced off the design orbit particle sees fields that
are different from design values
= betatron oscillations: zero on average
e linear term in B? - averages to zero
e quadratic term - small
= energy deviation
« different energy: P, o E

« different magnetic field
particle moves on a different orbit, defined by the
off-energy or dispersion function D,

— both contribute to linear term in P, (&)



Radiation loss P <E’B’

To first order in g

U, =U,+U ¢

electron energy changes slowly, at any instant it is
moving on an orbit defined by D, . du

— rad

dE |,

after some algebra one can write

,_U
U:E—OO(2+@)

D #0 only when k.o

p

Energy balance

Energy gain from the RF system: [Upz=elpdt) = Uy +eVgp 1

m synchronous particle (z = 0) will get exactly the energy loss per

turn
. . . _dVep
m we consider only linear oscillations  |Vrr= dt

=0

m Each turn electron gets energy from RF and loses energy to
radiation within one revolution time T,

. d _ R
Ae=(Uy+eVpp7)—(Uy + U -¢) = —%O(eVRF'T— U'-g)

m An electron with an energy deviation will arrive after one turn
at a different time with respect to the synchronous particle

di__, &




Synchrotron oscillations: damped harmonic oscillator

Combining the two equations d’s 20,98 + 02 =0
dt? edt

oeVpr

ToEy

U .
= the damping is slow:  %=77 typically o, <<Q

m where the oscillation frequency 2=

m the solution is then:
g(f) =ge %Icos (Qt +0,)

= similarly, we can get for the time delay:

1(f) =Tpe *%'cos (Qr +6.)

Synchrotron (time - energy) oscillations

The ratio of amplitudes at any instant T=

a ~
- €
QFE,

Oscillations are 90 degrees out of phase 6, =0, +§

The motion can be viewed in the phase space of conjugate
variables

ed 0 WY %
TN L
N—__; \V Qr



Orbit Length

Length element depends on x

dl = (1 + %)a’s

Horizontal displacement has two parts:
X =xg+ X

m To first order x; does not change L
m X, — has the same sign around the ring

Length of the off-energy orbit L. = f dl = f(l + %)ds =Lo+AL

_s.[ D) _Ap _AE AL _
AL =9 fmd.s where o T T T =0o-0
i 1 [ Dls)
Momentum compaction factor o=y ﬁars
pLs

Like the tunes Q,, Q, - a depends on the whole optics

m A quick estimate for separated function guide field:

1 _ 1 ) p = p, indipoles
T A W ST

B Lypy p =« elsewhere
m But Lmag=2np0 a:@
R

m Since dispersion is approximately

Dzi:azl

— typically <1%
0 0’

and the orbit change for ~ 1% energy deviation

AL _ 1 —1n-4
T——2-6~10




Something funny happens on the way around the ring...

Revolution time changes with energy Ty = Ly
C
AT _ AL AB :
T L B
icl f N 1B L. & (elativity)
m Particle goes faster (not much!) B 2D y
m while the orbit length increases (more!) % =a.d7p
m The “slip factor” n=a since o>> iz
Y
AT _(,_1\dp_  dp
T ( vz) P
_ 1
m Ring is above “transition energy” |%= y_z
ir

isochronous ring: =0 or y =7y,

Not only accelerators work above transition




Robinson theorem
Damping partition numbers

= Transverse betatron oscillations

are damped with

= Synchrotron oscillations
are damped twice as fast

» The total amount of damping (Robinson theorem)
depends only on energy and loss per turn

20, U,
T, T, T, ET, 2ET,

(JX +J,+ JE)

the sum of the partition numbers

J. +J,+J.=4

Quantum nature of synchrotron radiation

Damping only

¢ If damping was the whole story, the beam emittance (size)
would shrink to microscopic dimensions!*

e Lots of problems! (e.g. coherent radiation)

Quantum fluctuations

¢ Because the radiation is emitted in quanta, radiation itself

takes care of the problem!

e It is sufficient to use quasi-classical picture:

» Emission time is very short

» Emission times are statistically independent
(each emission - only a small change in electron energy)

[ Purely stochastic (Poisson) process }




Quantum nature of synchrotron radiation

Damping only
¢ If damping was the whole story, the beam emittance (size)
would shrink to microscopic dimensions!*
e Lots of problems! (e.g. coherent radiation)

* How small? On the order of electron wavelength

E=ymcz=hv=§i—c = A=

2

Ao=24-10"m — Compton wavelength

Diffraction limited electron emittance "
=€ (x N¥3 - fermions)

Visible quantum effects

I have always been somewhat amazed that a purely quantum
effect can have gross macroscopic effects in large machines,

and, even more,

that Planck’s constant has just the right magnitude needed to
make practical the construction of large electron storage
rings.

A significantly larger or smaller value of h

would have posed serious -- perhaps insurmountable --
problems for the realization of large rings.

Mathew Sands



Quantum excitation of energy oscillations

Photons are emitted with typical energy v, ~ 7o, = fic Yp—3

at the rate (photons/second) N = P,
u ph
[ Fluctuations in this rate excite oscillations ]
During a small interval At electron emits photons N =N -At
losing energy of N -u,
Actually, because of fluctuations, the number is N £ /N
resulting in spread in energy loss TN -y,

For large time intervals RF compensates the energy loss, providing
damping towards the design energy E,

Steady state: typical deviations from E,
= typical fluctuations in energy during a damping time 7,

Equilibrium energy spread: rough estimate
We then expect the rms energy spread to be o, =N -7, -u,,

E
. ~ —0
and since TSP and P, =N-uy,,

.~/ Ey- Upp [geometric mean of the electron and photon energies!

Relative energy spread can be written then as:

O¢ _ A _ h —13
E_ZNY‘/?e Ze =iz -4+ 107 B

it is roughly constant for all rings -
—£ < const ~ 1073

0

o typically E oc p?



Equilibrium energy spread

More detailed calculations give

o for the case of an ‘isomagnetic’ lattice

pls) = b0

in dipoles
o  elsewhere

with Cq =23 he

It is difficult to obtain energy spread < 0.1%
e limit on undulator brightness!

Equilibrium bunch length

Bunch length is related to the energy spread
m Energy deviation and time of arrival
(or position along the bunch)

are conjugate variables (synchrotron oscillations)

m recall that Q¢ /Vzp

—

)

Two ways to obtain short bunches:

m RF voltage (power!)

oy /\(Ver

A

VL

1)
S~

o
Q

s

%:

m Momentum compaction factor in the limit of o = 0
isochronous ring: particle position along the bunch is

frozen



Horizontal oscillations: equilibrium

After an electron emits a photon

m its energy decreases: B Upn\ _
E= - u,, E—EO(I—TO)—EO(IJrS)

m Neither its position nor angle change after emission
m its reference orbit has smaller radius (Dispersion)

.xref:D'S

It will start a betatron oscillation
around this new reference orbit

Horizontal oscillations excitation

Emission of photons is a random process

m Again we have random walk, now in x. How far particle

will wander away is limited by the radiation damping

mThe balance is achieved on the time scale of the damping

timet =21,

G
YN - rx-D-8=~/7-D-F8

mIn smooth approximation for D
or, typically 107 of R, G.n~ _@R . Ok
reduced further by Q? focusing! xp Q2 E

In large rings Q° ~R, so D ~ Im
Typical horizontal beam size ~ 1 mm

Quantum effect visible to the naked eye!

Vertical size - determined by coupling



Equilibrium horizontal emittance

Detailed calculations 6% _CE> (H)ag
for isomagnetic lattice 0=

H =yD?*+2aDD' + BD'*
where :%[DZJF(BD,JFQD)Z]

and (7),,, isaverage value in the bending magnets

D’ R
H B0
For simple lattices oL
(smooth approximation) €0 © #’E : % : é
100 b b b b b L
FODO Lattice
emittance .
goc—
Q
M g ]
83}

1 \
0 20 40 60 80 100 120 140 160 180
Phase advance per cell [degrees]




Ionization cooling

E
l P1 —_—
Py —
absorber acceleration

(50 / \

:: e I

» \ /

o'y

! !
o'=\c'l+o'ls| [00>>5ms

similar to radiation
damping, but there is
multiple scattering

in the absorber that
blows up the emittance

to minimize the
blow up due to
multiple
scattering in the
absorber we can
focus the beam

Summary of radiation integrals

Momentum compaction factor

[,
2nR

Energy loss per turn

o=

U, =2—1nCyE4 -,

47‘c Fe  _ -5[_m
C = =8.858 - 10
"3 (me?)’ [GCV3]
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Summary of radiation integrals (2)

Damping parameter _L I = } D g
I, Lre
Damping times, partition numbers I, = % %
J,=2+D, J=1-D, J,=1 1=} 95
3 | 3|
. — %o _2ET,
=7 To= T [4=f%(2k+l2)ds
Equilibrium energy spread " P
=4Iy
oy - GE L ik
E J, I,
__ 55 _he _ —6[_m
Equilibrium emittance ¢, = 32V3 (m c?)’ = 1.468 - 10 [Ge\ﬂ]
ol CE* I
A H =yD*+20DD'+ D"

Smooth approximation

Betatron oscillation x(s) = ay/B(s) cos [¢(s) — @]
approximated by [ ds
harmonic oscillation ®s) = L BB

é B(s) =P, = const

s _ _
x = ay/f,cos (B——(po) < X'tk ox=0, ky=
n

m Phase advance ds 1 R
around the ring ZRQ_fE_E'ZnR = B.=0
m Dispersion " _1 _Bi_R
D"+k,D=- = D=tr=1

obeys the equation 7 R " R Q7

: D) B:

= Momentum compaction o= % = IE'; = a~-L
factor o Q.




Synchrotron Radiation
Free Electron Lasers

L. Rivkin
Swiss Light Source

Take a standard photon source with limited

brightness and no lateral coherence ...
... with a pinhole (size &), we can

extract coherent light with good
geometrical characteristics (at
the cost of losing most of the
emission)

However, if the pinhole size is too small
diffraction effects increase the beam
divergence so that:

co>A

No source geometry beats this diffraction limit

G. Margaritondo



PERFORMANCE OF 3t GENERATION LIGHT

SOURCES
BRIGHTNESS:
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MUCH HIGHER BRIGHTNESS CAN BE REACHED
BY COHERENT EMISSION

OF THE ELECTRONS
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Emittance damping in linacs:

gth . [um]

Photon Wavelength %
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BRIGHTNESS OF SYNCHROTRON RADIATION

electrons

Bending magnet ~ N,

Wiggler ~ N,
Undulator ~ Ng
FEL ~ N2
Superradiance ~ N2

periods

~ N

~ N2

~ N2

~ N2

— 10

— 1010

0 1012

COHERENT EMISSION BY THE ELECTRONS

Intensity «« N

(Bt

INCOHERENT EMISSION

Intensity oc N 2

N
[

COHERENT EMISSION



FIRST DEMONSTRATIONS OF COHERENT EMISSION

(1989-1990)

N {electrons/ bunch]

10 107
nlo?
=
o
& o'z b
= = -~ 400um
-3 100
woE
Z ™~
w3
- @
=z E T Ln" 520nm ==
=3
3 {107
=
.1 |
Loeam (A

Fig. 4. Dependence of SR intensity on the beam curent a1

A =400 m and A= 520 nm for the bong palse,/short bunch

beam. The ordinate is given on the lefi-hand side for & = 400

wm and on the right for A = 520 nm. The two lines show the

lincar and quadratic relations 10 the beam current. The beam

current is converted to the average number of electrons in a.
banch on the upper side.

180 MeV electrons
T. Nakazato et al., Tohoku University, Japan

1 T
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FI1G. 3. The intensity of the CR measured for the band-
widths indicated with horizontal bars, the spectrum calculated
according to Eq. (1} for 10% bandwidth (solid line), and the
intensity expected for the complete coherence over the bunch
for 10% bandwidth (open circle).

30 MeV electrons
J. Ohkuma et al., Osaka University, Japan

Free Electron Laser

radiation

electron dump

General layout of free-electron laser



Mixing light, e- and undulator

S. Werin

Undulator radiation

S. Werin



Energy exchange

E-field ﬁ @ ﬁ @ ﬁ

e OO O0OO0OO0O0O0O0
+\oo+oo+vx
Y

J

A, Some e” gain energy

Some e- lose energy
2=0

S. Werin

Bunching

AE~ .- .. Detour & lower v

~ 7

Sﬁ"d:rtcut & higher v

\@/\Q/\EB
0 0

N J
Y

A Bunched e- with
Y distance of light
S Werin wavelength




Radiator

N J

.
eLight generated in an undulator A,

eCoherent

eWith harmonics

S. Werin 2/3

Amplification

L
/\/\/ Phase shift

EAEAEL

— 0+ 0 — 0 + 0 —

e All e loose energy
e E-field gains energy
S. Werin °Z 0




Saturation

Efield || i

S. Werin

eOverbunching
eAmplification dies off

Resonator FEL

e IR 5-250 um
e UV X 200 nm

e Tunable: magnet /
e- energy

e Mirrors limit

e Storage ring: high
rep. Rate, "stable”

e Linac: high peak
power, “unstable”

S. Werin




Self-amplified spontaneous emission x-ray
free-electron lasers (SASE X-FEL'’s)

Normal (visible, IR, UV) lasers:

optical amplification in amplifying medium H : H

plus optical cavity (two mirrors)

X-ray lasers: no mirrors — no optical cavity — :
need for one-pass high optical amplification

SASE strategy: Wiggler

electron bunch (TTTTTTTTTTIT]
=) - - 00000 |
LINAC (linear accelerator) LT T = I 111

The microbunching increases the electron density
and the amplification and creates very short pulses

REQUIRES AN EXTREMELY SMALL ELECTRON BEAM !

PHOTON BEAM SIZE

ELECTRON BEAM SIZE

e




Magnetic Bunch Compression
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Many projects are under way ...

SASE FELs >
YEAR NAME
2000 TTF1
2000 LEUTL
2004 TTF2
2006 SCSS
2008 LCLS
2008 BESSY
2011 X-FEL

INSTITUTE

DESY
ARGONNE
DESY
SPRING-8
SLAC
BESSY
DESY

A[nm]

90

530
24-6
30-20
0.15
100-20
0.1

Seeded-Amplifier X-FELs

Electron Beam
Bypass

Electron Beam

First Wiggler
(SASE Emitter)

Photon Beam |

WA (M%)
¥ ¥ B B

JM ] )
k B,

]

|

W
]

>
Monochromator CITTTTTITITTT] \
Second Wiggler
(Amplifier)  gectron
Dump



CHG - Coherent Harmonic Generation

ei=1,3,57?
e )~ 100 nm

e coherent

S. Werin

> SASE FREE ELECTRON LASER
(Self Amplified Spontaneous Emission)

Injection

laser pharan
beam Beam

SEPArALION o eties

bunch

phaots superconducting superconducting  undulater )
- cathade accelerating  COmPresser accelerating T:;f“' ement i
P =N RF gun mescduls mesduls Mmeasurement S
supercon ducting
POSITRON linac

4 MeV

120 Me¥

230 Mev
XFEL laboratory

FELundulator magnets

experimental hall

"dog bone" damping ring

cryogenic aupply shaft

superconducting
ELECTRON limac

500 MeY X-FEL Injector Linac
ith longjtudinal bunch compression TESLA-HERA
magnet chicanes (BC) tunnel forep

500 MeV Collider Injec collisions




LCLS at SLAC

metcts  1.5-15A

(Linac Coherent Light Source)

&
LCLS

Linac 3 —,
o

— Undulator

To Electron
Beam Dump |

B Factory Rings

one undulator

X-FEL based on last 1-km of existing SLAC linac

A REDUCTION OF THE GUN EMITTANCE
COULD STRONGLY REDUCE THE DIMENSION OF
A FEL >

A
e<— - FOR DIFFRACTION LIMITED BEAM

47

4re
N - FOR REDUCED LINAC ENERGY

en=¢epy—>v2

3 Ipeak}“
p = 8’Y2 - FOR HIGHER FEL GAIN
2 y2
A=A - FOR SHORTER UNDULATOR LENGTHS



Smaller emittance helps!

*Present TESLA design

e=1 I=5000 A L, = 250 m

*TESLA + LEG

e=01  I=100A L, = 100 m

A POSSIBLE WAY ?

®  FIELD EMISSION

B NANOSTRUCTURED TIP ARRAYS

B UNIFORM CHARGE DISTRIBUTION WITH SPACE
CHARGE COMPENSATION

B HIGH GRADIENT ACCELERATION



CRITICAL ELEMENT OF A FEL = ELECTRON GUN

FOR SMALL INITIAL BEAM SIZES THE DIMENSIONS OF A FEL ARE
CORRESPONDINGLY REDUCED

electron
beam

-
mirrer

laser
beam

coaxial
coupler

main solenoid o7 -

Ideal cathode

= Emits electrons freely, without any form of persuasion
such as heating or bombardment (electrons would
leak off from it into vacuum as easily as they pass
from one metal to another

= Emits copiously, supplying an unlimited current
density

» Lasts forever, its electron emission continuing
unimpaired as long as it is needed

= Emits electrons uniformly, traveling at practically zero
(transverse) velocity

J. R. Pierce, 1946



CRITICAL ELEMENT OF A FEL = ELECTRON GUN

FOR SMALL INITIAL BEAM SIZES THE DIMENSIONS OF A FEL ARE
CORRESPONDINGLY REDUCED

NOVEL CONCEPT OF AN ELECTRON GUN

FIELD EMISSION FROM A LARGE NUMBER OF NANOSTRUCTURED
TIPS

Ultimatively smallest TIP

built up by 4 Tungsten atoms
H.-W. Fink, UNIZH

FELDEMITTER TIP ARRAY

(with gate and focusing layer)

Focusing layer

Dielectric

)

EEs




X-FEL FOR 1 A

.... WITH 10 to 100 TIMES
SMALLER EMITTANCE FROM
THE ELECTRON GUN ->

Coherence

*High brightness gives coherence
*Wave optics methods for X-rays

*Holography



Coherence: “the property that enables a wave to

produce visible diffraction and interference effects”
Example:

screen with
pinhole

fluorescent
screen

source
(An)

O
The diffraction pattern may or may not be visible on the

fluorescent screen depending on the source size &, on its
angular divergence 0 and on its wavelength bandwidth AL

G. Margaritondo

Relevance of Coherence

Diffraction Pattern of a Duck

... creates this diffraction
pattern (the colors
encode the phase)

A (two-dimensional) duck

e -

R. Ischebeck
Images by Kevin Cowtan, Structural Biology Laboratory, University of York



Relevance of Coherence
Diffraction Pattern of a Cat

A Cat ...and its Diffraction Pattern

&L ~

R. Ischebeck
Images by Kevin Cowtan, Structural Biology Laboratory, University of York

Relevance of Coherence
Reconstruction

Combine the amplitude of the diffraction pattern of the cat
and the phase of the diffraction pattern of the duck

Bl

The result: a duck!

R. Ischebeck
Images by Kevin Cowtan, Structural Biology Laboratory, University of York



Relevance of Coherence

Reconstruction

Of course, one can also do the opposite trick:
combine the amplitude of the duck and the phase of the cat

é!r- J :

This is the famous Phase Problem

R. Ischebeck
Images by Kevin Cowtan, Structural Biology Laboratory, University of York

ONLY FELs CAN PROVIDE THIS EXTRAORDINARY LIGHT

10%|
i =

1 015 2G rings

Peak Brightness

1 1 1
10 ps 100 fs 1fs
Pulse duration

H.-D. Nuhn, H. Winick



