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Outline:

. Motivation & Free Electron Laser by finger physics

. Free Electron Laser: Low Gain

. Free Electron Laser: High Gain, Start-up from noise (SASE)
. Experimental realization, technical challenges, future plans
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Why SASE FEL s?

State of the art:
Structure of biological macromolecule

reconstructed from diffraction
pattern of protein crystal:

Needs =101 samples
Crystallized - not in life environment

The crystal lattice imposes
LYSOZYME , MW=19,806 restrictions on molecular motion

Images courtesy Janos Hajdu
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Why SASE FEL s?

courtesy Janos Hajdu
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SINGLE MACROMOLECULE,
Planar section, ssimulated image

| Resol. does not depend on sample quality

Needs very high radiation power @ A =1A

Can see dynamicsiif pulse length < 100 fs
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Why SASE FELS?

We need aradiation source with

very high peak and average power
wavelengths down to atomic scale A ~ 1A
spatially coherent

monochromatic

fast tunability in wavelength & timing
sub-picosecond pulse length

For wavelengths below ~150 nm: SASE FELs.
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Undulator Radiation

A, =25mm
<>
hot
i M —> B
IIIIIIIIIIIIIIII %
Undulator beam
dump

Radiation of an ultrareativistic electron:

1) Moving coordinate system (*):

LA _ @ _
ﬂu 7/ U 7/ U 7/
2) Lorentz transformation of radiation to lab-system (relativistic Doppler-effect):
Ay = 4 = /%2
ya+p) 2y T
- . _ 2 _e4B .
3) correction for vy, #Vv:|A = W(l-l_ K /2) K= 2me ~ 1 : undulator parameter
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Radiation of a moving oscillating dipole

v=0
local oscillator

v, = an’ sin(mt)

v=09c
moving oscillator

0
Amte, 3C° !
ﬂ“rad — ﬂ“ur;lulz;tion
/4

We gain afactor of ”Y4 In power!
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Undulator radiation 1s emitted
#7_  Into narrow cone;

.- K

2 i(s,do) *°
bimw | _ dw 1
0 periods:20 _ Q) N _
periods
0 ol N LN e |
-0. 05 1

www-xfel.spring8.or.|p
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22
NOTE: P = Q"a - v* " assumes point-like charge Q !
41, 3C

How much is radiation of two charges Q ?

Power isfour timeslarger for
two charges Q separated by
distance< A !!

Now consider ~ Q=N-g — P, =N~ s AN
4re,3c®
N eO a 7/4 4 n
4re,3c’

- FREE-ELECTRON LASER
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Summary so far:

Use ultra-relativistic e ectrons:

*Boost radiation power by factor y*

*Generate microscopic wavel engths from macroscopic
undulators by relativistic Doppler effect

- Undulator Radiation | = NI,

Find mechanism to concentrate electrons within bunches of
size of radiation wavelength

Boost radiation power by factor N due to coherent emission

> Free-Electron Laser |, = N°I,
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Schematic of a (single-pass) free electron laser (FEL)

laser

experiment

beamdump
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Basic principle of a
Free-Electron Laser (FEL) elekfon

laser
beam

elekiron
cosoroet

unduletor——

A) Dueto oscillation in undulator field,
electron velocity receives
(transverse) component parallel to
electric field vector of em. wave

- electrons may loose or gain energy,
depending on relative phase between
electron oscillation and e.m. wave.

—> For acertain combination of
parameters, this effect is stationary
within the el ectron bunch =

Resonance wavelength:

2
Aoy = /1“2 (1+ K j
2y 2

B) Maodulation of electron energy leads R
to longitudinal density modulation of wihmoatng T i
electron bunch at the optical e
wavelength. Thus, radiation starts to / -
scale ~ N2, eventually leading to

26 July 2005 J. ROSSDACH: DESY SL..uiiict crmciie somns cee + e direction of mofion

in the horizontal
plane

elekiromagnetic
wave

lowear magnetic

poles of the S N S N

undulctor

direction of maotion

radiation power on
legarthmic scalke

exponential growth of rad. power.
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26 July 2005

Coherent motion is all we need !!
i ™

- Wy

-
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Basic theory of free electron laser
1) Low gain approximation =

we assume an initial, external em. field that changes only slightly
(few % in power) during FEL process

Step 1: electron motion in undulator

-sin (k,z)
field of helical undulator with period A,: B =B| cos (k,z) |+O(r?) [us‘ng kuzﬁj
0 u
X X -z-cos (k,z)
electron motion: my| y |=q| y [xB=0B -z-sin (k,2)
z z x-cos (k,z)+y-sin (k,z)

exp(i-x)=cosx+i-sinx

One solution (proveit!) isaperiodic, helical motion:
longitudinal motion: v,=const., z= v,t=,ct (1)

i

. o (x() K (-sin (k,z) . I . cK
transverse motion on acircle: =C— , or,usingw =x+iy, w=ic—exp(ik,z) —->w=

exp (ik,z
y®©) v cos(kz2) WV Pk.2)
er,B . . : : : . v, K 1
K= Is called undulator parameter. It istypicaly K =1 — opening angle of helical motion — =— ==
2nm,C c Y
v 1 KY 1 (KY 1
We can now determine, = —2: B, = =VZ —Xx*—y? = \/[32 —L—] = \/1——2—£—] ~1-—(1+K?)
C C Y AN 2y
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External electromagnetic wave moving parallel to electron beam (i.e. in z-direction):
cos(m t—k, z—q,) .
E, =E,| sin(o t-k.z-¢,) | ; B, =—0FE, ;
0

again: complex notation:E, =E, ,+iE, , — E_=Ejexpi(ot-—k z-q,)

Change of electron energy in presence of undulator and wave:

dE:dEdt:vﬁi:ﬂgt(v\Ei):_ﬁsin‘P (2)
dz dt dz VvV, V

V4 z

with |V = (k, +k ) z— o t+¢, =(ku+kL)z—(D—L§+(p0 (usingz= v, t=pct)

z

The energy dE is taken from or transferred to the radiation field. For most frequencies, dE/dt
oscillates very rapidly. A significant energy transfer will only be accumulated if the
phase difference ¥ between particle motion and e.m. wave stays constant with time.

D~ 0. Usingw, = ck, yidds k, +k, _E_L:O

z z

1-3 A
2=, (1- ~ —
, u ( BZ) 272
The same equation as for undulator radiation!

W= const. - 9 = (k, +k,)—
dz

- Resonance condition: AL =A, (1+K?)
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We have seen what happens on resonance.
For particles slightly off resonance energy, the phase ¥ will slip. By how much?

Oz, ¢, only B, = 1—2—12(1+ K?) depends on energy. Writing y = ... + Ay we get
Y Y

In¥ = (k,+k, )z-

z

2 2
Wk +k)- D kO IR O IRk 2y
dz cl1 1+ K2 Bz(Yres)'C C Ve C Ve Vres
2(Yew + A7)
2
Deriving once more with respect to z yields: d\f=ku 2 dy . Now using ﬂ=—%sin‘l’ (seeEq. 2)
dz Vres 02 dz  m,c*B,
we get
d°¥ 2qg E,Kk . : . 29 E, Kk
— = q2 S—4sin¥ =-Q°sin¥ with Q° = q2 -
dz m,C YresBz m,C YresBz

Thisisapendulum equation in the
Ay - phase space: A

electrons with little deviation from ‘
synchronous phase or from resonance
energy perform periodic oscillation.

[y

|dentical to synchrotron oscillation,
but ,, bucket length is now the optical wavength!
Particles within separatrix get bunched
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Gain (or loss) in field energy

per undulator passage,depending
on where to start in phase space .

_ gainof field energy produced by electroni  —mc?(y;(z=L,)—7v:(0))
total field energy

G

€
5 BV
— requiressolution of pendulumequation for y(z).
- Integral equation; solution by iteration.
Real electron beam has well defined energy, but all phases are equally probable.
- Need to average gain for fixed Ay over all phases.
—> Motion within separatrix leads to longitudinal density modulation (microbunching)!
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To first order in the iteration, there is no net gain (G=0), because motion in phase spaceis
(almost) symmetric: As many particles move up as down.

In second order it is seen however that, for positive Ay, the motion of particles with positive
phase goes more rapidly downwards than the motion of the others goes upwards.

sin?| 2nN, Ay sin?| ©N, A®
i ’Yres oc—i o‘)res

Using A0 :ﬂ,wecanwrite: Gain o< — 5 5
2(’Ores Vres dY (A'Y) dw (A(!))
The line shape function of low gain FEL emission is
the derivative of the line shape of spontaneous undulator radiation M adey Theorem
- 5 d sin? 1 :
Slgz g —d—§5'22 S _ g—s(l—cos(ZF;)—F;sm(Zc’;))

0.5

08 .
06~ .
98 f(d) 0

04 I

0.2 1

-05 -
6947x10°° I | —06 | | !
~10 -5 0 5 10 -10 -5 0 5 10

~ 10, 2 9.8, -~ 10, dy A0,
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e.m. field isamplified if el ectron energy is dlightly above resonance

o

08153 T " - AY
5_[}1,]/ :

Gan

Phase space simulation of low gain FEL
E dightly above resonance >
See electron bunch losing energy in averave

Radiation energy produced per undulator passage is AE = G- E, (field energy before passage of undulator).
Note that:

1. AE adds to spontaneous radiation

2. AE o< E; i.e. electrons are stimulated to emit due to presence of E,

3. AE may become arbitrarily large if only E; islarge enough
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For applications, afew % power gain (i.e. alow gain FEL) don’t seem to be of interest.
However, with a pair of mirrors, one can multiply the gain, if on each round trip of radiation

there is afresh electron bunch available.

After N round trips, G, = GN , and the em. field is so strong that microbunching is almost
perfect. —> saturation

Only few % of radiation
(4 j) mirror Intensity is extracted per
o electron passage (mirror
reflectivity) to keep stored
field high

electron beam

‘o

mirror

courtesy R. Bakker

Very nice scheme.
But what if we want wavelength < approx. 200nm where no good mirrors exist?
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100, e :
£ el
% ﬁu ¥
c 490 =
] .
3 Wl
= &0 Ao 3
11} .
E 3
£ 4 7 sio 2
11} 3
= e E
Z 20 ﬂ T
A ! E
LT 4 :

] N I N TR IEEEE [ T B B B B

2 4 4 5 67E d 4 5 67E
10 100 1000

Photon wawvelength {nm)

Reflectivity of most surfaces at normal incidence drops drastically
at wavelengths below 100 — 200 nm.

J. Rossbach: DESY summer student lectures: FELs
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2) Highgan FEL =

we take into account that the initial, external em. field changes during FEL process

Seeeg. Ref. 3Sddinet al.

Wave equation for purely transverse electric field:

0°E, 10°E, dj, _
3722 & at = Hog e.m. fields are generated by currents.

The development of beam current j is determined by motion of particle density
In coordinates z, v,V

af of 0¥ af JdY _

Vlasov eguation for phase space density of Hamiltonian system:
. PHESE D Y YR T oz vz

9 isknown from eq. (2), 9% from eq. (3).
az aZ
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Major steps to derive the 3rd order Diff. Eq. for High Gain FEL

Maxwell Eq. Kinematic

Vlasov<& Liouville

\ /.

Evolution of
current density

Egs. iny/Y¥Y
slowly varying
ampl. & phase

self-consistent integro-differential Eq.
For arbitrary inital energy distribution

3rd order differential EQ.

26 July 2005 J. Rossbach: DESY summer student lectures: FELs
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Ansatz:j(z) = j, + j,(z)cos(¥Y +vy,) i.e.weassumeadensity modulation at theoptical wavelength,
growing with z (in a way to be calcul ated).

JdE, +iE
For this current, Maxwell equations result in: E. Ly) oI5, _ X j,(2)e" (4)
o

0z 0z

For themost simplecaseof a monoenergetic electron beam, the Vlasov equation resultsin

i gK o(l+K? )
°2v*  m,c®

jl(z)ei% =

jdz E(Z)(Z'-z)expiC(z'—z) with C=k, +k| S N 'detuning parameter"
Y

z

Insertion into eg. (4) yields alinear integro-differential equation for E.

: 2 2 %
Using the Gain Factor F:(MOK (1+L< )O)Lj it can be written (I, =17 kA Alfven current):
| \CY
3E 2E
CCIIT+2|C %T—CZ%—E—H“‘?E . Ansatz. E=Aexp(Az2) — AA+IC)P* =il

i ++/3 i —/3

most simple case: No detuningC=0: A°’=iT° = A, =-iT;A, = TF; A, =TF
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z) + A(exp | _2\/:_% I'2)

The general solutionis: E(z) = Aexp(-iT'z)+ A, exp(
All contributions to solution oscillate or vanish, except for:

For an undulator much longer than 1/T", this part of solution dominates.
Coefficients A, , ; need to be determined by initial conditions:

Example: Unmodulated electron beam and e.m. wave at the entrance:

E
nthiscase: E(z=0)=E_,,},(z=0)=0, %L(ho):o - |E'| =| 0
E// 0

z=0

E(z)=§Eext{exp(—i1“z)+exp[l+2\/§Fz]+exp(i_2\/§1“zﬂ forz> 1T : E(z):%EexteXp[ 5

25
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The power gain isgiven by (proveit!) 4 I ! . T

B s
2

1+4cosh grz[cosh %Fz +COS gl“zﬂ

ext

2
%Q(FZ)))
log(h('z))

— (forz>1UT): |G= éexp J3rz

The factor 1/9 describes the coupling of
theincoming em. field to FEL gain process

Iz

-

= % P exp(\/ﬁrz).

2 Bunching at SASE FEL
TCC’Y . seen in y/z coordinates

ad |, =~——,
A, (L+K?) b= o2

I 5
LG: 1 ACY

%
or, using o, =
J3 njoK2(1+K2)ij o

1 IA’Y36r27\‘u
NEIW &

%
j is called power gain length.

B 4n\/§z_ 474/3 N

: I
A|SOWIde|yused:p=}:: "FEL - parameter” p-—t A _ 1 1
T
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"
P, = input power;
Exponential growth of

may also be spontaneous radiation from first part of the undulator.  poweratsase Fet

- Self-Amplified Spontaneous Emission (SASE) mode of operation

- Most attractive for (short) wavelengths where no mirrors and no
good (= powerful and tunable) input laser are available.

Present world record w.r.t. short wavelengths (32 nm):
Power gain P, /P,, = 10° demonstrated at DESY

Saturation takesplaceafter L, = M =~ 221 . Peak power 1 GW

P
. . A Y,
At saturation, the radiation band width is r

rad

zp’

U

and thefraction of beam energy into (coherent!) radiation energy isalso P
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SASE FELS: 1 :

Ly LEUTL
State of the art > APS/ANL

3385 nm

0

All observations agree with ot

. 107 tember 2000
theor. expectations/ | | P . |
0 5 10 15 20 25
computer models Distance (m)
1 10”4 TTF FEL saturation
Se_pten:b:rrnm, 2001
o 10'5-; ;L;gﬁés m :
r E_=90p 5
5 10° TTRFEL |
1 ‘“104_ DESY
e : 7 80-120 nmi
BT March2001d || " September 2001 }
e T 2 3 P 0 2 4 6 & 10 12 1

% |m]| z [m]
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120 . . - T ; .

100 .
S 80.
E 60 -
=
T .
o 40
m .
20 -
31.0 31.5 32.0 32.5 33.0
A [nm]
i FEL pulsesca. 25 fslon
Results 2005: ==b J
withupto E . =25 puJenergy.
— 1 GW peak power.
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Peak brilliance

35
].O 1 IIIIIIII 1 IIIIIlIl I IIIIIIII 1 IIIIIlII T T vrrmn
o TESLA 0 =
SASE FELs
= 10°| .
2
by} = =
=1 TTF-FEL
_g 31 ™M)
VUV-FEL & 10” | -

TESLA
spontaneous
Undulators

2005 \
-
= s

TTF-FEL

TTFFEL —— L P
= -

LEUTL —%
-..":': f—
5

25

£ 10°| - o
: - B s |
o 4
p—
2 1021 )
0
E — g
= Lo

\i
1 II!IIIII 1 IIIIIIII 1 I\I\l

10° 10° 10* 10° 10°

IIII 1 IIIII!II

ol

C?—A
e o
O-_n

Energy [eV]
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ELMHOLTZ
GEMEINSCHAFT

L%

' *5

f} = TTF FEL
o, == VUV-FEL

<= experimental hall

start of user
operation NOW

26 July 2005 J. Rossbach: DESY summer student lectures: FELs 31



VUV FEL User Facility at DESY

": I
RF gun
M1 M2 M3 M4 M5 M6 M7| 1 undulator
== (e e e [ ) s
bunch bunch U /
L compressor compressor colllma Y bypass F_EL
aser experimenta
4 MeV 150 MeV 450 MeV 1000 MeV | area
o -\. ,-_ N .
~ 250 m >
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What are the challenges?Overview

Electron beam parameters needed for Self-Amplified-Spontaneous Emission (SA SE)

Enerqy:
ﬂ 2
Adem = —5| 1+ L
2y 2
fur A = 1A: E ~ 20 GeV
Energy width:

Narrow resonance > G/E < p~10
< Small distortion by wakefields
—> super conducting linac ideal!

Straight trgjectory in undulator: feasible only at ultrarelativistic energies,
ultimately < 10 um over 100 m otherwise ruins emittance = bunch compressor
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What are the challenges? RF gun

TESLA FEL photoinjector for small and short electron bunches

waveguide
1 [ ——

bucking coil

LT
electron
beam

&
a_ mirror
photo
cathode
coaxial laser
coupler beam
main solenoid L— L
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Layout of integrated injector/compressor for TTF2 and TESLA FEL

RF-Gun

1 1/2 with doorknob
input coupler

]

3rd harm onic
accelerating section

X

E TESLA 8-cavities cryomodule

Tune-up dump

45 meters

1st stage compression

Triplet to
control CSR
coupling to
transverse plane

3 X FODO cell
45 deg

ph. adv.

-——-

matching
section

N matching

Multi-moni

Tune-up dump Emittance m

26 July 2005
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easurement
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What are the challenges? Bunch compression

: Ao Beware of
Magnetic bunch compression coherent synchrotron radiation (CSR)

very powerful microwave radiation
with A >~ bunch length if
bunch length << size of vacuum chamber

o Tail particle, more momentum
° Head particle, less momentum

radiation from

tail goes straight and
Bending Magnet Quadrupole Triplett can catch up with head of bunch

Beam dynamics simulation must take into account combined
space charge and e.m. radiation in near-field.  e.g.. TRAFIC4 by A. Kabel/SLAC

26 July 2005 J. Rossbach: DESY summer student lectures: FELs
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How to measure 100 um bunch length ?

SLAC/DESY ||, 3.66 M | RF \
cooperation ‘streak’ l

Deflecting RF structure
from SLAC isused as
an oscilloscope

o 2 4 6 8 10 12
horizontal position [mm]
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TESLA XFEL

First Stage of the X-Ray Laser Laboratory Over-all layout of the
European XFEL at DESY

n MN}\}\"LU\J\ WO W AN N\

The European X-ray laser project XFEL i

Technical Design Report

Supplement

TS J}j dorf Giﬂ

% JOlllEn e : O
D e et

October
2002
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~ 1150 m

-
-
N . E
:: .., _--___-h_ N | 8
— electron beamline A iy
photon beamline H S .
[ ey
mw Sase 1-3 I |
== |Indulator 1-2 .
shafts 1- 4
beamdump 1-2
B experimental hall
== XFEL, 2nd phase -
Phase 1: Phase 2:
20 GeV s.c. accelerator 2 more FELs

10 experimental stations

3 more undulators for spont. rad.
10 more experimental stations

26 July 2005
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m Bundesministerium
£y fur Bildung
und Forschung

HaLsanscHRIFT  Hamnoversche Strafte 2830, 10115 Barlin
POETANSCHRFT 11055 Berin

I _r( :SS( :- e (1866 57-50 50
e (1888 5755 51
pressa@bmbl bund de

mitteilung S b

* A new free electron laser is to be built at the DESY research centre in

Hamburg. In view of the locational advantage, Germany is prepared to
cover half of the investment costs amounting to €673 million. Talks on
European cooperation will soon start so that it will be possible to take a
decision on construction within about two years.The construction period

will be approximately six years.
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Refer ences:
Low gain FELs:

1. K. Wille: Introduction to accelerator physics

2. J.B. Murphy, C. Pellegrini:
Introduction to FEL physicsin: Laser Handbook Vol. 6 (North Holland)

High gain FELS:
3. E. Saldin, E. Schneidmiller, M. Yurkov: The Physics of FELSs, Springer Verlag

4. J.B. Murphy, C. Péellegrini, in: Laser Handbook Vol. 6:
Introduction to the physics of the FEL

5. S. Reiche/UCLA: GENESISL.3, available viainternet
6. L. Gianessi: PERSEO (MATHCAD package) c/o gianess @frascati.enea.it

Radiation code:
T. Shintake, SPring8: http://www-xfel.spring8.or.jp
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J. Rossbach, Univ. Hamburg 26. 7. 2005
Potential subjectsfor PhD work related to FEL s

1

Ok WD

a) Bunch Compression for the European X-ray Free-Electron Laser from 1 mm down to 0.025 mm rms bunch length, including options for ,,ultra-compression” (< 10 um rms bunch
length) making use of wake fields.

Nonlinear collimator for high energy electrons (for Linear Collider and XFEL ; possibly test at SLAC)

Measurement and analysis of THz coherent undulator radiation at the VUV-FEL.

M echanism of halo population at the electron beam for X-ray FELs: dark currents, restgas scattering, wake fields, quantum fluctuation,....; measurementsat TTF
Experimental investigations on the start-up from noise at a VUV-FEL + High Gain Harmonic Generation; dependence on el ectron beam parameters

Investigation on emittance limitationsin PETRA 111 (impact of orbit and spurious dispersion, beam-based alignment, space charge limits,..), including experimenta studies at
PETRA.

Design, construction and test of alaser-wire for measurement of submicrometer el ectron beam size.

Ray tracing of VUV radiation through the monochromator section of the seeding version for TTF FEL

6D phase space tomography (incl. slice emittance measurements) of the electron beam at the VUV-FEL (using LOLA etc.).
Transverse beam profile monitor based on incoherent synchrotron radiation. Important for permanent, parasitic, single bunch monitoring. Could be tested after BC3 at VUVFEL.
Studies on digital electronics for electron beam position monitors with high single bunch resolution

Development of a electron beam position monitor with Sub-Micrometer resolution for the XFEL.

Measurement of ultra-short electron bunches using an optical replicatechnique ( collab. Univ. Stockholm)

Synchronization of pump& probe laser with electron bunch over large distance; phase monitor, noise models

Feedback systems at VUV-FEL and XFEL + FEL stability issuesincl. hardware analysis

A Photoinjector for the LINAC2 at DESY.

Start-to-end el ectron beam dynamics simulation for the European XFEL.

At eectron gun test stand PITZ in DESY Zeuthen:

AN PE

©CONoOOrWDN PR

Theoretical studies on electron beam dynamicsin the vicinity of the photocathode

Design, construction and test of aflat beam electron gun (providing an externa collaboration)

Cathodes for electron guns. new surface materials, new mechanica design (in collaboration with INFN Milano)
Relation between laser parameters and electron beam parameters (experiment and comparison with theory)

Diploma thesistopics:

Measurement of magnetic stray fieldsin the vicinity of pulse transformators and klystrons at TTF2.

Computer simulation of ground motion effects on XFEL and Linear Collider based on existing ground motion measuments.

Emittance measurement in the high energy section and in the undulator of the VUV-FEL using wire scanners and transition radiation.

M easurement of quantum efficiency of used semiconductor cathodes. (at PITZ/DESY -Zeuthen in collaboration with INFN Milano)

Re-write Trafic4 code

Transmission properties of an optical transfer channel in the near infrared to THz spectral range used for bunch length analysis at the VUV -FEL at DESY .
Low Level RF control for the superconducting third harmonic (3.9 GHz) buncher cavity for the VUV-FEL

Slice emittance measurements using a transverse deflecting mode RF cavity at the VUV-FEL.

M easurement of transverse beam size using synchrotron radiation in bunch compressor magnets.

CONTACT: , Tel. +49 40 8998 3617
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