Free-Electron Lasers

Sven Reiche, PSI

Light Sources

» 1st Generation: Synchrotron
radiation from bending
magnets in high energy
physics storage rings

» 2nd Generation: Dedicated
storage rings for synchrotron
radiation

» 3rd Generation: Dedicated
storage rings with insertion
devices (wigglers/undulators)

» 4th Generation: Free-Electron
Lasers
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FEL as a Brilliant Light Source
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4th Generation Light Sources

»

4

»

»

»

Tunable wavelength, down to 1 Angstroem
Pulse Length less then 100 fs

High Peak Power above 1 GW

Fully Transverse Coherence

Transform limited Pulses

XFELs fulfill all criteria except for the longitudinal coherence
(but we are workingon it © )
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X-ray/VUV FEL Projects Around the World

PolFEL

/FERMI

Controlling the Wavelength - The Idea

Dipole Radiation (Antenna) Dipole Radiation + Doppler Shift

Wavefront

Trajectory ~__

Oscillating Electron

- e >l

Amc'T Am=(c=v )T

(forward direction)

For relativistic electrons the longitudinal velocity v, is close to c,
resulting in very short wavelength (blue shift of photon energy)




Forcing the Electrons to Wiggle...

» ... by injecting them into a period field of an
wiggler magnet (also often called undulator).

) Wiggler module from
the LCLS XFEL

Motion in a Wiggler

. . . . 2;
» Periodic Field of the Wiggler: B =8sinlkz} & = ;
» Lorentz-Force: FeeVxB
» Dominant motion:
> Electron motion in z-direction, field in y-direction.
- Motion in magnetic field preserves total energy:
d d o f I=cfhit - I eB, coslk 7
F = EP‘ '}”"('Eﬁ. =-ecfiB, Mn{kv"-) (::)> 2 y|mek, .(' “‘-)

Undulator parameters put into one constant: K = ()93 B.)[T]- ,‘tu[cm]

-

B = £cos.(k.,:)
y CO%
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The Undulator Wavelength

» We got everything now to calculate the wavelength:

A=cT(1-5.)

Period Length (T =f A = A,

‘ -2
Long. Velocity  g. - g e Ein(rg)

4 2y

» For the average velocity, the square of the sine
function is Y2. The emitted wavelength is:

The Resonant Wavelength . 4, | K’

4
» The wavelength can be controlled by -'-k
> Changing the electron beam energy,

> Varying the magnetic field (requires K significantly larger
than 1)

» To reach 1 A radiation, it requires an undulator period of 15
mm, a K-value of 1.2 and an energy of 5.8 GeV (y=11000)

The Free-Electron Lasers are based on undulator
radiation and have the same resonant wavelength

‘Free-Electron’ refers to the fact that unlike quantum lasers the
electrons are unbound in the periodic ‘potential’ of the undulator.
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Interaction with Co-Propagating Field

» The wiggling electrons emit radiation. Some of it co-
propagates along the undulator.

» The transverse oscillation allows the coupling of the

» Electrons, absorbing more photons than emitting, become
faster and tend to group with electrons, which are emitting
more photons than absorbing.

The FEL exploits a collective process, which ends
with an almost fully coherent emission at the
resonant wavelength.

Co-Propagation of Electrons and Field

» The transverse oscillation allows to couple with a co-
propagating field v E

» The electron moves either with or against the field line

» After half undulator period the radiation field has slipped half
wavelength. Both, velocity and field, have changed sign and
the direction of energy transfer remains.

e N

f  —

— The net energy change can be accumulated over
many period.
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Step | : Energy Modulation

» Energy change:
,d K . g KE [ daet.)o-swedr  oR[h-k ]cswed)
rm"‘—:-’-—mn(k.,:)- E " """-—[v [hebJemmwopr _ phlA-t]omwwes ]

. . Dvi
a: ¥ / \ 2vi

transverse motion plane wave

ﬂ I=cfir+z,+Azsin(2k 2)
» Ponderomotive Phase: g -[(k+k‘_}ﬁ_ _;\-].-, +6,

=0

Resonance Condition ™= = - A o A- 3":(1 + A’.

K+ k,

» Averaging over an undulator period:
» Second exp-function drops out (<exp(i6-2ik,z)>=0)
» Longitudinal oscillation smears out position > reduced coupling f,

l‘i _f K El) =
—Y=- = ——sin(f + Qs,
daz Y mc”

Step Il: Longitudinal Motion

» For a given wavelength A there is one energy y,, where the
electron stays in phase with radiation field.

» Electrons with energies above the resonant energy, move
faster (do/dz > 0), while energies below will make the
electrons fall back (do/dz <0 ).

» For small energy deviation from the resonant energy, the
change in phase is linear with Ay=(y-y,).

i
A L omiksk)p -k
Ay >0 d: "
/ z -2
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Analogy to Pendulum

d
daz

FEL Equations

Aj i Ay KE, .
r L2« —sin(f + ¢)
Y, az v, ¥:

0=
Frequency

O x \'KE,-

v
i

Pendulum Equations

d()v-l dl-"’sin()
dr dr
Frequency
I
Qx
Vi

» Stable Fix Point: Ay=0, 0+¢=0

» Instable Fix Point: Ay=0, 6+¢=m

» Oscillation gets faster with growing E-
Field (Pendulum: shorter length L)

Motion in Phasespace

» Wavelength typically much smaller than bunch length.
3 EIectronsAare spread out initially over all phases.
Y Ay

—0—0—0—0—0—0——0—0—0—0—0—0—> O+

0+¢

0+¢

0+¢

Electrons are bunched on same phase after quarter rotation

9/9/11



Microbunching

3D Simulation for
FLASH FEL over 4
wavelengths

Frame moving with
electron beam
through 15 m
undulator

Transverse position

Wiggle motion is too
small to see. The
‘breathing’ comes

from focusing to keep
Slice of electron bunch (4 wavelengths) peam small.

\ Microbunching has periodicity of FEL
wavelength. All electrons emit coherently.

Coherent Emission

» The electrons are spread out over the bunch length with its
longitudinal position 3z. The position adds a phase ¢;=kdz; to
the emission of the photon.

P f » n &z, =) qélz - i
» The total signal is: E(r) = E(’ X4 ‘zev
Electrons spread over wavelength: Electrons bunched within wavelength:
Phasor sum = random walk in 2D Phasor sum = Add up in same direction
Im Im
|2 | - \,".\: ‘_Y> ’2 e = N
L S Re Re
N

\

Power ~ |[E|? -> Possible Enhancement: N
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Complete Picture: Evolving Radiation Field

» Because the degree of coherence grows the field does not
stay constant (Pendulum is only valid for adiabatic changes)

» The change in the radiation field is given by Maxwell
equation:

7- *|E :
[V . '_ _] 0 pikz-innsip ‘(”2(’(‘[3' ar, =r)

r"' dr- | ck
Slow Varying Envelope Approximation: dE, <<kE,
Period-averaged motion: ‘:ll"'.f’—“"”'(\[ Fo=r))= '_"}' e
{ 1 ; - 2
[ a d \] e’ t, f )
V4 2ik| —+ =i £ - PR
\ T  Cdl ’m /. L omck )

The Levels of the FEL Model

{ 7 2 . o
| A . AT B IR
':"2’4‘: ’_+ J =1 ‘ o e ‘
oz Cf J 2m 7 Y, \
% J’ \ Evolution along Source Term

Diffraction Bunch (Slippage)

Evolution along
Undulator

1D Model: Ignore Diffraction Effects

Steady-State Model: Ignore Time Dependence

To start-easy: 1D, steady-state FEL Model
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Scaling of 1D FEL Equations

d Y=Y =2k pz d Y¥=% Yo=Y A=Detuning
—f =2k s = I 0 o ¥ one! o
az” = Y, = di o ove oo, & n=Deviation
Yo=V,
K Y =y =v, ) d kf K
d y ==K 1K (m” + ("1".) =1 =1o) Pro A _{A" + (_[..} Am U
dz 2y, % dz 4y k. p
2 - en, =1/2nco? 2
i U= € 1M, r K x"p"'" I'x I, = 4mmclen, d A p-‘ 1 fK ) ! ll't’_m \
dz dkm y, ' | =—> 4i v\ako ) [/
Choose p to eliminate constants
1 G'=n+A
pe L fK ) 1| :> i ==(Ae" +cr))
\ vol\dk o | I, e S\
4" - "." ‘,'

How to solve the Problem?

» 2N Ordinary and 1 partial differential equation.

» Electrons are represented by the density function
f(6,m,2), fulfilling Liouville’s theorem:

(7 (} ()' - "+A

a |,
B f(OnI)=|—+8—+n—|f(O.n2)=0
daz a7 dt iy

H==(Ae" +cr)

(Vlasov Equation)

» Fourier series expansion:
O = f o+ fin2)e" + .

Initial distribution  Current modulation

» Equation with terms proportional to e®:

d . _ 4 .
~ fi+i(A+n)fi-A— [, =0
f.l)[

oz
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Including the field equation...

» Field evolution is given by density function:

d A= ::'v"" ::I- ffj'(().u.:)e‘"'(h;d()- ff,(u.: i)

-~

» The formal solution for f, is:

) ( l’ . P f :'7-14 ~AAden =7} '
L frilAen)fi- A =0 o fi(2) = [AT ey
- an 0 ('/)'

g

» Problem reduce to integro-differential equation:

d: e?)l

Solving the FEL Equations

» Laplace transformation: (Fourier transformation
does not work) : .
gp)= f glz)e "dz

» FEL Equation:

-

f( (Il A(:)‘.It""'d.' - j‘(h' b fd:e"‘-"""‘-"‘-‘fd:' A(Z" e+
az /

0 x ‘h’ 1] ]

» Integration over z by parts on both sides:
A(0) + p,;\(pp - -f(h, af f A(z)e

. az 5 iip=ny-A)

daz

» Formal Solution:
A(0)

p- fr/f,, d)’

_dan pein+iA

A(p) =

9/9/11
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Dispersion Equation

» Laplace Transformation:

y A(0)
A(p) = -
f{{l;, dn Completed Path -
N pein+iA P /Im(’z) y A
/
» Inverse Laplace /
Transformation: /
e / X Laplace
A(Z) = > fAi p)e™dp f Singularities Tran.
o \\ x| s Re(z)
X <
Dispersion Equation \ N
Al \ s
df, dn AN a
p-[*“ A w0 ~ R
\ L 0N pain+iA N 3
T== 5

The 1D Solution
» No detuning (A=0) and no energy spread (f,=6(n))

P—fu.?:' dn 0 = p'-i
Ldn peing+iA

» 3 Solutions to:  A(z) = A(D)e™
Oscillating Growing Decaying
: f3 ] '\'r?’ i
p =i _N- FEL - +
P75 "5 Mode P== "5

» Gain Length (e-folding length):

P(7) = A!.’)I’ X @ - p VRS —> L~- 41\.‘?.p
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The Generic Amplification Process
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Efficiency and Bandwidth

» Energy conservation and efficiency:

|A ‘4 () =const = (n) ™A+ )

o =

l-‘ :”—I

(Ay)
—— 'T-p —

Pl ™ ’) 'P.M wu

» Bandwidth:

2ck, ,
) = —————— Y- :>

1+K°/2 "

Aw

()

=-2p

[

For a given wavelength the
beam can be detuned by
Ay=py and still amplify the

For a given energy the
wavelength can be
detuned by Aw=2pw and

signal. still be amplified.
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FEL Modes
» SASE FEL (Self-Amplified Spontaneous Emission)

IIIIIIIIIIIIIII\\\_;owpur

Disadvantage: Output is noisy

» FEL Amplifier (starts with an input signal)

Seed |||||||||||||||\\\'_>Ouwut

Disadvantage: Seed source may not exist

Typical Growth of SASE Pulse

Simulation for FLASH FEL

9/9/11
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SASE FELs

» FEL starts with the broadband signal of spontaneous radiation

(almost a white noise signal)
» Within the FEL bandwidth Aw=2pw the noise is amplified
» Spikes in spectrum and time profile.

SwissFEL: Simulation for 1 Angstrom radiation

45/ Spectrum at Pulse at
.| saturation 1/t, s saturation

! 1/t.=2p0

0
12.35 124 1245
E, lkeV] o 20

Coorperation Length: ] A

The Importance of the FEL Parameter p

» Typical values p = 102- 104

[ K i
4k o |1,

» Scaling
Gain length Efficiency
A
L = =
: 4 \'r_i P P' £l S ;) P.‘. wu
SASE Spike Length Bandwidth
L. . L _A(U —_ 7’)
4np P -
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Electron Beam Requirements: Energy Spread

» Only electrons within the FEL bandwidth can contribute to FEL
gain.

» FEL process is a quarter rotation in the separatrix of the FEL.
If separatrix is filled homogeneously, no bunching and thus
coherent emission can be achieved.

Long. Phase Space Long. Phase Space

36.0[T

Small spread Large spread

~ 350f

3asf-

1 Weak Bunchihg

348

L sa0la
3 -3 -2 -1

eock

Energy Spread Constraint: a,

Optimizing the Focusing

» Decreasing the p-function (increase focusing), increases the
FEL parameter p.
» Stronger focusing:
> Larger kinetic energy of betatron oscillation
> Less kinetic energy for longitudinal motion
> Smearing out of growing bunching

F T ]
E 1.5kA, 02mmmrad 9
From 1D Theory.' A E_ 1.5 kA, 0.5 mm mrad _E
P e L4 3f 3
=3 [——L, T F .
o \ v A gm E E
a7k E|
2F E
1E 3
3D Optimization for SwissFEL
0OE I L L L 3
5 10 15 20 25
<fB>[m]
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Quick Overview of 3D Theory

» New free Parameter: Diffraction Parameter
- Rayleigh Length
B - g / y g g

TS~ Scaling length of the FEL (2kp)

» Assuming electron size as radiation source size:
4r ¢, B
Ay

“Soft” constraint for / Electron
emittance to be

smaller than photon
emittance for all
electrons to contribute
on the emission
process

Iy =21k =

Diffraction Limited
Photon Emittance

FEL Eigenmodes + Mode Competion

» Growth rates for FEL eigenmodes (r,¢p-decomposition):

15 — - -
Optimum for SASE: I N Optimum
TEMy, growth rate of
Only one dominating ‘. 1D model
mode at saturation i \ B-1/3
1.0 T
Transverse coherence —_ -
)
Koy L
- o »
B=7 0.5
£, A
:" 241 0.0 I 1 1 1
0.01 0.10 1.00 10.00 100.00

B

< |
Increased gain length due to ~ Mode competition
diffraction and reduced

coherence
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Summary
FEL Process

Induced energy modulation — ess———)p Increasing density
modulation

Run-away process
(collective instability)

Enhanced emission

» FEL utilized the strong coherent emission in the collective
instability with the tuning ability of the wavelength.

» Instability can only occur with a beam with low energy spread
and emittance.
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