@
DESY
Y

CERN Accelerator School: Free Electron Lasers and Energy a gEeHoLT2
Recovery Linacs (FELs and ERLS), 31 May — 10 June, 2016

Coherence properties of the radiation from
SASE FEL

M.V. Yurkov
DESY, Hamburg

Start-up of the FEL process from shot noise: SASE FEL.
Longitudinal coherence (temporal and spectral properties). Statistics.
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§§§ What we name as X-ray FEL, SASE FEL, etc. REE e

= FEL stands for free electron laser.

= FEL amplifier stands for single-pass free electron laser amplifier.

= X-ray FEL / XFEL stands for x-ray free electron laser. This is FEL amplifier
starting form the shot noise in the electron beam and operating in the x-ray
wavelength range.

= SASE FEL stands for self-amplified spontaneous emission free electron
laser. This quantum terminology does not reflect actual physics of the
device, but is widely used. Physically SASE FEL means FEL amplifier
starting from shot noise in the electron beam — device which forms
separate class of vacuum tube electronics. Close relative of the FEL is
travelling wave tube (TWT).

= Slang of the FEL community usually uses x-ray FEL, XFEL, and SASE FEL
as synonyms.
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|. Start-up of the FEL process from shot
noise: SASE FEL.

lI. Longitudinal coherence (temporal and spectral properties). Statistics.
Ill.  Transverse coherence.
I\VV. Higher harmonics.
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§E§'§ Self Amplified Spontaneous Emission - SASE - FEL i
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e A single-pass free electron laser starting from the shot noise
in the electron beam looks to be similar to the well known
undulator insertion device: in both cases radiation 1s produced
during single pass of the electron beam through the undulator.

e Central wavelength is the same: A = (\,/2v%)(1 + K?).

e Principal difference relates to the detailes of the distribution of
the particles in the beam: in the free electron laser, electron
beam density is modulated by the period of resonance wave-
length .

e Enhancement of the beam modulation in the free electron laser
occurs due to the radiation-induced collective instability.

e Radiation power from modulated electron beam holds poten-
tial to exceed the power of incoherent radiation by a factor
of number of electrons 1in the volume of coherence, N. =

N,\ X Nw.
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V. Ayvazyan et al., Phys. Rev. Lett. 88(2002)10482
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2« Coherent radiation of electron beams: Introduction. " oemescirr

Example Il: modulated electron bunch

s

W N
Incoherent radiation power: g Radiation power of modulated electron beam:
arlel|| K? | o A _ [:_’] apI° Ny { K’ } 2 N
I/‘V/ill(':(')}l = )\ l + ]('_) ‘(4_]] ‘ Ivllli}d o 2 & 2+}{2 Al] X F(f.\) .

N = 2702 /(AwNy) is Fresnel number.
Ny 1s number of undulator periods

F(N)= 2 {aretan (QL’V) + Nln( 4N? )]

within the cone of half angle Ocon = V1 + K2/(vy/Ny).
Relative spectral bandwidth is AA/A ~ 1/Ny

near the resonance wavelength. | m 4N2+1
. . . I — I 1 + 1 3 2 t

e Radiation energy of single electron into the Ei)) _ I((],[z)exaén—c??; /L:E)_ZQ/)?/)( \/2—73(]72)
central cone is Ee ~ 412> K2 A3 /[N1+K?)). J b )
Aj; = 1 for helical undulator, and A5 = [Jo(Q)— e Radiation power from modulated electron beam
J1(Q)] for planar undulator. .J,,(Q) is a Bessel exceeds incoherent radiation when amplitude
function of nth order, and Q = K2 /2/(1 + of modulation exceeds effective amplitude of
KQ)‘ shot noise:

e Wavepackets emitted by different electrons are ain 2 1/v/NaNw , Ny = IA/(ec).
not correlated, thus radiated power of the elec- e Radiation power from modulated electron beam
tron bunch with current / is just the radiation holds potential to exceed the power of incoher-
energy from a single electron multiplied by the ent radiation by a factor of number of electrons
electron flux I /e. in the volume of coherence, No = Ny X Ny.

E.L. Saldin, E.A. Schneidmiller and M.V. Yurkov, Nucl. Instrum. and Methods A539(2005)217
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e When the electron beam enters the undulator, the presence of the beam modulation
at frequencies close to the resonance frequency initiates the process of amplifica-
tion.

e Fluctuations of current density in the electron beam are uncorrelated not only in
time but in space, too. Thus, a large number of transverse radiation modes are
excited when the electron beam enters the undulator.

e These radiation modes have different gain. As undulator length progresses, the
high gain modes will predominate more and more and we can regard the XFEL
as filter, in the sense that it filters from arbitrary radiation field those components
corresponding to the high gain modes.
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« Longitudinal coherence is formed due to slippage effects (electromagnetic
wave advances electron beam by one wavelength while electron beam
passes one undulator period). Thus, typical figure of merit is relative
slippage of the radiation with respect to the electron beam on a scale of
field gain length =» coherence time.

« Transverse coherence is formed due to diffraction effects. Typical figure of
merit is ratio of the diffraction expansion of the radiation on a scale of field
gain length to the transverse size of the electron beam.
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» Radiation generated by SASE FEL consists of wavepackets (spikes). Typical
duration of the spike is about coherence time t..

» Spectrum also exhibits spiky structure. Spectrum width is inversely proportional to
the coherence time, Ao ~ 1/t., and typical width of a spike in a spectrum is inversely
proportional to the pulse duration T.

« Amplification process selects narrow band of the radiation, coherence time is
increased, and spectrum is shrinked. Transverse coherence is improved as well due
to the mode selection process.
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E‘%ﬁ SASE FEL: Group velocity of wavepackets ¢ it

e Group velocity of wavepacket (spike) in the linear regime (1D asymptote):

8e-7

1 -1 2=2
s
37: A

<= 4e-7 \
e The relative slippage of the wavepackets (spikes) with respect to the electron beam ﬂ” | W/ H
A |
| L‘WWW

L_dk_

Ug dw

in the linear regime is three times less than the kinematic slippage ¢ — v, = ¢/(272):  2¢7 |
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e This effect takes place due to the dispersive properties of the active medium — the = 0002
electron beam in the undulator. The effect of slippage suppression is even stronger |, -0
when diffraction effects are taken into account (see left plot). - / \ /\ ) A
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e In the nonlinear regime interaction of the wave with the electron beam is not so J | \ k { ]\ \ /
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« Radiation from SASE FEL is statistical object, thus statistical approach
needs to be applied for analysis of the properties of the radiation from SASE
FEL:

- Nature of statistics.

- Description in terms of correlation functions and probability distribution
functions.

- Description of averaged characteristics (ensemble averaging).
* Physical effects related to coherence properties:

- Longitudinal coherence: slippage effects — can be studied in the framework
of 1D approximation

- Transverse coherence: diffraction effects — can be studied in the framework
of full 3D model only.
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§E:e,g Strict definitions of statistical characteristics é ez

e The first order time correlation function and coherence time:

~ ~

(E(r, ) E* (7, 1))
(B 1) (] B 1) [2)]
e The first-order transverse correlation function and degree of transverse coherence:

(E({Fla 2y t)ENI*(F,la 22 t)>

Y7L, 71, 2,t) = /2

(L 2, )P E (L, 2,6) )]

S (7w, 71O PP )) d 7L d
(L) dra]? |

e Degeneracy parameter — the number of photons per mode (coherent state):

91(7?3 t— tl) -

1/2 Te — / |91(T)|2d7_'

(=

0= NpthC .

e Peak brilliance is defined as a transversely coherent spectral flux:

_deph C 4\/_C
SRS
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|.  Start-up of the FEL process from shot noise: SASE FEL.

Il. Longitudinal coherence (temporal and
spectral properties). Statistics.

lIl. Transverse coherence.
I\VV. Higher harmonics.
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« Transverse (bottom) and longitudinal (top) distributions of the radiation
intensity exhibit rather chaotic behaviour.
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5 Statistics and probability distributions "

Linear regime Saturation Deep nonlinear regime

 Probability distributions of the instantaneous power density (top) and of the
iInstantaneous radiation power (bottom) look more elegant and seem to be
described by simple functions.

1.0 ] 101

P/<P> P/<P>
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%Y Statistics and probability distributions R

e The origin of this fundamental simplicity relates to the properties of the electron beam.
The shot noise in the electron beam has a statistical nature that significantly influences
characteristics of the output radiation from a SASE FEL.

e Fluctuations of the electron beam current density serve as input signals in a SASE FEL.
These fluctuations always exist in the electron beam due to the effect of shot noise.
Initially fluctuations are not correlated in space and time, but when the electron beam
enters the undulator, beam modulation at frequencies close to the resonance frequency
of the FEL amplifier initiates the process of the amplification of coherent radiation.

e Electron beam current is /(t) = (—e) =2, 6(t — tz), and its Fourier harmonic is just a

sum of complex phasors:

Iw)= [ e“I(t)dt =

e Thus, we deal with gaussian statistical process. FEL amplifier operating in the linear

regime is just linear filter, F(w) = H4(w — wp)!(w), which does not change statistics.

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, The Physics of Free Electron Lasers
M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016



3% SASE FEL, linear regime: general features 7.

e For gaussian random process any integral of the power density, Z, fluctuates in accordance with the
gamma distribution:

MM (T A\M I
D=t L) e
r) @) (I {Z)
where I['(M) is the gamma function with argument M,
1 ‘
M=, op = {(Z — (D))

e The parameter M can be interpreted as the average number of “degrees of freedom”™ or “modes™.

e For instance, if the integral Z is the radiation energy, Z = F,.,q = /1 dtd 7, then parameter M
is associated with the total number of modes in the radiation pulse, i.e. longitudinal and transverse
modes. If the integral is the radiation power, Z = P = /I d 7, then parameter M is the number
of transverse modes, M . Thus, it becomes clear that the relative dispersion of the radiation power
directly relates to the coherence properties of the SASE FEL operating in the linear regime.
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;?sg SASE FEL: time correlation functions and G oo
e the coherence time
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E%i SASE FEL: Wiener-Khintchine theorem Qe

e The first order time correlation function
< E(t)E*(t) >
<| Et) P><| Bty P>

e Wiener-Khintchine theorem: spectral power of the pro-
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(%% SASE FEL: summary of temporal and spectral B

properties

Linear regime
Radiation from SASE FEL operating in the high gain linear regime possesses all the features of

completely chaotic polarized light:
e The higher order correlation functions are expressed via the first order correlation function

e The probability density distribution of the instantaneous radiation power follows the negative
exponential distribution

e The probability density function of the finite-time integrals of the instantaneous power and of
the radiation energy after monochromator follow the gamma distribution

Nonlinear regime

e Maximum spectral brightness and coherence time is achieved in the saturation.

e At further increase of the undulator length average power continues to grow; coherence time
decreases; the width of the spectrum increases.

e Distribution of the instantaneous power changes significantly near the saturation point, but
tends to the negative exponential law in the deep nonlinear regime.
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Experimental results from TTF FEL/FLASH
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V. Ayvazyan et al., Nucl. Instrum. and Methods A 507 (2003)368
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E%i 1D Handbook: main properties of SASE FEL ¢ e Emeart

e FEL parameter p and number of cooperating electrons N.:

1/3

Ay |4 25 K2 A2
T Jo JJ , N.=1/(epw) .

P=ur |1 AT
e Main properties of SASE FEL in the saturation can be quickly estimated in terms of p and V:

The field gain length : L, ~ Ay /(47p) ,

Saturation length 1 Lgy ~ 10 X Ly |

Wa 3

pW, — Ney/mIn N,

Effective power of shot noise :

Saturation efficiency :  p,

1
The power gain at saturation : G =~ BNC\/W In N, ,

: : 1 |7In N,
Coherence time at saturation : 7, =~ ?
pw\ 18

18
Spectrum bandwidth : o, ~ pw :

In N,
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|.  Start-up of the FEL process from shot noise: SASE FEL.
II. Longitudinal coherence (temporal and spectral properties). Statistics.

1. Transverse coherence.

V. Higher harmonics.
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e The first order time correlation function and coherence time:

~ ~

(E(r, ) E* (7, 1))
(B 1) (] B 1) [2)]
e The first-order transverse correlation function and degree of transverse coherence:

(E({Fla 2y t)ENI*(F,la 22 t)>

Y7L, 71, 2,t) = /2

(L 2, )P E (L, 2,6) )]

S (7w, 71O PP )) d 7L d
(L) dra]? |

e Degeneracy parameter — the number of photons per mode (coherent state):

91(7?3 t— tl) -

1/2 Te — / |91(T)|2d7_'

(=

0= NpthC .

e Peak brilliance is defined as a transversely coherent spectral flux:

_deph C 4\/_C
SRS
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§§g ~ Qualitative look at the evolution of the radiation 7 *=ew,
- properties in XFEL

Radiation power

Brilliance

Degree of transverse coherence
Coherence time

« Radiation power continues to grow along the undulator length.
* Brilliance reaches maximum value at the saturation point.

* Degree of transverse coherence and coherence time reach their
maximum values in the end of exponential regime.
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Degree of transverse coherence 7-s intensitv distribution
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* In the case of large emittance the degree of tfansverse coherence degrades due to poor mode
selection.

» For small emittances the degree of transverse coherence visibly differs from unity. This
happens due to poor longitudinal coherence: radiation spikes move forward along the electron
beam, and interact with those parts of the beam which have different amplitude/phase.

 Longitudinal coherence develops slowly with the undulator length thus preventing full
transverse coherence. E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Opt. Commun. 186(2000)185

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Ex+iEy expliw(z/c—t)] X Z Api(w, 2) Py (r,w) exp[A,,(w)z+ing]

n,k
Even after finishing the transverse mode
selection process the degree of transverse
coherence of the radiation from SASE FEL
visibly differs from unity. This is consequence
of the interdependence of the longitudinal and
transverse coherence. The SASE FEL has
poor longitudinal coherence which develops
slowly with the undulator length thus
preventing a full transverse coherence.
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10 Degree of transverse COhQEQ\Ce z-s intensity distribution
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* Poor longitudinal coherence is also responsible for the fast degradation of the transverse
coherence in the nonlinear regime.

* In the linear exponential regime group velocity of spikes is visibly less than the velocity of light
due to strong interaction with the electron beam. In the nonlinear regime group velocity of
spikes approaches velocity of light due to weak interaction with the electron beam.

» Radiation spikes move forward faster along the electron beam and start to interact with those
parts of the beam which were formed due to interaction with different wavepackets.

» This process develops on the scale of the field gain length.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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~
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e In the linear high-gain limit the radiation emitted by the electron beam in the undulator can be represented

as a set of modes:

Ey+ 1By, = /dw expliw(z/c —t)] X Z A (w, 2) P (r, w) exp[Anr(w)z + ing) .

n.k

e A large number of transverse radiation modes are excited when the electron beam enters the undulator.

1.0
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Analytical techniques are used to calculate radiation fields in
the linear mode of operation, and time-dependent numerical
simulation codes are used in the general case.
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Self-reproducing FEL radiation modes
Mode degeneration
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Diffraction parameter B

Operation of the FEL amplifier is described by the diffraction parameter B, the energy spread pa-
rameter A%, and the betatron motion parameter kg:

B =2T0*w/c |

with the gain parameter I' = 47p/\,,.

ks =1/(AT) ,

A% = (o8/E)*/p* .

An effect of the mode degeneration takes place for large values of the diffraction parameter B (wide

electron beam):

V3 +i

(1+iv3)(1+n+2m)

A )T =~ —

281/3

3\@82/3

e The strongest higher order spatial modes are azimuthally nonsymmetric modes TEM;y and TEMy, .

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Mode degeneration

e Operation of the FEL amplifier is described by the diffraction parameter B, the energy spread
parameter A%, and the betatron motion parameter kg:

B=2otwfc,  ks=1/(6T), A% = (on/EP/F,
with the gain parameter I' = 47p/\,,.

e Increase of emittance and the energy spread results in suppression of the mode degeneration
effect for the price of the gain reduction of the fundamental mode TEMg, mode.

1.0 1.0
0.9 0.9
0.8 0.8
S 074 S 074
< ] < ]
_— _—
< 061 < 061
&’ 0.5 &’ 0.5
0.4 0.4-
0-3 T T T T T T 0-3 T M
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10
2
1/(BI) [o¢/(PE)]

Suppression of the mode degeneration for B = 10

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Mode degeneration

e In the linear high-gain limit the radiation emitted by the electron beam in the undulator can be
represented as a set of modes:

Ey+iE, = /dw expliw(z/c —t)] X D App(w, 2)Dpi(r, w) exp[Ayr(w)z + ing) .
n.k

e A large number of transverse radiation modes are excited when the electron beam enters the undu-
lator. These radiation modes have different gain. As undulator length progresses, the fundamental
®(o mode predominate more and more over higher spatial modes.

e Parameter space of long wavelength x-ray FELs corresponds to the case of diffraction limited elec-
tron beams. Radiation modes in this case are well separated in the gain, and it is possible to obtain
a high degree of transverse coherence in the saturation point.

e Parameter space of short wavelength XFELs correspond to the case of the wide electron beam, and
the mode degeneration effect prevents suppression of higher spatial modes. The consequences are:

— Degradation of transverse coherence;

— Complicated and essentially non-gaussian field distributions across the slices of the radiation
pulse which happens due to interference of many statistically independent spatial modes;

— Poor pointing stability.
e These effects stems from fundamental origin - start-up of the amplification process from the shot

noise in the electron beam.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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e+ FLASH: Transverse coherence and pointing stability ="

FLASH: experiment
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e, [mm-mrad] e, [mm-mrad] FLASH: FAST simulations
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Jo]
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z [m]
Parameter space of FLASH:
Large values of diffraction parameter (B = 10 - 25) and “cold” electron beam.
Mode degeneration effect is strong (gain of TEM,;, mode is 0.8 — 0.83 of the fundamental TEM,,,).
Contribution of the first azimuthal mode to the total power is 10 to 15%.
Result: unstable shape and pointing of the photon pulse.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Optimized x-ray FEL

e Typical procedure of optimization of short wavelength SASE FEL consists in optimization for the

maximum gain of the fundamental (TEMgy) beam radiation mode. This case is referred as optimized
x-ray FEL.

e Gain and optimum beta function in the case of small energy spread:

. I_A 1/2 (En)\w)5/6 (1 4+ K2)l/3 B 119 I_A 1/2 Ei/QA‘lv/Q
R I \2/3 KA;; opt = 2T EA T AKA;

e Application of similarity techniques to the FEL equations gives elegant result: characteristics of
SASE FEL written down in the normalized form are functions of two parameters, ratio of geomtrical
emittance to the wavelength, and the number of electrons in the volume of coherence:

e =2me/\,  Ne=IL\/(eAye) .

e Dependence of the FEL characterestics on N, is very slow, in fact, logarithmic. Approximately,
with logarithmic accuracy they depend only on €.

e In fact, the diffraction parameter B and the betatron oscillation parameter kg are:
B~ 13 x &/? kg ~ 0.154/¢&/2

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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§E:Si Optimized XFEL at saturation cEmewscrArT

Saturation length:

Lot = DLy ~ 2.5 % €5 x In N, |
FEL efficiency:

I = P/(pR) = 017/¢
Coherence time and rms spectrum width:

= pwre~1.16 x VInN, x &% | o, ~ /7/7. .
Degree of transverse coherence:
1.1e'/4

Csat = T 01507
Degeneracy parameter:

) = HiT
Brilliance:

Wdeh C 4\/_C Pb ~

C's.a’(

B, — -
dw (5)2 N At
2
Normalizing parameters:
F . LSWQKQAEJ I/Z — )\\\‘F
a If\ )\/\\\")f3 p= A

1.5 PIP_
1.0 /e
0-5_ '[c/"[cmax
Br/Brsat
0.0 . . : : :
0.5 1.0 1.5
L/LSat
1.0
| 0.6 mm-mrad
0.8 0.1 nm, 17.5 GeV
1 1.4 mm-mrad
0.6
0.4
0.2
0.0 : : : : : ,
0 2 4 6 8

2nelh

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Opt. Commun. 281&2008)1179 281(2008)4727 ; NJP, 2010 in press.
M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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* Optimized x-ray FEL
3
10 B =13 x [2re] 1.0 0.6
k, = 0.154 / [2ne/i] — _
10%4 0.8 . o
- - = 0.4
.‘x: 101 S—-E 0.6 \1"
o S o4 2
14 & e 0.2
0.2 LE
-1 0.0 '\1:
10 0 1 2 3 4 5 0 1 2 3 4 5 0.0
2melh 2e/ 0

e Features of optimized x-ray FEL for parameter space 2we/\ > 1:  j '°
e [arge values of the diffraction parameter. % e
e Mode degeneration effect takes place. ; Zj
e Significant contribution of higher azimuthal radiation modes. ‘% 02
e Poor spatial coherence. E 0.0¢ 1 : : y !

e Complicated and essentially non-gaussian field distributions across
slices of the radiation pulse.

e Poor pointing stability of the radiation.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Ex+iEy = /dw expliw(z/c—t)] XZ App(w, 2)P,1(r, w) exp[A,(w) z+ing]
n,k

Contribution to the total saturation power of the radiation modes with higher
azimuthal indexes 1, 2, 3, 4... grows with the emittance.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Optimized x-ray FEL

M =5 M =10 M =20 M =40

2me/A =1
2me/A =2
2me/A =3

e Single shot photon beam images for pulse durations 7' = M x 7. =5, 10, 20, and 40,
and emittances 2me/\ = 1, 2, and 3.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016



Optimized x-ray FEL

2re /N =1 2me/N =2 2me/ N =3

FRAST; Optinized “FEL, Emittance 1 FAST; Optimized “FEL, Enittance 2

3 : : - 0.5 i
1
0.4 64 2aefh = 1-1.5-2-2.5-3-4 |
0.3
44

. 5
e 0.24 g |2
. 2.5-3-4
0.11 2 =
0 : : . | 0.0 : : . | 0 / . — .
1 2 3 4 1 2 3 4 00 02 04 06 08 10
2rel 2meli. bl

e Single shot images in the far zone for 2we/A = 1,2, 3, 4.

e Averaged rms size of the photon beam oy in units of A\/(2%/%70). LCLS SACLA
) ) ) Energy [GeV] 13.6 8.0
e rms deviation of the photon beam center of gravity Ay in units of aver- Wavelength [A] 1.5 0.6
aged rms size of the photon beam. ¢, [mm-rad] 0.4 0.4
e Probability distribution of the photon beam center of gravity, P(0/cy). € = 2me/ A 1 2.7

e Cumulative probability distribution, F(0/cy).
M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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§%§ Properties of the radiation: Optimum tapered versus = ‘eenscis

untapered case

e Practical example: European XFEL, SASE3, radiation wave-

Power and brilliance

length 1.6 nm.

e General feature of tapered regime is that both, spatial and
temporal coherence degrade in the nonlinear regime, but a
bit slowly than for untapered case.

sat ' B'!Bsat
A

P/P

e Peak brilliance grows due to the growth of the radiation

1 —rr,

b ---maml

untapered:
— BB,

tapered:
-=--PIP_

power, and reaches maximum value in the middle of tapered  ©j

40 60 80 100
section. Benefit in the peak brilliance is about factor of 3 z[m]
with respect to untapered case. Degree of transverse coherence
e Spatial corellations and degree of transverse coherence: Coherence time
(B(FL, 2, ) E* (711, 2,1)) ']
S r1,zZ,0 T,z
f)’l(TlaT’J_:zat): ~ 1/2 ¢ 0.8
[(‘E(TJ.Jznf)‘2>(|E(TIJ_az? t)lgﬂ EP 06
C _ f|"}‘1('FJ_,F/L)‘zI(FL)I(?TfL)d',‘(_’l dF!J_ o 04 untape.[ed.'
e Temporal corellations and coherence time: oo -tk
- - ; | 20 40 60 80 100
. E(F, t)E*(r,t 7 : z [m]
nirt—t) = —PCOELOL o [l ar.
(L E@ ) P E@Fv) )] .

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016



gHELMHOLTZ
| | GEMEINSCHAFT
) Summary on transverse coherence

When transverse size of the electron beam exceeds diffraction limit, the mode

competition effect does not provide the selection of the fundamental FEL mode, and
higher order spatial modes start to contribute to the radiation power.

The consequence of interference of statistically independent spatial modes are:
- Degradation of transverse coherence;

- Fluctuations of the shape and pointing stability of the photon beam (both, slice and
full shot).

- Complicated and essentially non-gaussian field distributions across the slice.

These effects stems from fundamental origin -- start-up of the amplification process
from the shot noise in the electron beam. They become pronouncing at the very early

stage of the degradation of the transverse coherence due to the growing contribution
of the azimuthally non-symmetric modes.

X-ray FELs operating at short wavelengths will demonstrate

degradation of the slice field patterns and the pointing stability with the
increase of the parameter 2ne/A > 1.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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|.  Start-up of the FEL process from shot noise: SASE FEL.
II. Longitudinal coherence (temporal and spectral properties). Statistics.
Ill.  Transverse coherence.

I\VV.Higher harmonics.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016



5%,3’ XFEL with planar undulator: odd harmonics e,

« Radiation from SASE FEL with planar undulator contains visible
contributions of odd harmonics, as well as incoherent radiation from
undulator.

o Statistical properties of the odd harmonic of the radiation from SASE
FEL differ significantly from those of fundamental harmonic and
Incoherent undulator radiation.

* An origin of this difference is that the process of generation of the
harmonics in the SASE FEL is nonlinear transformation from the
fundamental harmonic.

M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016



SASE FEL:
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harmonics exhibits more spiky behavior
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Odd harmonics
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odd harmonics

XFEL with planar undulator
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Evolution of probability distributions
for the 1st and the 3@ harmonics

e The statistics of the high-harmonic radiation
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e In the saturation a universal dependency holds for

the ratio of the power in the higher harmonics with 10°]— | | | —
respect to the fundamental one: 10 /
<W3> “ Kg 2] —P i
—|sat - fB(A?f) X =5 10 - 1
<W1> Kl 3 PP,
1075 PP, E
W, . K? :
e e = A2y x 22 10" -
(W) R 5
10—
h—1)/2 00 02 04 06 08 10 12
Ky = K(_l)( )/ [J(hfl)/2(Q> - J(h,Jrl)/Q(QH zlz_,
2 2
Q= K-/[2(1 + K~)] 0.10 . — .
0.08-
0.2- ] —f,
. 0.061 fy
g— 0.04
X 01 '
0.02-
oo0Ob—s————
0.00 : ; — —3 0.0 0.1 02, 03 0.4 0.5
2
Undulator parameter K Ay

E.L. Saldin, E.A. Schneidmiller, M.V. Yurkov, Phys. Rev. ST Accel. Beams 9(2006)030702
M.V. Yurkov, Coherence properties of the radiation from SASE FEL, CERN Accelerator School on FELs and ERLs, 31 May — 10 June, 2016
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Coherence time; 1st 3rd 5t
3 — 1

e Contributions of the higher odd harmonics to
the FEL power for SASE FEL operating at 5] ]
saturation are universal functions of the un- /\
dulator parameter K.

e Power of higher harmonics is subjected to larger ~____|

fluctuations than that of the fundamental one.
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z/z

sat

Average spectra; 1st, 3rd, 5t

e Probability distributions of the instantaneous
power of higher harmonics in saturation regime
is close to the negative exponential distribu-
tion.

ime i ° : | Aw = —2pw,C
e The coherence time in saturation falls inversely 10 Ph

proportional to harmonic number: 7, o< 1/hA. S
=

e Relative spectrum bandwidth remains constant 0.5
with harmonic number.

0.0 e
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Diffraction effects

e Coherence time in the nonlinear regime falls down propor- _ °#
tionally to the harmonic number. ar 0
i%m 0.4
e Degree of transverse coherence of higher harmonics is less &
0.2
than that of the fundamental. .
e Contribution of higher harmonics to the total power grows
in the deep nonlinear regime, and may constitute substan- | 2= 05

tial amount.

e Maximum of the brilliance of the higher harmonics occurs
in the deep nonlinear regime.
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Diffraction effects

1.0

e Degree of transverse coherence of higher harmonics falls os /—\

down with harmonic number, and significantly degrades
with growth of the parameter € = 2me/\.

e The dependencies for the ratios of the power of higher
harmonics to the fundamental are universal functions of

emittance parameter when we factorize them with factor Y 1.0 5 20
2 2meld
AJJh/ AJJ 1
e For large values of the undulator parameter K asymptotic
values of A3, /A3, are equal to 0.22 and 0.11 for the 3rd ~ oo
and the 5th harmonic, respectively. In the range of emit- ”;_ 0.0
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e This lecture presents an overview of the properties of the radiation from
x-ray free electron lasers. Simple formulae allow one to obtain

guantitative description of the SASE FEL operating in the saturation
regime.

 For more details we address you to suggested further reading which
highlights theoretical developments, up-to-date experimental activity at
FLASH, LCLS, SACLA, and projects of XFELs to be realized soon:
SWISS XFEL, PAL XFEL, and European XFEL.

Thank you for your attention!
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