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X-Ray Free Electron Laser Theory
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Lecture outline

E 1D theory (~3 hrs)

E 3D theory (~2 hrs)

E Seeding (~1 hr)

E Tutorials (demonstrate problems/simulations)
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1D FEL Theory

Introduction

Electron equation of motion
High-gain theory

Self Amplified Spontaneous Emission
Nonlinear harmonic generation



XFELs are Extremely Bright and Ultrafast

Log Average Brightness
(photons / sec / mm?’/ mrad’/ 0.1% bandpass)
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Electron trajectory in a planar undulator

Undulator magnetic field near axis north pole
I AENERENERNE
By — _B{] Sll’l(kuﬁ) fD]f' 0 E ,Z g NTL}‘U south FID|E'
A,
d dz R
E’ymcﬁ = —eFE —evx B = —mckuKE sin(kyz)x
d X
= Tm::Kg cos(kyz)x.
B
K = 2% —0.934 Ay [em] Bo|[T].
mck,,
K K
= cosl(k X = sin(k,, z
B . cos(ky2) ke (kuz)
1 1 K’
_ 321 — _ 2
= \/1 2RI m g eosh) In beam frame 8
1+ K?/2  K?
o /2_ K- cos(2ky z) 5
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Undulator radiation resonant wavelength
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Radiation spectrum

Since any electron makes N, oscillations in an undulator composed of
N,, periods, the resulting wave train has N, cycles. Thus, the spectrum of
the undulator radiation at observation angle ¢ is peaked around w,(¢) with
intrinsic bandwidth

N, cycles

pinhole aperture

dw sin? (7N, Aw)
(TN, Aw)?

Aw

wh

w

h w
This is illustrated in Fig. 1.5(a). As the observation angle ¢ increases from
zero, the wavelength is “red” shifted because
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Free Electron Lasers

» Produced by resonant interaction of a relativistic electron
beam with EM radiation in an undulator (J. Madey, 1971)
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undulator e~ beam dump

» Radiation intensity oc N2
» Tunable, Powerful, Coherent radiation sources 8




Three FEL modes

FEL OSCILLATOR
Beam
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NOTE: Requires mirrors
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e-beam l]]]]]]]] output radiation
path Undulator

NOTE: Requires input radiation at desired wavelength
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\WWWWS
Output
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FEL longitudinal dynamics
» Resonant interaction

XA 2
A= 7‘“”2 1+ K
4—>T | 27 2
z
> Energy exchange in the undulator
Kece
Vp — — COSU{JUZ)
Y
2
E(z,t) = 2Eycos(kz — wt + ¢), w— ck — %
d EoK
d_z __ emzz; cos(ky 2) cos(kz — wt + )
EyKc
- _Zrn?c?; { cos [(k + k:u)i— wt + ¢| + cos [(k — kulz —wt+¢| }
=0—m/2 neglect, will justify later

where we have introduced the particle phase 6 = (k + ky)z — wt + ¢ — 7/ 2



» Time rate of change in the phase is

10 . 14+ K?/2
dat (k+ky)vy, —ck. v.—0v,=c (1 292 : )
o _ o (Fa _1+ K?/2

dt  \ k 292

In order to have a stationary phase (df/dt = 0) and significant energy
exchange, we need
ke A 14+ K?/2

E o A 2v2
» This Is resonant condition if A=A4,, and y=y
A1 B 1+ I’irQ/‘Z
Au - 27’"-;2*
» Since ya function of time, we introduce a normalized energy variable
p=1"T" «1
Yr

» The phase equation becomes g ;

= = 2kycnj. (j for each individual electron)



» The energy equation becomes

dn;  1.dvy; ebgKe

= = - ~sin f;.
dt e dt 27yrmc? !

» It is convenient to use z as the independent variable z ~ ct

z: The independent variable giving the location inside the undulator.
t(z): The time an electron arrives at z.

f(z): The ponderomotive phase defined by

0= (k+ky)z —wt+ const. =w [k Ky z— f(z)] + const.
w
= w[z/v, — t(z)] + const.

---------------- el
I
z=() z
- _ cK? _ cky K? ]
> If we keep track of the oscillatory part of . =u. - 17 C08(2huz) 0 — Ty cos(2he)

S | - K? K? 12



FEL Pendulum equation

» Longitudinal electron motion in combined undulator and
radiation fields described by pendulum equations

ag dn

o 2nk,,, = 11(35“"? -+ E*e_wj

oK [17] 72 72 for planar undulator
= — =] —.
X1 (27‘5?’?1{32\} [JJ] 0 (4 T 21{2) 1 ( )

=1 for helical undulator

13




Low-gain regime

» Gain per pass is small, ignore Maxwell equation.
» Use only particle motion and energy conservation.

Therefore, the average net change in the electron beam energy at second
order is given by

*E¢K?[JJ)? ko L}
An) = (2r9(L,)) = <0 “u ),
(An) = (e“n2(Lu)) TAme 4 g9(),

where we have introduced the normalized gain function
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High-gain regime
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High Gain FEL — Exponential Growth

wiggler input
l field lEM field

Electron Equation
of Motion Ea—

lmicro bunching

Maxwell Equation |—
amplified

EM field

1D Theory: exponential growth, proposes SASE
Self Amplified Spontaneous Emission

Saldin et al. (1980)
Bonifacio, Pellegrini et al. (1984)

16



Maxwell equation
» Transverse electric field:

ecK 1
J, = "m0 cos(ky2) ; %O[z — zj(t)],
N

Beam cross section area

» We apply slowly-varying phase and amplitude (SVPA) approximation
E:r: _ E(Z, t)ei(klz—wlt) + E* (2’.{ t)e—i(klz—wlt) '

{

slowly varying  fast oscillatory

» \We then decompose the wave operator as

1 0? 0? 10 J
— — =D, D_ ith Dy = —— 4+ —
2ot 922 " e T T Y




> NOte that D_ I:Eﬁi(klz_wlt)} — _QikEei(klzwlt)+€i(klz%E.

neglect because |D_E| < k|E]|
» In addition, we have

D_|_ [Eﬁi(klz_wlt)] — Bi(klz—wlt}D+E

» Maxwell equation becomes to

| i - 0.J.
D E . —ZE(klz—wlt)D E* — —?rkl(z_wlt)_m'
T € + 260:%1626 ot
> Average both sides by | t+At/2 L I i
— dt’ '
)
t—At/2
1 1 ecK 1 —ilkt 2—w (2 .
D=~ 2eqc At 2702 Z ?6 et @) cos(kuz),
* jelzag
0 10 9 eK[)]



FEL equations and energy conservation
» Write the pendulum equations in terms of the slowly varying E:

df;
— — Qkunﬁ GK[JJ]
& i0,; S—p - 2y7me
d— == X1 (E€ J 4 E7e J)

2

» Change the field equation variables from (t, z) to (4, 2)
Using 6 = (k1 + k )z — ckit, we have

ol 1ol o 9
0z |, (‘81‘ 0z |y 89
» We obtain
o, o Y B eK[JJ]
[dz + kK @] E(0;z) = —xane(e ") A X2 = T,

» 1D FEL equations conserves total energy (particle+field)

i[Zne(l-H?j)'}’rmcg—l-/dt?@}E (0; 2) ‘ ] =0
Ui A

Particle energy density Field energy density

19



FEL scaling parameter p

We introduce the as yet unspecified parameter p by defining the scaled
longitudinal coordinate z = 2k, pz that leads to the phase equation
Nj

da. -~ A % :
d:‘? =1); for ; = = (the new “momentum” variable).
z P

To simplify the energy equation for 7);, we define the dimensionless complex

field amplitude
X1

- 2k, p?

in terms of which the energy equation reduces to

a L,

di _ .
C?::; - (L(Hj., 2)639}' + (L(Qj? 2)*6_39j°
Z

Writing the field equation (4.72) in terms of Z and a, we have

o 10 h
[a:g i 2,0391 al6,2) =

[ mexaxe UB’_ e K2[J))?n, 1/3
P= (2ky)? -~ \32e0y3mc?k2

2 9 1/3
N [8; II (1 flfii]/z) 2;:;2] . 1,=17 kA'is Alfven cuprent
A x



FEL efficiency

> At saturation electrons are fully bunched so that |(¢ ")a| =1, and radiation

amplitude |a| — 1 at saturation to |E| — 2k,p?/x1, so that the maximum
field energy density

4}{72 3
2¢0 |B|* ~ 2€0p ;"’2’0 = QEUP% = pneyrme’.
1

Because n.mc?7, is the electron energy density, we see that p also gives the
FEL efficiency at saturation:

field energy generated
p p—

e-beam kinetic energy’

Therefore, the FEL (or Pierce) parameter p determines the main character-
istics of high-gain FEL systems, including

Saturation power ~ px(e-beam power),

saturation efficiency (p ~ 1073 for short-wavelength FELS) N



1D solution
» lllustrate FEL gain by neglecting & dependence of E field (slippage)

Z
dn); — ae'%i + q*e j = n
dz P
d{I i0.
—_— = — e_ J . Xl
d3 < >ﬁ- a 2kup2 FE

These are 2Na + 2 coupled first order ordinary differential equations, 2Na
for the particles, and 2 equations for the complex amplitude a. In general,
these can only be solved via computer simulation. However, the system can
be linearized in terms of three collective variables

a (field amplitude)
b= (e i\ (bunching parameter)

P = (ﬁje_mj YA (collective momentum). 22



Cubic equation

da ; Bunching produces

dz coherent radiation.

db _ip Energy modulation becomes
dz density bunching.

dP Coherent radiation drives
—~ — a .

dz energy modulation.

These are three coupled first order equations, which can be reduced to a
single third-order equation for a as

d>a

dz3
We solve the linear equation by assuming that the field dependence is ~
e~ which results in the following dispersion relation for su:

— 1.

,(,53=1.

 —1—V3i
= ——,

H1 = 11 2

23



Exponential solution

> General solution

3
a(z) = Z Clpe~ ez
(=1
» Solving for the initial conditions
N b(0) . i3
a(z) = 3 Z [a(O) —j—= — wgP(O)} e ez,
(=1
» At large undulator distance, the exponential solution () dominates

a(z) ~ % [a(O) — i% — iﬂgP(O)] e I3

seeded SASE or pre-bunched

» Consider the case of SASE (no seed and no energy modulation)
. 1 c 3
(Ja2)) = 5 {[b(0)*)ev™.

Here, the scaled propagation distance /32 = v/3(2ky2p) = z/Lco, and the
ideal 1D power gain length is Ay

Lo = .
GO /3 »




What is SASE?

» Shot noise originates from discrete nature of electrons

>S > SASE

A
v

Az

electron arrival time t is random =» spontaneous emission

=» amplified by FEL interaction

=» guasi-coherent x-rays

FIG. 1: Whether noise is a nuisance or a signal may depend
on whom you ask. (Cartoon by Rand Kruback. Used with
permission of Agilent Technologies. ) 25




Qualitative Analysis

The bunching at the undulator entrance (|b(0)|?) derives from the initial
shot noise of the beam, which is subsequently amplified by the FEL process.
This input noise turns out to be approximately given by the spontaneous
undulator radiation generated in the first gain length Lo of the undulator.

(1b(0)/2) = <Ni > e > ~

leon | j€leon
where NV} is the number of electrons in a coherence length ... As we have
mentioned, the normalized bandwidth of SASE is Aw/w ~ p, so that the
coherence length I..;, ~ A1 /p; alternatively, one can recognize the coherence
length as approximately given by the amount the radiation slips ahead of
the electron beam in one gain length. Hence, the startup noise of a SASE
FEL is characterized by

Saturation Regime
Ao/ ~p

LM
ec p

lcoh

Exponential Gain
dP/dw = exp(z/L,;)

Aw/m ~ \[p/N,

Spectral Power

Spontanecous Emissio
dP/dw « N,

0 ] i
P Undulator Periods (N,)



Quantitative Analysis

» Solving Maxwell-Vlasov equation in the linear regime before saturation. The
Vlasov equation describes the evolution of particle longitudinal distribution
under the influence of the electric field the particles generate.

> The initial particle energy distribution is described by V(7) with [ dn V(1) = 1.

dP Aier ok dP pYrmc?
T turpkez | +
dw 94 (dw 0 98 on
qp seeded SASE
— | = input power spectrum,
dw |,
1
9A = T 2 D(p) = ———[d;r
D'() ) = b o
gs = / dn vin) frequency detune Av =(w-m,)/ ®
n/p— ul? v

» Solutionsto D(u) = 0for which  has a positive imaginary part () give rise to
exponential growing radiation power.

27



Dispersion relation

» Cubic equation is now generalized to a dispersion relation (x as a function of
Av) for an arbitrary energy distribution.

Av Vi(n)
Di-:f-—_——/dr? , S =
W=1=3, "l — )2 0

> For a flattop energy distribution g b AR

g c/ |
M

Av/(2p)
for a flattop energy distribution with the full width An = (p, where (a) ( =

0 (black), (b) ¢ = 2 (red), (¢) ¢ = 4 (blue), and (d) { = 6 (purple).

-l

» For a cold beam with vanishing energy spread

Av 1
D() =~ 5% — =5 =0,

20  p? | 28



Effects of energy spread

1 A K¢
N T :
L

off-energy particle

» For efficient FEL interaction, the resonant wavelength spread caused by the
energy spread over a gain length << 1

Ay QA)\ )\u N
70 < 47Tp

on < pP~103for short-wavelength FELs

This effect for a Gaussian energy spread can be approximated as affecting
the gain length via

La(og) ~ Lao |1+ (on/p)*]

» This is a local energy spread requirement not a global one
29

» Concepts of “slice” energy spread (later )



SASE Bandwidth

» For the case of vanishing energy spread (cold beam)
Av 1

D(u :L————:[],
gA_g? gS_a
Ay V3
Lg=Lgyg=—+—, m = —.
G GO 4W\/§p HI 3

» AssumingAv/p < 1, we can expand the solution in Taylor series

2 2
PPN [1—A”+ (AV)Q ] e [1— (A”)Q ]
3p 36p 2 36p

2
1 [ w—wn, )\’
64H19ku2 _ 6z/LG exp | — = ( m)
2\ wnoy

SASE bandwidth | o, = o, = 1/3]:@’ . /jb_g ~ /f’_ﬁ" -~
U G U

30



SASE shot noise power
> Integrating over the SASE term over the frequency, obtain power

IR
j_ij = hurpkuz g, / U+QSP /;;nc )
P= [a 5L = 450aP 250 Varino el
/LG
= QSQAPPbeamﬂTM-
Here Ppeam = (I/€)y.mc? is the e-beam power and Ny, = (I/ec)lcon is

the number of electrons in one coherence length l.on = cteon = A1/(24/70).
Since we expect the saturation power to be about pFPeam, the total ampli-
fication factor will be about Nj_, , which is a large number whose typical

magnitude is 10° to 107.

» Example: LCLS shot noise power

p=5x10"4, P, ,m = 14 GV X 3kA =40 TW

Psat ~ P Ppeam = 20 GW

|. = 1.5e-10/(2.5x5x104) = 0.12 u m = 400 attosecond
N,. ~ 107,

Proise ~ pream/NIc =2 kW

31



Slippage leads to coherence length and spiky

structure
Due to resonant condition, light overtakes €~ beam by one radiation
wavelength A, per undulator period (interaction length = undulator length)

-~ i ;

T = T = T = T

Z

—>!

Na,

PEMmaT—] [ [=] [ [=1 [%1 [=]

Slippage length = A4, x N undulator periods:
(at 1.5 A, LCLS slippage length is: I, = 1.5 fs << 100-fs pulse length)

Each part of optical pulse is amplified by those electrons within a

slippage length (an FEL slice) sllppe}[%e
en

Coherence length is slippage over ~2L (I, = |/10) JWL\
I

M, = Az/l_ independent radiation sources (modes)




Temporal coherence

* E()=2; Eo(t-t), t; is the random arrival time of | e
~ NAlc )

|
E,: wave packet of a single e w \/M
- 2 A |N

u

| < 5
* coherence time (one FEL slice) | Cooh = ~

o 7nC\ p
/ o

|.=C7.,, ~ 1000 A << bunch length

« Sum of all packets = E(t)

|‘7 bunch duration Tb—~|



SASE Statistics
(Saldin, Schneidmuller, Yurkov)

1(r) = |E(r) I(0) =|E(o)

Probability distribution describing both the
spectral intensity I (w) and the time-domain

intensity /(r) 1s the exponential distribution

| TN
] = —¢€ v
p(7) 7

SASE Pulse Energy

Iy
W(z)x [|E(t.2)
0

2 dt

34



Energy Fluctuation oy
Number of Modes M

o _ V=) _ 1 _7eoh

) ) .

Energy per pulse 1s described by the
Gamma Daistribution

M-1

MM w) | W
W)= xpl — M
pw (V) r(M)[<W> | @ ‘“‘“’[ <w>}

Field Correlation

35



Intensity Correlation

(E@ B ) )
g:(ﬁ—fz):ﬁ ; :

e
[
—
—
I
I
—
I""'F
e
k-
<P>

20

1.5}

1.0}

05|

0.0

pulse energy

25

T.b T T,

FW | 2
dt, [dt;|g-(t; —t2)—1]=—=— [dfg(t)
we T {{ 1{{ 1 L —L} all
, R A
oy _ w-my 1 rz.

¥ : v 3
=y M T

Teoh = J‘{ff|§1{i']2

T, {fs)

20 —————o

15}

10

coherence time
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Measurement of temporal coherence
A

Michelson interferoimeter
=

movable mirror —___
= halfsilvered m:'lrrn?l Miche|son interferometer

B d+x )‘

ﬁ;dmin'ur
- I T,——I
2058 | ]« 1l nn
gos
D ] |
02 . jul ' -.'IJ’[.J#‘
0 .40 220 0 20 40

Delay, T 37



Statistical fluctuation

* Due to noise start-up, SASE is a chaotic light temporally

with M, coherent modes (M, spikes in intensity profile)
bunch length T,
coherence length 7

M, =

coh

* Its longitudinal phase space is M, larger than FT limit
(rooms for improve!)

AW 1
* Integrated energy fluctuation =, ~~ M,

* Singe spike intensity fluctuates 100%

* M, iIs NOT a constant, decreases due to increasing
coherence in the exponential growth, increases due to
decreasing coherence after saturation)

38



o o . LCLS 1.5 A simulations
Statistical fluctuationislarge | ¢
for long-wavelength exps 10°°} —
since M, is only a few, 1) '
but much smaller for X-ray N

o 1081
FELs =
o 107 |
1081
19 0 10 20 30 40 50 60 70 80 90 100110120
z (m)
1:)(1[) J z)(10 | 2)(10
g s IW'MM ".“ MW]I{MNM I|' %3 “ { %1? '
SRR T It i "rlL'”“
: 2 sl '\l' WA “ l‘i'/ | l 1k
LCLS near Sa‘turatlon GU 5 10{{} 15 20 [:U 5 {f} 15 20 CO J 15 20
t(fs t S t(ts}
ML -~ 200 9 (a)z=25m (b) z=50m (¢)z=75m

30 % of X-Ray Pulse Length I 39




SASE spectrum

» Spectral properties are similar to temporal domain,

except that everything is inverted
40

A
LCLS spectrum  spike width ~ C—
N b’

Ll
e
T

bandwidth ~ 2 p [

.

=0.20 =0_11 0.00 0.10 0.0
(e Weo | [ %]

P{ ) [ mJ /% BW |
-

e
=

« Example, LCLS relative spectral spike width
for 100 fs bunch length is 5x10°,
for 10 fs bunch length is 5x10-°,
for 1 fs is 5x10*

40



SASE 1D Summary
A,

» Power gain length L, =
477\/§,O

» Exponential growth P = P, exp(z/Ly)

» Startup noise power P, ~ p>ymc3/ A,
~ spontaneous radiation in two power gain length

» Saturation power ~ p X e-beam power
» Saturation length ~ 1 /p~ 20 Lg
» RMS bandwidth at saturation ~ p

» Temporal coherence length at saturation ~ A/p



Transverse coherence

Z=25m Z=37.5m Z=50m

Radiation Profile

Radiation Protile Radiation Protile

o, Lrrinou)
o, Lrrinou )
o, Lrrinou )

0004 0002 0 [’:‘Rofduﬂ 0.002 0.004 ~0.004 -0.002 0.000 0.002 0.004 ~0.004 -0.002 0.000 0.002 0.004
. 6. [mRad] 6. [mRad]
Radiation Profile Radiation Profile Radiation Profile

o, Lrrimau)
o, o)
oy Lronauy

-0.004 -0.002 0.000 0.002 0.004 ~0.004 -0.002 0.000 0.002 0.004
9. [mRad] 8. [mRad] ~0.004 -0.002 0.000 0.002 0.004

6. [mRad]

Single mode dominates = close to 100% transverse coherence



Peak Brightness Enhancement From
Storage Ring Light Sources To SASE

g — ffof photons (Q;- phase space area)
Q. Qy Q,
Enhancement
Undulator in SR SASE Factor
# of 6 7
photons G‘Ne OLNeNIC Nlch O tO 10
2 2
Q.Q, (2ne,) (2me,) (1/2) 10
Q A
Z _a)(ﬂjzl(ﬁxl()ps A—w-(ﬁlewxmojfs 10°
(0] C Q C compresse d
B 1023 1033 1010 to 1011

N,.: number of electrons within a coherence length I 43



Nonlinear Harmonic Generation

* FEL instability creates energy and denstiy modulation at A,

« Near saturation, strong bunching at fundamental produces
rich harmonic components

small signal, linear regime near saturation, nonlinear regime

o -

f\/\/\/\,/\/\/\/\/

> 1

* In a planar undulator, emissions of harmonics A,=A/h (h=1,2,3,...)

beam frame 8

viewed off-axis =» broke the half-period symmetry =» even ones
44

odd harmonics are usually favored




Harmonic Interactions

« Harmonics are not independent: Maxwell-Vlasov =»

o V?
+_ . la,= a,term + > a, x..xa, term

oz 2ih — _
linear bunching \h1+"'+hm_h

J/

~
nonliner harmonic interactio n

* In general a = ahL 4+ ar']\'L
— —_

Linear Nonlinear Harmonic Generation

 For fundamental, nonlinear term is weak until saturation
For harmonics, nonlinear term dominates before saturation

- In general, a,"* ~ a," >> a,*, with a nonlinear gain length L /h

Bonifacio, Salvo, Pierini, NIMA (1990)
Freund, Biedron, Milton, IEEE (2000)
Huang, Kim, PRE (2000) 45



Nonlinear harmonic generation

B Coherent harmonics A/h driven by fundamental A,
=> gain length = L/h

=» Similar transverse coherence

=» Significant 3"9 harmonic power

10" s
% 1 09 LCLS at 1.5 A
> 108]
- :
§ 17
o F
- 108
0 =
ﬂ: i -
20 40 60 80 100
Z (m)




Seeding to Improve temporal coherence

» High-gain harmonic generation (HGHG)
» Echo-enabled harmonic generation

» Self-seeding

X107 | | | ,x 10"
SASE
3 1 3
s 1 A0 - o 1
2 L | I ﬂ |' M'I ‘h u ”‘ rLﬂ || >z seeded
205 H|| I I | P W“ H I 205
Ulu”iu A\ ‘l“ "”] nhw lr|
0 l'l II"| L| . P J ‘ | 0
0 5 10 15 20 0 5 10 15
t (fs) t (fs)




L.-H. Yu, PRA44, 5178 (1991)
HGHG Principle

seed
laser
to next
e'.e.satt?n?/ stage
Ay
Density *
=== == |
.\7$ EAYj E E S
Donslty‘ —>| 30004 |~—
—»| |[«—10004 48




High-gain harmonic generation

-

0 2,

T

fo(00,M0) f1(0m) f(0,M)

1t
TAtUI ﬁ“ “

0=ck, At is the long. position (phase) w.r.t. to the wave
n = Ayly is the relative energy variable

Energy modulation

Density modulation

n = no + Ansinfy

0 = 0 -

f2(0,m) = 1,(00:m) = f5(60,M0)

/

- k1 Rsen

Initial unmodulated distribution 49



by, —(e—h0) — / dndfe—" f (. )
= / dndby exp [—ih(0y + ki Rsen)] f(n., 6p)
= / drodfo exp [—ih(8o + ki Rseno + ki RsgAnsin(6o))] fo(mo)
:/d‘ﬁﬂfu('ﬁu)e_mklﬁsﬁ”‘*/fi-‘f’n exp [—ih(f + ki Rss Ay sin(6p))]
—Jn(hky Rss An) f dno fo(no)e ™ tisem

If we further assume that fo(10) < exp[—n?/ (Zcrf?)], then we obtain

h%fﬂgﬁgﬁ)
5 .

bh = Jh(hk1ﬂ5ﬂﬁ?}') exp (—

and the current modulation amplitude is just 2|b,|. The Bessel function J,(z)
maximizes when = ~ 1.2k, this vields the optimal chicane strength

1.2
f{f1R55 ~ ﬂ—?}* .

Then the exponential smearing factor becomes

;_‘2 2
exp (—0.72 : Jﬁ) >0




E In order to reach ht" harmonic
An ~ ho, .

B Energy modulation becomes effective energy spread in the

radiator
Ong A \/U'E? + An?/2,

» Need several stages to reach very short wavelengths
Each stage uses a fresh part of the beam

- 1] =

e-beam  giage 1 Shifter Stage 2, 3,...

51



BNL SDL results

Spectrum of HGHG and SASE at 266 nm under the same electron beam condition

1
0.23 nm FWHM
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L.H. Yu, et al., Phys. Rev. Lett. 91, 074801 (2003). >



Fermi FEL at Sincrotrone Trieste (ltaly)

Bunch compressor Bunch compressor Beam switchyard FEL-1
~—-_—
— — l .
H_} ~ S ) ) \— —~ _/
Injector Linear accelerator Vertical FEL
transport
line
« Spectral range covered by two undulator lines
FEL 1: 100 — 20 nm (12-60eV) single stage
FEL 2: 20 — 4 nm (60-300eV) two stages
nature b
- ARTICL
phOtomCS PUBLISHED ONLINE: 23 SEPTEMBER 2012 | DOI: 10.1038/NPHOTON.20 RS

Highly coherent and stable pulses from the
FERMI seeded free-electron laser in the
extreme ultraviolet

E. Allaria et al.*




Echo-Enabled Harmonic Generation

Laser /Ll Laser ,4,3

(1)
/ III IIIIII

beam \oqilator 1 Modulator 2

clm

radiator

0 025 05 85 025 0 025 05

85 025 0 025 05 85 025
z/h

z/n z/n

One optical cycle

Separated energy bands

—p Separated current spikes

« Very high harmonic (~100) microbunching may be produced

G. Stupakov, PRL, 102, 074801 (2009)
D. Xiang, G. Stupakov, PRST-AB, 12, 030702 (2009)



G. Stupakov

Echo bunching theory

A general expression for the bunching factor by can be derived for
arbitrary wi and w;. Practically, the case w; = w> = w can be
realized with a single laser beam.

N(z)/No=1+) 2bycos(kkpz+y).
k=1

A = AE,0q/0F B =Rsekr0g/Ep

by — l Y ™Ik (Ai((m+k)By + kB)))

mM=—00

« Jo (KA,B,) e~ 2 ((m+Kk)B1 +kB2)?

where ¢ is the phase between the laser beams 1 and 2.

Remarkably, the maximized value of |by| does not depend on ¢! o



G. Stupakov

An example, 10th harmonic

Assume A, A> = 1 and optimize the amplitude of the 10th

harmonic.

008—] LTSS LU ETL L [ S ] L L L [ERL LR ] EL L @

B0 - B q The bunching factor for k = 10
= " B.=14 ; as a function of parameter B, for
= different values of Bj.

0.02f / d

0.00 =t .v ........ —

The maximal value of by is attained at By = 12.1, B> = 1.3, and
is equal to 0.08. RMS energy spread of the beam is increased by
40%. 56



G. Stupakov

Phase plots of echo induced modulation

Phase space after the second modulator for various dispersion
strengths B> and A, =1, w; = w>.
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G. Stupakov

Modulation amplitude versus harmonic number

0.14F "
0.12:
0.10:
0.08}
Q [
~0.06}

k|

0.04f
0.02f

0.00F

1 ? 1 1 1 1 l 1 1 l

6 8 10 12 14
Harmonic humber

Echo excites a relatively narrow spectrum around the optimized
harmonic. 58



G. Stupakov

Maximal echo modulation

What is the maximal echo modulation one can get with optimized
amplitudes Ay, A, and dispersions?

by| =

0.35F |
0.30f
0.25F
$0.20f
=045¢
0.10F
0.05F :
0.00:-1....l....l....l....l....r:

Remarkably, |by| is a very slow function of k! 59



EEHG demonstration experiments

[D. Xiang et al PRL 105 (2010) 114801] [Z.T. Zhao et al Nature Photonics 6 (2012) 360]

A= 739 nm, A, = 1590 nm A= 1047 nm, A, = 1047 nm
Wavelength vs chirp
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Two-stage self-seeding option*

demodulated output
electron beam bypass electron beam radiation
1st undulator grazing 2nd undulator
 F & 3 VIS | EEEEES
> >— " o —— 3 B »- >—
[ & = i EEREEEREEN
SASE FEL slit FEL amplifier
(linear regime) vy VvTTes (steady-state regime)
grating
electron beam monochromatic electron
x-ray beam beam dump

Schematic view of the seeding option for FLASH

Basic requirements:

1) The 18t section operates in linear high-gain regime, <Pg,ge>~10MW
2) The micro bunching is smeared out after the magnetic chicane

3) The monochromator resolution Aw/®w~5-10°

4) The seeding power Pggep~10kW >> shot noise power Pgyor~10W
5) The seed pulse is amplified to saturation in the 2"d undulator section

* J. Feldhaus et al. / Optics Communications 140(1997) 341-352 ol



Hard x-ray self-seeding @ LCLS

diamond crystal

y y
SASE FEL weakmagnetic uniform tapered
(U115:51 m) chicane at U16 undulator undulator
(3.2 mlong) U17-25:31m  U26-33: 32 m
Geloni, Kocharyan, Saldin (DESY) low-charge { 0.02 nC ) mode of operation
FEL spectrum ... Power dist. after jde-band :
-, after o diamond crystal ‘qwer Self-seeding of
| diamond 5™ B
| crystal 2 ) _ % 1-um e pulse
Monochromatic / at 1.5 A yields
104 BW with
S ] low charge
5,0x10" o mOde

l | =T g
01488 01200 0as02 0,1504

Anm]

NATTONAL ACCELCERATUR CABURATORY



HXRSS at LCLS (replacing U16)
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8.3 keV

SASE

!
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diamon
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chicane
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Gain Curnve Shows Seeded Pewer Saturation
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Undulator 2-7

e
SASE FEL ; :
: g
2 5
5107 L
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— & — 5ASE gain
4+ SASE ongraiing [}
| — = — Seeding gain
: Simulation

40
Undulator position (m)

0 20

80 a0 100

<«== Beam direction

I Spectral brightness ~5x higher than
SASE

D. Ratner et al., PRL 114, 054801 (2015)
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Thank you for your attention!
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