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* I[nsertion device radiation
 Time dilation effects
* Bending magnet, undulators, wigglers

» Synchtrotron light sources
* Energy trade-offs
* Experiments
 Achieving higher brightness

* Free electron lasers (FELS)
» Gain and spectrum
* Fully coherent x-rays
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Laser Technologies Span THz to UV

iscrete lines, not widely tunable

Nd:YAG (doubled) 532 nm
Er:glass 1.54 pm

Gold vapor 628 nm
Nd:YAG 1319 nm

1064 nm

193 nm
308 nm
Nd:YA
- (Otheﬁwcsts 1047-1079 nm)

157 nm
Copper vapor 578.2 nm

Ag* 224.3 nm KrCl excimer 222 nm
Copper vapor 510.5 nm

.. EnYSGG 2.79 pm
= Er:iYAG 2.90, 2.94 pm

Nd:YAG 946 nm

Nd:YAG (5 "harmonic) 213 nm
Nd:YAG (4 Tharmonic) 266 nm

ArF excimer
XeCl excimer
He-Cd 325 nm
He-Cd 441.6 nm
o« TmM:YAG 2.01 um
“ Ho:YAG 2.08 um

o
£
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« Krf excimer 248 nm

* He-
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5(][]Inm i 900 nm 1 |,Ilm 10 pm 30' um 1‘

InGaAs

Ti:sapphi ' i {doub
(tripl 3.8 un
235-330 nm
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0.2-0.4 uym
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36 um

No sources due to material losses > gain e

0.9-4.5 pm
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Laboratory Radiation Source Development

= Tunable radiation sources based on electron

beams
» Developed over decades from ‘tubes’

= Fill gaps in laser spectra and optics

= Tailored for experiments and applications.
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Radiation from Charged Particles

* The treatment of the radiation field emitted from charged particles
follows classically from Larmor and Lienard-Wiechert.

2 _e* o P 1 e 5 . 5 ‘a’ is apparent
a = a“-sin“6 .
3 4megc3 dQ 4w 4meyce3 acceleration

PLarmor -

dP(t") 1 e*a’ sin?0
dQ  4mdmeyc3 (1 — S cos6)>

Acceleration || velocity

dP(t") 1 e®a®* (1-pcosf)*— (1—p?)sin’6 cos*d

— Acceleration 1 velocity
dQ ATt 4mreyC3 (1 — B cosB)>

\ Bt
Acceleration || velocity - »

J.D. Jackson (1998) Acceleration 1 velocity
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Relativistic effects in time dilation

= Emitter time vs Observer time

x A -
_ / / ~ // ?,-1
fobs = temie T R(E)/c Bending Magnet - j— ——— »
\\ | '1"_115 ¥
= Scale factor At = k(t")At’ AN
dt — \\ﬂlr'f
K(t’)zﬁzl—n(t’)-ﬁ(t’)zl—ﬁcose . sz
a
1 1<<1 . 1+92 6 <1 * 4
—f = — SK~=-|— ;
g 2y% 2 \y? . |
At’ AT SB T~
YAt ~ —;0<y! o a
14 e
d’x  Ax 4 C° ] 11 kG li Emitter time
X T AT L (6) ;
Apparent Acceleration Effects -
Observed electron motion is TARET T ax~ £
compressed in time when velocity i oo
and observation angle are aligned to "‘*: F 2 Lab time
ithin v—1 | 7% -
Figure 2.1 The electron trajector within |4 [cl} s >t

F R I B @‘ Facility for Rare Isotope Beams K.J. Kim, AIP Conf. Proc. 184, 565 (1989).
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Undulators and Wiggler Motion

= \We increase the number of emitters by creating specialized magnet
devices, undulators and wigglers, with multiple poles.

Pure permament
magnet (PPM) scaling
of peak field with full
gap, g, between jaws

FRIBE .

Magnetic field in the planar insertion device
B, (z) = By sin(2nz/A,) , N, periods

More complicated magnetic structures exist for
variable polarization control.

g\

B,[T] = 3.44 exp [—i (5.08 _ 1.54—) . NdFeB

Ay Ay )|

g\

By[T] = 3.33 exp [—£<5.47 — 1.8—> ; SmCo

Ay A/ |

Facility for Rare Isotope Beams
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Insertion Devices

LCLS

PM
Undulator
Prototype

ol Bmarm o1\ Undulatorf
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Lorentz Force Governs Motion

F=q(E +7xB) = = q(5 x B)
i d, 5 . d/ﬁ \_ o
I a(yﬁmc) =ymc—- q(v X B) = ec(,B X B)
dﬁ —e , > — dﬁ —e dﬁ e
(B x B) dtx = (BB, — B.By) = dtx = B.B,
Oth order — constant 3, g, e

efzB, .
B.B, = yLmOsm(an/Au)

15t order — oscillatory S,

2"d order — oscillatory 3,
) 4 >1 d d dle

o

e
~ — S — :
B, ~1> [, = B | e sin(2mz /1)
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Equations of Motion from Lorentz Force

» Electron transverse velocity

By = gcos(ZnZ//lu) where K = 22lu

2mmece

= 0.9341,[cm]B,[T]

* The maximum slope in the trajectoryis 6§ =K/y

» \We differentiate between ‘undulator’ (K < 1) and ‘wiggler’ motion (K>1)
* The longitudinal velocity, cf,, is found

KZ
1 , 1+ > K2
B, = |1-— 7 Bi~1-— 22 1y cos(4mz/A,)
* And displacement (with w, = 2nc/A,)
KZ

1 K 1+—5 K2 - , :

—7(t") = [—, 0, (1 — V )t’ — sin(2w,t") Figure-8" motion

c Yy, 2y? 8y 2wy,

Longitudinal ‘slippage’ B.M. Kincaid, J. Appl. Phys., 48 (1977), 2684-2691.

K.J. Kim, AIP Conf. Proc. 184, 565 (1989).
Facility for Rare Isotope Beams
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Bea

m-frame and Lab-frame Motion

K< | y K> 1 SYNCHROTRON
MOVING FRAME DIPOLE PATTERN MOVING FRAME R:fTI:‘EII:?l“

MANY

HARMONICS
NO HARMONICS

e
{a) (c) Yy

-~

K< | Y K> |

FRIBE .

LAB FRAME X LAB FRAME
el

E}%

(b) {d)

FIG, 2. Schematic representative of radiation produced in
strong~- and weak-field cases viewed both in the lab and in the

moving frame, B.M. Kincaid, J. Appl. Phys., 48 (1977), 2684-2691.

Facility for Rare Isotope Beams
U.S. Department of E Office of Sci e .
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Equations of Motion - Longitudinal

» The unit observation vector, n, is approximated by (with 6, (P,l,b’vi K1)
n= (p,P,1—0%/2), and 6% = ¢p? + * K

» The observer time (t) is then

K2 TR

1+ = +y%0% K2 Ko
!/ 2 . I/ . I/
t=t 277 + S0y sin(2w,t") o7 sin(wy,t")
2
- Multlply by (,()1 ( 0) — Ki]/ (,()u Figure 4.2 Coordinate system for the undulator radiation.
1+—-+y26?
. , K? . , 2yK¢ . ,
= To obtain w,(0)t = w,t’ + 2 sin(2w,t') — 72 sin(wy,t")
4<1+7+y292> 1+7+]/292

= The apparent motion is periodic in time with period 27 /w,(8) but not sinusoidal.
» The period is shorter than the period in the electron emitter time by a large factor.

= Undulator radiation exhibits sharp spectral peaks at odd multiples of w,(8) on-axis.
K.J. Kim, AIP Conf. Proc. 184, 565 (1989).

F R I B @‘ Facility for Rare Isotope Beams
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Intensity and Spectral Characteristics

Q
-

Ke1 The radiation from an undulator has
bandwidth Aw/w = 1/2N, (where N, is the
Linewidths increase due number of periods in the undulator), and is
to beam emittance and x{ emitted in a cone with opening angle 1/y.
ray optics
The on-axis intensity in the 1t harmonic is
Even harmonics 2 2

d e K*“/2 i

I
from off-axis — (6 =0) = N2—vy? WLV
acceptance dQdw ¢’ (1+Kz2/2)

g (K4 N\, (K4
Where [J]] = /4 ((1+K2/2)2) Jo ((1+Kz/2)2)

™

Y5 20 25 30 35 40 95 5.0
/e, (0)
Figure 4.9 The angle-integrated undulator spectrum for K = 1. The dotted lines

are individual harmonics and the solid line is their sum, including up to the 4th
harmonic.

K.J. Kim, AIP Conf. Proc. 184, 565 (1989).
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Brightness and Coherence [1]
Electron beam size effects

Beam size (o)

10 6'/0cen =

o
fo's
[

o
o
[

o
~
[

Photon flux per unit bandwidth
(relative units)

S7h

02 0'/8cen =2 —*~~}£‘| |

0 L1 |_|_|—+—'r"|'___’—_-_’|

300 350 400
Beam angular divergence (¢’) Photon energy (eV)
Preserving the spectral line shape of undulator
radiation requires
o2k 0% (5.55b)

Define effective, or total central cone half-angles

oy
N
|
|
|
p% —
Or, = Qgen + ()‘;2 and QT}' = Qgen + 0';‘2 (5.56)

COU rtesy D. Attwood S. Lidia, Light Sources and Free Electron Lasers, Slide 14




Bending Magnet, Wiggler, Undulator

A=5cm,N=289
Ber]dipg magnet Undulator radiation (K £ 1)
radiation @ K=1
f:j 7 * Narrow spectral lines
.’é! + High spectral brightness
% T 15Gey | °Partial coherence
5 400 mA
S
Wiggler radiation & Ze_’_?o A= P (1 + = 4y J
| I
T T T
_ eBohy
\ o K=2 = 2mmc
1 2
e— iN ‘\, = Undulator radiation '5:
A — = 8
A T S
- 5
ho 27 A |
w
H H ‘ L . A ll h Lo
T 1
Brightness Spectral Brightness Wigglerradiation (K == 1)
AP AP § i K=4 * Higher photon energies
- AA-AQ Bawjw = AA-AQ - Aw/w £ « Spectral continuum
m B
5 4 + Higher photon flux (2N)
\ ] ©
S| by = o fYeB,
2 T2 T m
B Ao M ?
. I n.= % [1 + ﬁ)
0 1 2 <=2 2
Photon energy (KeV)
fio g (Courtesy of K.-J. Kim)

Perfect optical system:

AAg - AQ. = AA; - AQ; ;1) = 100%

Conservation of photon phase space
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Optical Beamline

Sample focusing «—
mirror

Horizontal
focusing
mirror

Horizontial %
deflection/ ] /% ~

Translating Spherical
exit slit grating

Vertical Translating
focusing entrance
mirror slit

Vertical

focusing
mirror Elliptically
Polarizing
. . Undulator
Due to high absorption, soft and hard o
Incident nA=czdsin Reflected
. X-rav Beam X-ray Beam

x-ray optics are typically made from
multi-layer Bragg reflectors, bent for
focusing - “Kirkpatrick-Baez” geometry

Some EUV focusing optics are
transmissive, based on high-order
Fresnel lenses.

See https://www.cxro.lbl.gov/
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Brightness and Coherence [2]

Transverse Coherence

= Diffraction limited radiation fields can be described by modes (cf. Yariv, Siegman,

Loudon, etc.)

» Coherent modes have propagation characteristics: 2Grl ............... >
« Wavelength A, Rayleigh length Z, waist o, e 7152-?5;
- Divergence o, Zr =0,/ G, T Zr

» Lowest order mode is Gaussian
A z2
» 0,2) = (£ (2 +2) 012 =0y

= Overlap with electron beam (o,, 0,/) produces the resultant radiation pattern

* Xy =/0x% + 0,2 T =02+ 02

* If the electron beam moments are negligible with respect to the radiation mode
‘diffraction-limited radiation’, transversely coherent

Photon beam
emittance

A

A
» Xyt R OpO, = pp
. . . Screen |
« If the electron beam moments dominate the radiation mode N
Eayr > ‘incoherent radiation’ o

» iyl ! >>E Inconerent radiation its )) 2 At Tt
 Intermediate case is ‘partially coherent’ radiation 1 )

» No. of coherent modes is represented by [

Zxer Ex Partially )
» M T = A/4m ~ ; coherent source
Incoherent/

power

Facility for Rare Isotope Beams

U.S. Department of Energy Office of Science - . .
I B w Michigan State University S. Lidia, Light Sources and Free Electron Lasers, Slide 17



Brightness and Coherence [3]
Longitudinal Coherence

Assume each electron in the bunch emits photons independently and randomly

2
c E@) =X Eo(t—t) =ey X ¢, exp|— (=) _ iw.(t —t; total radiation electric field
j=1 J j=1 40,2 J

_ 2
« E(w) = e:;—w‘/ﬁzyil exp [— ((‘;U(:;) + iwrtj] frequency description (Fourier transform), with g, = 1/0;

Define coherence time, t,,, of optical field E,(t) = egexp [—% —iw(t —t;)| via

* teon = [ dr|C(7)|* = 24/ma, where the 15t order correlation function is

. C(1) = ([ dt E()E*(t+7))

[ at EOE®) where ( ) indicates the ensemble average of sources

2 . .
' i i FI h
Consider an observation time T, - (Nph) uctuation in photon

ON,,~ = number in observation
o . Tob Tob i My period
The no. of longitudinal modes, M,, is M; = t": ~ 4‘;5
Consideri - 5 (Npn) 3 2
onsidering quantum statistics (degeneracy) On,,” =L+ (Npn) M =M My
Back to the electrons . ..  (|[E(w)|?) = |Ew0|2<|2§Y;1exp[—iwrtj]|2> = |Ew0|2{Ne + <2?’;k exp|—iwy(t; — tk)]>}

Electrons longitudinal distribution £ (¢), f (w) — <Z?’ik expliw,(t; — tk)]> = N,(N, — D|f ()|’

~ 2 . . . .
(E(w)|?) = N,|E,, | [1 + (N, — 1)|f(a))| ] Coherent enhanc_:ement if e_Iectron distribution
has structure (microbunching) at frequency ®

F R I B @‘ Facility for Rare Isotope Beams
‘ US.D fE Office of Sci .
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Electron Rings As Light Sources

Elettra | ALBA DLS ESRF APS | SPring-8 |
Energy 2 GeV 3 GeV 3 GeV 6 GeV 7 GeV 8 GeV
Circumference 259 m 269 m 562 m 845m | 1104 m 1436 m
Lattice type DEA DBA DEA DEA DEA DBA
Current 300mA | 400 mA | 300mA | 200mA | 100mA | 100 mA
Hor. emittance | 74nm | 4.4nm | 2.7 nm 4nm | 3.1 nm 3.4nm |

Ring parameters can be adjusted to meets specific requirements.
Presented parameters are typical operational parameters.

F R I B @‘ Facility for Rare Isotope Beams
‘ US.D fE Office of Sci .
w Micmge;agtg;nb2ive:15eitr3y o6 ormeenee S. Lidia, Light Sources and Free Electron Lasers, Slide 19



Choice of Beam Energy

Advantages of higher electron beam energy:
= Easier to produce high-energy photons (hard x-rays).
= Better beam lifetime.

= Easier to achieve higher current without encountering beam instabilities.

Disadvantages of higher beam energy:

» Higher energy beams have larger emittances (reduced brightness) for a given
lattice.

= Stronger (more expensive) magnets are needed to steer and focus the beam.
= Larger rf system needed to replace synchrotron radiation energy losses.

= Many modern machines settle around 3 - 5 GeV

Facility for Rare Isotope Beams

F R US. De fE Office of Sci
I B &@ Michiga o gttmt B gy eeeeeeee S. Lidia, Light Sources and Free Electron Lasers, Slide 20



Typical Applications of Light Sources
Protein Crystallography

The best-established method to reveal

the three-dimensional structure of proteir
Detector
[ J

Protein crystal s
Incident X-ray |
— =>
L J

Diffraction spot recorded on a detector
S. Lidia, Light Sources and Free Electron Lasers, Slide 21

The ribbon model represents the norovirus 3C-like protease;
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Preparation and Execution Of Experiments

reezing of crystals

, Slide 22




Result Processing
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Developing High Brightness Synchrotrons

TBA

Development of Multi-Bend Achromat (MBA) lattices to replace 3™ Generation Triple
Bend Achromats (TBA)

1‘:|1Fi

—h
o
o

Max-IV Ia‘ttlcq acrlmrornat per;o (of 20)

ks
=]
™

=k

o
-
]

machine function (m)

Coherent Flux (Ph/sec 0.1% BW)

=k

O
=k
%]

-—— soft x-rays —e=

10 10° 10°
Photon Energy (eV)
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MBA Upgrade Increases Beam Brightness for
Diffraction Limited X-rays

Parameter Units ALS ALS-U
Electron energy GeV 1.9 2.0
Horiz. emittance pm
Vert. emittance pm 30 ~50
: Beamsize @ ID - C<10/<10 )

center (o,/0,)
Beamsize @ bend | m 40/ 7 <5/<7
(0,/0)
bunch length ( 60-70 ) ¢ 120-200 )
(FWHM) onic

Nearly cavity) cavity)

diffraction

. RF f MH 500 500

limited soft < eaEney ‘

Xrays i Circumference m 196.8 ~196.5

BERKELEY LAB X ALS- U ‘

S. Lidia, Light Sources and Free Electron Lasers, Slide 25



Free Electron Lasers

= Free electron lasers operate on the

principle of electromagnetic instability i li l' Ii Ii Ii Ii I' Ii I
involving three components:

A relativistic electron beam .

« A magnetic undulator (K<1) i ' ' i ' ' Ii I'

A co-propagating radiation (EM) field

= The undulator field couples with the
transverse electron motion and allows a
transverse current to interact with the
transverse EM electric field.

log(Power)

= The EM field modulates the beam energy,
producing bunching and debunching over
the EM wavelength.

w

= Microbunching further enhances the coherent coupling between electron and photon field 2 gain
» These system can operate in oscillator or amplifier configurations

= Lack of available optics for hard x-rays means that only amplifier configurations are possible
+ Self-Amplified Spontanaeous Emission (SASE) and Cascaded High Gain Harmonic Generation (HGHG)
processes

F R I B @‘ Facility for Rare Isotope Beams
‘ US.D fE Office of Sci .
w Michigeaia;ttrgti”bﬁiv;j{jy o6 ormeenee S. Lidia, Light Sources and Free Electron Lasers, Slide 26



Storage Ring and Linac FELs

Bending Magnet Radiation

Furure Hard X-ray Source L
Imjection

aaaaaa

NIST undulator Proposed mm -wave FEL

Duke Storage Ring

OK-4 system

e R A = e i
B e A

l; >

i

Coherent FEL radiation
Spontaneous radiation 3-3000 nm
2-165 MeV y-rays

Coherent FEL radiation

Bending Magnet Radiation

_ s HED Dty S8knce
msmmssmmm  clectron tunnel € electron switch —1

Bl )
photon tunnel ® electron bend
g Optional space f
I undulator § electron dump P N
= - four Instruments

— @ = ] 50U
xs2 g xs-t/
.—.
\““““\ Femtosecond

‘“ FXE X-ray Experiments
xs3
o= Particles,
e ||||m|||||nuﬁ..-\ = SPB ond Blomeeciicaend

) — SEX Serlal Femtosecond

mm"‘ Crystallography

._. XsDU2
Small Quantum

.mm  SQS systems

= Spectroscopy &
SCS coherent scattering

xs1

linear accelerator SASE 2 SASE 1 SASE 3
for electrons (10.5, 14.0, 17.5 GeV) 0.05 nm - 0.4 nm 0.05 nm - 0.4 nm 0.4 nm - 4.7 nm
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1-D Gain and Scaling in High Gain Regime

= Linear gain regime Ay
* Microbunches form and become well defined Lyain = 43prEL
* Slippage carries photons to different microbunches
- Radiated power is increasing exponentially 2/3
P,,4(z) = Pye?/tgain —— power amplifier = [_ []] wp]

« Microbunch energy spread increases
» ‘Cooperation’ length (/,) is the amount of slippage

that occurs over a gain length a)g = 4T, C°N, Y
= Saturation
* The field saturates after a length Ly,; ~ 20 Ly Avad
« Radiated power is Py = preilpeamEpeam o = 1 Lgain
u

= Caveats (ie. what are the hidden assumptions?)
» Optimal phase space overlap between electron and photon beams
»e < Af4m
 Relative energy spread should be smaller than FEL parameter o5 < prg;

Facility for Rare Isotope Beams

¢ U.S. Department of Energy Office of Science
@ Michigan State University S. Lidia, Light Sources and Free Electron Lasers, Slide 28



Linac Coherent Light Source (LCLS)

(540m)
L3-linac

BC2 Undulat
TCAV3 naulator
135MeV 250 MeV 43GeV 3.5-14GeV

Table1 | Design and typical measured parameters for both hard (8.3 keV) and soft (0.8-2.0 keV) X-rays. The ‘design’ and
'hard’ values are shown only at 8.3 keV. Stability levels are measured over a few minutes.

Parameter Design Hard Soft Unit

Electrons
Charge per bunch 1 0.25 0.25 nC
Single bunch repetition rate 120 30 30 Hz
Final linac e~ energy 13.6 13.6 3.5-6.7 GeV
Slice” emittance (injected) 1.2 0.4 0.4 m
Final projectedT emittance 1.5 05-12 05-16 pm
Final peak current 3.4 25-35 0.5-3.5 kA
Timing stability (r.m.s.) 120 50 50 fs
Peak current stability (rm.s.) 12 8-12 5-10 %

X-rays
FEL gain length 4.4 3 ~1.5 m
Radiation wavelength 1.5 15 6-22 A
Photons per pulse 2.0 1.0-23 10-20 10"
Energy in X-ray pulse 1.5 15-3.0 1-2.5 mJ
Peak X-ray power 10 15-40 3-35 GW
Pulse length (FWHM) 200 70-100 70-500 fs
Bandwidth (FWHM) 0.1 0.2-0.5 0.2-1.0 %
Peak brightness (estimated) 8 20 03 1032+
Wavelength stability (r.m.s.) 0.2 0.1 0.2 %
Power stability (rm.s.) 20 5-12 3-10 %

*Brightness is photons per phase space volume, or photons s~ mm™ 2 mrad 2 per 0.1% spectral bandwidth.
"Slice' refers to femtosecond-scale time slices and ‘projected’ to the full time-projected (that is, integrated) emittance of the bunch.

S. Lidia, Light Sources and Free Electron Lasers, Slide 29



Lasing at 1.5 Angstroms

— Simulation

s sls e S o S M o e

1010 : * Measured 1, =15A

Y&,y =0.4pum (slice)
Ik =3.0kA
o /Ey=0.01% (slice)

FEL power (W)

y (mm)

-1 -08 -06 -04 -02
x (mm)

60 80 100
Undulator magnetic length (m)

P. Emma, et al, Nature Photonics, v.4, Sept 2010.
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Self Amplified Spontaneous Emission

= From 1-D gain
P,,4(2) = Pye?/tgain [

60 4 60 '

= What happens when P, = 07?

= Startup from noise " A \m H‘ I ‘

« Electron bunch is composed of " ﬂmm UVl 'Jk',m ik M '.'..
distinct particles with randomized "t e e :;;- séo :se nsa
positions. Schottky noise exists - i
over broad band. o - w0

* Noise spectrum components at |
the fundamental wavelength (and
harmonics) couple to the EM field
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Figure 5.2.4  Temporal (top) and spectral (boftom) structure for 12.4 keV XFEL

A® 1 radiation from SASE 1. Smooth lines indicate averaged profiles. Right side plots show
_] ~ ~ 1()‘5 enlarged view of the left plots. The magnetic undulator length is 130 m.
D Jpire Or@ Source: The European XFEL TDR — DESY 2006-097 (2006)
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Two-Stage Cascaded Harmonic Generation

Seeded amplifiers can limit the growth of the noise spectrum
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Electron Beam Quality Determines
Performance

» Electron beam injectors are pushing on brightness frontiers
» Short bunches (< ps) and lower bunch charges (10s-100s pC)

» Emittance exchange methods (swap warm for cold phase spaces
when needed)

* Increase incoherent energy spread to prevent longitudinal
microbunching instabilities (‘laser heater’)

LCLS injector M0wd 230pd

s * FEL signal after 12 undulators
§250 ] T ¢ OTR signal after BC2 ]
T
2r k3 = 4
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I;I :
- =
1,5— * 1{ . i
=t - E3 -
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I . e < Z
ik 3 = = L =
I = ==
-l =

Laser-Heater

Emittance
Screens/Wires

0.5’ b _
> nal he tg()mammml ating - Coe e Tee=a
Deflector o A . - . -
L ' Laser heater energy (1I)
2-km point in 3-km SLAC linac ‘T L1S
135-MeV & X<,
Spectrometer ;?:Zj:
; P. Emma, et al, SLAC-PUB-14338, 2009
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Thank You!
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Additional topics

» Undulator topics
* Transverse multipoles
* Phase errors
* Variable polarization

» KMR equations
« Simulation of bunching and beam intensity (1D)
* SASE
« Self-seeded hard xray

= 3D effects
* Electron emittance — slice/projected, matching parameter
* Optical diffraction, gain guiding
» wakefields
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