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C) Experimentél Realization / Challenges

photo injector acceleration modules collimator undulators
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bunch bunch
UV laser compressor compressor FEL beam
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Free-Electron Laser

appendix for “experts”

Theoretical Approach: FEL

1 Introduction

2 Effects (decoupled considerations)
2.1 Particle Motion — Trajectory in Undulator
2.2 Continuous Source Distribution
2.3 Electromagnetic Fields

2.4 Particle Motion - Energy

3 Coupled Equations

3.1 Numerical Solution
3.2 Effects (now coupled)
3.3 Analytic Solution (Vlasqy etc.)




A) Motivation and Introduction

Need for Short Wavelengths

Why FELs?

Free Electron «<» Wave Interaction
Micro-Bunching

Amplifier and Oscillator

Self Amplifying Spontaneous Emission (SASE)
Why SASE?

Coherent Radiation



Need for Short Wavelengths
state of the art:
structure of biological macromolecule

reconstructed from diffraction
pattern of protein crystal:

needs ~10'° samples
crystallized - not in life environment

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

images courtesy Janos Hajdu, slide from Jorg Rossbach k



Need for Short Wavelengths - 2

SINGLE
MACROMOLECULE

courtesy Janos Hajdu

resolution does not depend on sample quality
needs very high radiation power @ A ~1A
can see dynamics if pulse length < 100 fs

we need a radiation source with < very high peak and average power
- wavelengths down to atomic scale A ~ 1A
* spatially coherent
* monochromatic
» fast tunability in wavelength & timing
* sub-picosecond pulse length ﬁ



Why FELs?

principle of a quantum laser

Es

e

Pump ——p 2
Laser transition
=

Mirror Permeable mirror

Active medium

RARNAR

Energy pump

Optical resonator

problem & solution:
active medium — free electron — EM wave interaction



Free Electron —» Wave Interaction

free electron in uniform motion + electric field lines
AL (before undulator)

trajectory

S— —— courtesy T. Shintake

http://www.shintakelab.com/en/enEducationalSoft.htm

permanent

undulator

iron pole shoe

—
electron beam
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Free Electron « Wave Interaction

e electrons — wave

Maxwell theory ... Z = position in undulator
d = C ~ amplitude of bunched current
_: _
dz 2 amplitude of EM wave

e wave — electron

equation of motion change of kinetic energy
of particle
dW
P —ev(t)-E(r(t),t)

change of averaged longitudinal velocity

e change of longitudinal micro structure “micro bunching”



X [mm]

Micro-Bunching

X [mm]

e longitudinal motion to 1st order is trivial, but

e micro-bunching is a 2 order effect
— coupled theory of particle motion and
wave generation

e transverse bunch structure is much larger
than longitudinal sub-structure
— 1d theory with plane waves

X [mm]

0.1nm



Amplifier and Oscillator

in principle FEL

e amplifier;  gmelitude amplitude electrons
" A A
> AVAVAS
frequency frequency wave
e oscillator: L{ -

instability, driven by noise, growth until amplifier saturates

e amplified noise:

amplitude

T Patitetatatatatity
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Self Amplifying Spontaneous Emission (SASE)

PRtata it ta ity
ANV
AR AR

|Og ( P/ PO) i _bur_mh of e_lectro_ns

e uniform random distribution of particles at entrance
e incoherent emission of EM waves (noise, wide bandwidth)
e amplification (— resonant wavelength, micro-bunching)

e saturation, full micro modulation, coherent radiation



Why SASE?

e oscillator needs resonator

but there are no mirrors for wavelengths < 100 nm
1001 e ]

Q
o
T

60
40F

20F

Reflectivity at normal incidence (%)

1000
Photon wavelength (nm)

e alternative: seed laser + harmonic generation + amplifier

seed laser

A

seed

modulation of micro bunching of amplifier 4 =N
electron beam a particular harmonic P seed m



Coherent Radiation

electron in undulator — plane wave in far field

incoherent superposition of plane waves:

E= VZNz;cos(k, (z—ct)+y,)=E, cos(k (z—ct)+y,)

VZNz;eXp(icov)( N\

O P, Ps field amplitude: E; =

radiated power: P, oc EZ oc N

coherent superposition of plane waves:

field amplitude: E; =

N
St -
v=l

radiated power: P, oc E2 ~ NO




Coherent Radiation - 2

TR

log(P/PO) i bunch of electrons
in icra-

no micro-bunching saturation:
(only shot noise) full micro-bunching
P, < N P oc N2

with N = particles per 4,



B) Theoretical Approach

Wave — Free Electron interaction
Resonance Condition

Particle Energy and Ponderomotive Phase
Longitudinal Equation of Motion

Low Gain Theory

FEL Gain

Micro-Bunching

High Gain Theory

Continuous Phase Space

Gain Length



Wave — Free Electron Interaction

IKX
electron
ecronl ;
wave
E(r,t)
undulator period A, k _2r
u
ﬁu
. od 1 K — 27 o wave number and
wave period period | | — 1 - C angular frequency
I

dw
change of electron energy = —.V E .
dt

undulator trajectory



Free Electron « Wave Interaction - 2

A

electron
(= 0) A

YN

wave V =averaged longitudinal velocity
E(r.t) Z =Vt + const
Vv, ~cosk,z

E, ~ cosik,(z—ct)+p}

dd—V:/ ~cosk,z cos{kI (Z —Ct)+ gp} = %cos{kuz +Kk, (Z —Ct)+ gp}+ %cos{kuz -k (Z - Ct)— (0}

cos{k,z+k (z—ct)+ o} =cos{(k, +k, vt —k ct+const}
- ~ D U |
slippage condition: 0 v

kv =k, (c—7)




Free Electron « Wave Interaction - 3

AX
electron
iy = .
wave
E(r,t)
o . dw 1 1
with slippage condition: W ~ 5 cCosy/ + Ecos{zku 7 + 5}

averaged versus one undulator period:

dw 1
—— ~ —COSY

dt 2

systematic gain or loss of particle energy



Resonance Condition

A

electron
(= 0) K

YN

wave

2r @, ~Wavenumber,
E(r,t) kKj=—= wavelength and
angular frequency

e systematic gain or loss of particle energy if

k7 =k, (c—v)
e equation of motion in undulator (without wave) —
K, . _ B
X(z)~—Esink,z  z(t)=Vt with K, _ %[ undulator parameter (~ 1)
ku7/ mok C

v I K?
and —=1- 1+7'D vy =Lorentz factor

C 2y* N
e resonance condition (~ energy)

A A K,
A =(C—V)?z27/2 {1+7'DJ

™



Particle Energy and Ponderomotive Phase

e resonance condition — resonant energy

K2
A = i 1+
2

: " : W A .
e if resonance condition fulfilled: <dd—t> o —Ecogy|  with y= const

ponderomotive phase

w= 0 — kinetic energy transfer EM — wave “laser”
w = — transfer EM wave — kinetic energy “accelerator”

e if resonance condition is not fullfilled: 7 # 7.

A K?>
particle slips in one period by (4 —¢)= : u £1+7p]
/4

change of ponderomotive phase Ay =k,



Longitudinal Equation of Motion
(in average)

e longitudinal phase space

dy

dy
oc — ECOS
dt 7/ 7/1'65 dt W

longitudinal position —»

energy — y
e equations are analog to mathematical pendulum

/4

/»\ two types of solution:

R

E ] \ ) Q/ %
N | &
m F separatrix ¢ . ;/ . J(\
- J rotation

“oscillation”
e trajectories in phase space

15 partlcles with different initial conditions
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Low Gain Theory

e neglect change of field amplitude

v ., 97 o [E
o C Ve m o« {Ekosy

e indirect gain calculation

¢ _ gainof field energy _ loss of particle energy _ W, (in)-W, (out)
initial field energy initial field energy

initial field energy

15 particles with different initial conditions
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e analytical analysis —

Goc—

d

sin® &

|

é;Z

|

FEL Gain

é:ocy_yres

res

periods of undulator



Micro-Bunching

0.01

relative energy deviation

-0.01

ponderomotive phase y

—
o

o

norm. charge density pn
w

-2

)

21

e Fourier analysis of longitudinal particles positions
— amplitude of micro modulation

o Y expl-iv,)

(fundamental mode)

™



High Gain Theory

e logitudinal position in undulator z =Vt = ct

e set of equations:

particles dd—lzﬂ C YV~ Vres (;—72/ - Re{exp(i W)}

amplitude (and phase) of EM wave

bunching | oc Zexp(—it//v)

amplitude %E oc | (from Maxwell equations)

this set of equations + field equations can be solved numerically

e FEL codes include transverse motion and 3D EM field calculation



Continuous Phase Space

e phase space distribution
many point particles ,,7, — continuous density distribution F(z,,7)

n

v
charge density ﬂ(z,w): jdn X F(Z,l//,ﬂ)
bunching | oc [dy x Az, w)e ™

e Vlasov equation

dF 8F 8F dy 8Fd77
dz oz (’Bw dz 877 df

dy dn - :
= LY =V oc —Re{E(Z)eXp(I l//)} m




power gain P(z) / P(0)

106

10

100

Gain Length

7.8
solutionof Vlasov equation y-4
(perturbationtheory) n}; = E— .
2 N L ~ saturation
- [ [| b £ ﬁ :
rarretrical sOfuuolT Ol i ! |
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C) Experimental Realization / Challenges

Linac Coherent Light Source - LCLS
Scales

Challenges

RF Gun

Bunch Compression

European X-FEL

Table Top FEL



Linac Coherent Light Source- LCLS

SLAC mid-April 2009 — first lasing at 1.5 A

6 MeV

=083mm  c.=0.83 mm
%-6a 005% @

Commission Apr-Aug 2007

135 MeV 250 MeV 4.30 GeV 13.6 GeV
.+ 0,19 mm .= 0,022 mm .+ 0,022 mm
757 0.10 % o= 1.6% 0,5 0.71 % ;5 0.01 %
Linac-0 Linac-X
L=6m L=0.6m
@ -160°

Linac-1
L=9m

BC2

L=6m L=22m
L=12m Re= =39 mm Re= =25 mm
Reg=0 L=275m

o ission Jan-Aug 2008
> ommission Jan-Aug >

SLAC linac tunnel

\

| research yard
)
Y

%%

W, \_Y_/
linac &

bunch compression

Locl10’m
E=13.6GeV

| =3kA

FEL Power 1TW)

10

75, = 04 pm shice)
1" 20KA
7,/ = 0.01% (slice)

o
"

i

““““ AT e R e |-
saturation
> 10 GW

+ measurements ((W/26/09)

- GENESIS simulatien
310 ‘IIC" SIU (5] ?Iﬂ SIO
Active undulator length (mi)

particles per 4,
14 ~.4
ec N

N =



Scales

photon wavelength 4 o«c10"'m o 4,/

cooperation length L, c10®m

transverse oscillation X oc10°m (undulator trajectory)

bunch length L, oc10” m

bunch width ol oc 10 m width of photon beam &)™ oc \[4, L,
undulator period A, <107 m

power gain length L, ~1.10m

Rayleigh length L, (scale of widening of photon beam)
saturation length L, ~10L,..20L, <L,

undulator length L, <100 m

length with linac Loc10’m

™



Scales

photon wavelength 4 o«c10"'m o 4,/

cooperation length L, c10®m

transverse oscillation X oc10°m (undulator trajectory)

bunch length L, oc10” m

bunch width (ob" e 10”m width of photon bean@c AL,
undulator period Ay <107 m overlap of particle beam

power gain length .] with photon beam

Rayleigh length . (scale of widening of photon beam)
saturation length L, ~10L,..20L, <L,

undulator length L, <100 m

total length Locl10’m

™



Challenges

e 1, — A
A (. K
ﬂq=272 1+7 e Energy — 10 .. 20 GeV

e gain length L, <~ 10 m

e high peak current >~ kA
e transverse beam size o, oc 10 um
e energy spread

e overlap electron-photon beam
(undulator parameter K « 1)

- i 2 volume
transverse: generate !ow emlttgnce beam o?| (o7,
preservation of emittance |-

o _ [@F bunch charge
longitudinal: compression

acceleration space charge forces:
diagnostic and steering E oo d
sq ?/2 GrZ

undulator alignment

™



RF Gun

waveguide

bucking coil

electron
beam

laser

” coaxial
beam

_ coupler
main solenoid N

typical parameters of FLASH & European XFEL:

gqoc1nC ExcS5MeV 1x50A
y oc 10

longitudinal compression 1 — 0.01 needed !



Magnetic Bunch Compression

v >>1 — velocity differences are too small for effective compression
magnetic compression: path length depends on energy

N EZ
t

accelleration “off crest” —
head particle with less energy than tail

N I O N N ¢
AN S e\ s o N o N, EQA%\W%\W%WMW/

4 magnet chicane

1st bunch compressor

gun accellarating module ~ 10 m

N7 N N AN SN > N A e

beam dynamics with space charge and CSR effects

N NS A ENN ST AN 5 > NV A
ZJ I O O e s s |

2nd compressor, more modules
undulator



Magnetic Bunch Compression - 2

FLASH (1.2 GeV, 4 nm)

photo injector acceleration modules collimator undulators

UV laser
4 MeV 130 MeV 450 MeV 1.2 GeV

bunch bunch
compressor compressor FEL beam

LCLS (14 GeV, 0.15nm)

135 MeV 250 MeV 4.30 GeV i 13.6 GeV
0, 083mm ¢ =0.83 mm @, = 0.19 mm g, = 0.022 mm 1a,= 0.022 mm
0;2005%  0;~0.10% o5 1.6 % 057 0.71 % | 04 0.01%

|
Linac-0 li'fgté'x i
/ L=6m sl |
f &< @ -160° |
gun 1 . . . I
Linac-1 Linac-2 Linac-3 i
L=9m L=330m L=550m |
@ —41° @=0°
|
|

— --existing "
finac

undulator
L=130m

L=12m = — I undulator H

European XFEL (0.1 nm)

Injector-

Main Linac

Collimation
Beam Distribution

500

1000 ———
1500 ?

BCs at 130 MeV, 500 MeV and 2 GeV e — 50



European XFEL

1500
total length 3.4 km 2000

accelerator length 1.7 km 2500
minimal wavelength 1 A

webcams (Aug 2009)

rwg, F

14.08.2009 - 10:25 14.08.2009 - 10:25




June 2010: start
of tunnel construction

webcams (Jul 2010)

PRI 2

22.07.2010 - 10:55 22.07.2010 - 10:52



European X-FEL - 2

superconducting cavity, 1.3 GHz E__. — 40 MeV/m
22.5 MeV/m are needed

1011
g
“E 10"
-‘E A2K
= mi1sK
*16K
Accelerating field E .. [MV/m]
10° ; . .
0 10 20 30 40
FLASH tunnel: cryo module undulator

W/ o

Irl-nll / ;r / Ve ~
i /3 -~
4




European X-FEL - 3

Abbreviation for Linac Coherent Light

Source

Spring-8 Compact
SASE Source

Location California, USA Japan

Start of commissioning 2009 2010

Accelerator technology normal conducting normal conducting

Number of light flashes per second 120 60

Minimum wavelength of the laser light 0.15 nanometres 0.1 nanometres

Maximum electron energy 14.3 billion electron volts

(14.3 GeV) (6-8 GeV)
Length of the facility 3 Kilometer 750 Meter
Number of undulators {magnet structures [l 3

for light generation)

=9

Number of experiment stations

Peak brilliance

[photons [ s f mm? / mrad?/ 0.1%
bandwidth]

beamlines
SASE 2

tunable, planar
0.1 - 0.4 nm

G-8 billion electron volts

European X-Ray Free-
Electron Laser

Germany

2014

[supercnnducting ]

multi bunch operation
0.1 nanometres

17.5 billion electron volts
(17.5 GeV)

3.4 Kilometer

10

51032

electrons (K]
17.5 GeV
—
SASE 1 ¢
tunable, planar SASE 3
0.1 nm tunable, helical

0.4 —1.6 nm

Experiments




Table Top FEL

Laser-Pasma accelerators: “bubble acceleration”

from Florian Gruener FLS 2006

L
N (10 tlem']

transport/
focusing/
FEL undulator o~

filter :
—“'\..M-

own 3d CSRTrack, Spur;
PIC code GENESIS 1.3

q=1nC, 0.~ 1 pm all types of effects; usual approximations fail
| ~100 kA, y <104 a challenge in experiment and theory ! m
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Theoretical Approach: FEL

2 Effects (decoupled considerations)
2.1 Particle Motion — Trajectory in Undulator
2.2 Continuous Source Distribution
2.3 Electromagnetic Fields
2.4 Particle Motion - Energy
3 Coupled Equations




2.1 Particle Motion — Trajectory in Undulator

AX
electron
2(t=0) = (=AT) Z
V Lt
A . .
wave V= averaged longitudinal velocity
AT of a particle with nominal - :
E(r,t) of a particle with nominal energy £ =y m,c

three important periods

A 27
undulator A, T, =—"% k, =— undulator
(property of device) C /’Lu
A 2
EM wavelength A4, T, =— k, =—— photon
(property of seed laser C Zp
or nominal value)
: _ 27
slippage length A =4, —VT, K,=— micro modulation
(period of micro ﬂm

modulation)

A 1 1) 4
slippage or resonance condition: /IT'“ -2 or A (_ __j __r
V



2.1 Particle Motion — Trajectory in Helical Undulator

field of helical undulator:
B, = Bo(ex cosk,zFe, sin kuz)

simplification: we neglect dependency on transverse offset

in equation of motion

7vm0rv - _qOrv X Bu

. K : \
solution = " (eX sink,z, +e, COSkuzv)+ezZV
u/v
: K, . , _ |
r, :_(ex COS ku Z, +ey SN ku Z, ﬁv +€,V, > not the general solution!
14
i = Fny (e, sink,z, e, cosk,z, 2
v__?/—u x SIMK,Z, TE, COSK,Z, N, )
14

with helical undulator parameter (~1, dimensionless)
0 |B|
m,K,C

K, =



2.1 Particle Motion — Trajectory in Helical Undulator

nominal particle (and energy)

K, :
r :—(ex sink,z+e, cos kuz)+ezz
u

. K, . _
r :—(excoskuz_|_ey smkuz)7+ezv

Vv

averaged longitudinal velocity

1
R 1K
1+——C 1—_ — = v2 z1—2—2—2h2
C
Ve LK e 27,

Vv
Y- k2)
C 2y;
le_ 12 (1+Kr?)
C
I 1 /1p
in slippage or resonance condition: A | ——— |=—
V C C
ﬂ“u
25t (1+K2)




2.1 Particle Motion — Trajectory in Helical Undulator

ponderomotive phase
v, =K, (ZV —\7’[) describes particle position with respect to nominal particle
and micro modulation




2.2 Continuous Source Distribution

1D approach: neglect transverse dimensions (very large transverse dimension)
simplification: uniform in cross section A

charge density:

plz,t) =9, 8(r -, (t))

current density:

J(z.t) -, 2 1,8(r-r,(t))
: _ . K, . _
Iz, t)xe——qr > s(r-r,(t) with r:7(excos k,zFe, sink,z+e,v

in particular: K
J (z,t)= —qO\T—Ah\Z5(Z ~27,(t))cosk,z
I

™



2.2 Continuous Source Distribution

example: plz,t) = pmlz — v-) Tz ) = piz,t) cus[i—;-zj wiz,t) = D.Ej-cns[i—;(z = c-tj:|

A
Tu= a
c

t:=0-Tu z=-204p + ct,-19953p + ot 20-4p + ot

o L 1 Y o WW

vz ol VTV

-1 ] | ] — o | —
—0.005 n 0005 n
z—-1 Tt
1F T T T - 1F T —
Tzalz 1) Twalz 1)
wiz,t) wiz, 1)
-1 | | | - i | -
—0.005 ] 0005 1]
z—o-t



2.2 Continuous Source Distribution

example:

Tealz 1 Txalz 1)
o MMM . BN NS




2.2 Continuous Source Distribution

example:

t=03Tu
1F | | | 3 1F | =
piz.1) pliz,t W
0 - 0
—0.005 0 0.005 1]
-t z—-1

—-0.005 0 00as 0
z—c-t -t
1F | | | = 1F | =
Jxalz 1) Jxal =, t)
wiz 1) wiz 1)
-1 | | | — -1 | -
—-0.005 0 00os 1]
z—io-t



2.2 Continuous Source Distribution

! 0.5 Tua W
example: Jralz f) = T_J- Jx(z— c1,t— 1:) dt

Y05 Tu J

t=05Tu
1F | | | 3 = I —
ne? dcg W
0 . 0
=-0.005 0 0.005 1]
-1 T—0.1
1F | T | 3 1F I —

Tz, t)

Jm:zt]l
ol 111nuru11l1_1_1;,,\,,\U,,l,,l,,l,1,.1_1__1lmuunn o JAVAVAY

]

-0. EIEIS IZI I} EIEIS 1]
z—c-t .t
1F T T T = 1F T -
Taal(z,t) Tzalz 1)
wiz,t) wiz, 1)
1= | | | - 1= | -
0.005 n 0005 n
z—-t



2.2 Continuous Source Distribution

averaged transverse current (as “seen from the wave”):
vs. one undulator period

TU/Z
J.(zt)==— [J,(z-cr,t—7)dr
T2
K 1 T,/2
3.2t LS sz co— 2 (t—))cosk, (z—cr )iz
T, . -
= ZV('[)—VT
=O:>z'




2.2 Continuous Source Distribution

v € period

Jozt)= Rel, (z.z-vt)-exp(jk,(z—ct))} | J,.(z.t)=FImf-

A _ _ K, 1 ] component is similar
J.(2,2-Vt)=—q =2 exp(- jy,) yEme
A /Ip i

with v, =K., (ZV (t)—Vt) ponderomotive particle phase
(changes slowly along many undulator periods)

™



2.3 Electromagnetic Fields

Maxwell VxE:—gB
ot
1 0
VxB=ul+——E
# ¢’ ot
VxVxE——g J—ia—zE
atﬂ c? ot?
1 6° 0
VE-——~—E="1J+V(VE
cort - al (VE)
1 6° 0 1
Viee— E=—J+-V
[ Czﬁtzj 8t'u & P

inhomogeneous 1D wave equation for transverse components:

0° 1 o2 AN
2 T T2 A2 E,=u
0z- ¢° ot ot

SRS



2.3 Electromagnetic Fields

solution of 1D wave equation:

E (2,t)=E'(z,t)+E"(z1)

with (£+EQJE; :—“—CJX forward wave
o0z cot 2

(ﬁ _lijEf 43  backward wave
0z cot

2
2 2
a_z_iza_z (Exf +Ef):_(i_lgjﬂ_cjx+(g+lg)ﬂ_c\]x
o0z~ C° ot oz cot) 2 oz cot) 2
_0d,
Hat
solution: Exf/b(z,t):—%TJX(Z$CT,t—T)dT
€0

we neglect backward solution E,(z,t)~Ef(z,t) and use [J,(-)dz~][J (- )dr
0 0

o0

EX(Z,t): —ii‘]xa(z —cr,t —T)dZ'




2.3 Electromagnetic Fields

approach (same form as transverse current density):
E (2,t)= Re{éa(z, 2-vt)-expl jk, (z —ct))} E,(zt)=FIm{-

H_J
S

bunch coordinate

y component is similar
o 10 UC _

(EJFEajEX = —73)@ real fields

(_Jr__jé - _“_Cja complex amplitudes

with bunch coordinate:

£+(1_Kjﬁ Ea :—ﬂ—cja
0z C )OS 2




2.3 Electromagnetic Fields

electromagnetic field:

E(z.t)=Re{e, + je, B, (z.2—t)- exp( jkp(z—ct))}+ezm

calculation of z component is straight forward

this is essentially a circular polarized EM wave:

; Ep(r’t): Eo( € cos{kp(z ~tc)+y, hey Sin{kp(z ~1c)+p, })

_EB" =curlE, — Bp(r,t):%(irex sin{kp(z—tC)+wo}+ey cos{kp(Z—tC)+ %})



2.4 Particle Motion - Energy

change of particle energy

d .
ESV =—q,F, -E(r,,t)

simplified (with circular polarized wave):

Ep(r,t): Eo(eX cos{kp(z —tC)+ v, }1 e, sin{kp(z —tc)+ ®, })

r, = K (ex cosk,z, ¥e, sink,z, )VV +e,V,
Vv
d K, - . .
EEV =—q, ) v Eo<ex cosk,z, Fe, sink, Zv)- (ex cos{ | F e, sin{-- })
K

—g, —V E,(cosk,z, cos{--}+sink,z, sin{--})

14

K,

vV E, cos[kp(zv —tc)+y, —K, ZV]

:_qO

14



2.4 Particle Motion - Energy

change of particle energy

d :
Egv = _qOrv ) E(rv’t)

simplified (with circular polarized wave):
d K, _
agv =—q,—VE, cos[kp(zv —tC)+ @, — kuzv]

\4

—&,=-q,—V E, cos[(kIO -k, )ZV —k ct+ goo]
dt 7/‘/ — —
K., K.V
w, =k (z, —Vt) ponderomotive phase
d K,

agv = _qO _VV EO COS[l//V + ¢]

14

ié’v ~—(Q, ﬁ\7Eo cosly, + o]
dt y




2.4 Particle Motion - Energy

change of particle energy

d .
ESV =—q,F, -E(r,,t)

without simplification:

electric field E(z,t)=Refe, + je,)E,(+-)-exp(jk, (z—ct))+e,E, (z.t)

d K,

agv - _qO ¥ \7‘/ Re{éa(zv’ ZV _Vt) eXp(j v, )}_ qOV

\4

z component contributes to FEL equation
for simplicity suppress this term in the following

%gvz—qo%\TEcos[l/fv+(p] with Eexp(j(o):éa(z Z —Vt)

vy Ty




3 Coupled Equations

particle equations (longitudinal phase space):

% ~ 2kuvg‘”g—_g
change variables:
d K pole 7t)- expl ] -
agv z_qOV 7hRC{Ea(Z, Zv _Vt)exp(-lw‘/)} %_)UV(Z :tv) j

field equations: neglect bunch coordinate:

la la

~ _ _K. 1 . E.(z,z, -Vt)~ E,(z
Ja(Z,Z—Vt):—quy—X\/l—Zexp(—ngv) o ) (2)

Y Jo(z.2, -Vt)~ J,(2)

V2 - A eriodic model
R i

™



3 Coupled Equations

periodic model
particle equations (longitudinal phase space):

dy
—v 2%k
dz U77V

Z oy =0 Bhpelf

field equations:



power gain P(z)/ P(0)

108

10

100

3 Coupled Equations

[T £\ /1 +: Jg
SOIULUOIT O VIidsOV €egudllOrl p
(perturbation—theory)

(|
[ I

. 1 [T £ V
rarretrical sOfuuolT Ol i
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