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!"#$%#$
1. Typical Particle Accelerators 
2. Typical Accelerator Components
3. Linear Beam Optics (Circular & Straight)
4. Beam distributions
5. Nonlinear Beam Optics
6. Differential Algebra for Nonlinear Maps
7. Longitudinal Phase Space
8. Synchrotron Radiation
9. Polarization
10. Waveguides and Cavities

Accompanied by homework question and
applied accelerator-optics design.

USPAS graduate Accelerator Physics
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Dates:
Monday – Friday June 5 – 9, 2023, 9 - 12 and 2 - 5pm, HW after 7:30pm
Monday – Thursday June 12 – 15, 2023, 9 - 12 and 2 - 5pm, HW after 7:30pm
Friday: summary and final exam, 9am - noon

Expectation:
Collaborate on homework.
Consult TAs for homework and optics design.

Co-instructor for Bmad, design, and simulation: David Sagan dcs16@cornell.edu
TAs: Ningdong Wang nw285@cornell.edu and Matthew Signorelli mgs255@cornell.edu

Lecture notes, homework, and homework solution will be on the class web page
https://www.classe.cornell.edu/~hoff/LECTURES/23USPAS/

Class data

mailto:dcs16@cornell.edu
mailto:nw285@cornell.edu
mailto:mgs255@cornell.edu
https://www.classe.cornell.edu/~hoff/LECTURES/19F_7688/index.html
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To practice what will be learned, accelerators will be simulated with the 
programs Tao and Bmad.

You all have accounts to run Bmad, which will be introduced Monday 
afternoon.

There will be Homework of analytical nature and design / optimization / 
simulation assignments.

Accelerator optics and simulations
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Images are taken from many sources, including:

The Physics of Particle Accelerators, Klaus Wille, Oxford University Press, 2000, ISBN: 19 
850549 3

Particle Accelerator Physics I, Helmut Wiedemann, Springer, 2nd edition, 1999, ISBN 3 540 
64671 x

Teilchenbeschleuniger und Ionenoptic, Frank Hinterberger, 1997, Springer, ISBN 3 540 
61238 6

Introduction to Ultraviolet and X-ray Free-Electron Lasers, Martin Dohlus, Peter Schmüser, 
Jörg Rossbach, Springer, 2008

Various web pages, 2003 – 2023
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Recommended as

Introduction
The Physics of Particle Accelerators: An Introduction, Klaus Wille, Oxford University 
Press

Wide selection of well explained topics
Particle Accelerator Physics, Helmut Wiedemann, Springer, (preferably 3nd edition)

Tremendous overview, with references for derivations and explanations
Handbook of Accelerator Physics and Engineering, Alexander Wu Cao, Maury Tigner, 
Hans Weise, Frank Zimmermann (3nd edition) 

Literature
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What is accelerator physics ?
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Particle accelerators, large and small
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• Industry
•Food & product safety
•Contraband detection
•Semiconductor fabrication
•Bridge safety

• Medicine
•Tumor detection and treatment.

• Research
•X ray sources and colliders for nuclear & particle physics
•Electron microscopes

~30,000 industrial and medical accelerators are in 
use, with annual sales of $3.5 B

and 10% growth per year.

Since 1943, a Nobel Prize in Physics has been awarded to research benefiting 
from accelerators every 3 years.

Since 1997, the same has been true of Chemistry.

Why accelerator physics ?
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A short history of accelerators
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Discoveries with accelerated beams …
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The need for higher energies
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Tunneling allows low energies
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Three historic lines of accelerators
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The Van de Graaff Accelerator
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The Tandem (Van de Graaff) Accelerator
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The Cockcroft-Walton Accelerator
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The Marx Generator
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Three historic lines of accelerators
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The Cyclotron
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The Cyclotron frequency
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The Edge Focusing
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Quadrupole Focusing
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The Isocyclotron
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First Medical Accelerators
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Modern Nuclear Radiation Therapy



!"#$%&'#(()*+"**"$,-#$."//&"01222222222222222!$+01+*"2344"/"$+*#$2567)84)2222222222229:53:2)1;;"$2<=<>

!8'(&$#/1)*"#(*X,%&D'?*#('"$%.%)$%&*"1C*&"11/$*A(*"&&('(#"$(C*%1*"*&?&'/$#/13
!Y1*"*+%&#/$#/1*$-(*#(./',$%/1*B#(X,(1&?*&-"12()P*A,$*("&-*('(&$#/1*+%))()*"1*
%1$(2(#*1,+A(#*/B*ZU*;".()3

!E/C"?=*R)(C*B/#*+(C%&"'*"00'%&"$%/1)*;%$-*/1(*+"21($*"1C*H<J(F3
!4,&'("#*0-?)%&)=*JQJY*C()%21(C*B/#*NH<J(F*")*#"&(*$#"&D*+%&#/$#/13

The Microtron
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The Rhodotron
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The Microtron Condition
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Accelerating Cavities
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The Alvarez Linear Accelerator
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Phase Focusing
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Radio Frequency Quadrupoles
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Three historic lines of accelerators
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The Betatron Condition
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The Synchrotron
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Robert Wilson, Fermilab …
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… art, architecture, and accelerators.
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The weak focusing synchrotron
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Strong focusing synchrotrons
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Limits of synchrotrons
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Colliding beam accelerators
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Elements of a collider
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Storage Rings
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Further developments of Colliders
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Available Energy in Collisions
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Example: Fixed-target production of p-bar
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Example: production of c / c-bar states
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Rings for Synchrotron Radiation



!"#$%&'#(()*+"**"$,-#$."//&"01222222222222222!$+01+*"2344"/"$+*#$2567)84)2222222222229:53:2)1;;"$2<=<>

! 5)**^(1(#2"$%/1*@56`<)G=*J"1?*T8!*#%12)*"#(*0"#")%$%&"''?*,)(C*B/#*kO#"?*
0#/C,&$%/1

! H.0*^(1(#"$%/1*@56N<)G=*J"1?*C(C%&"$(C*kO#"?*)/,#&()*@'%2-$*)/,#&()G
! 7$0*^(1(#"$%/1*@566<)G=*K(.(#"'*#%12)*;%$-*C(C%&"$(C*#"C%"$%/1*C(.%&()*@;%22'(#)*"1C*
,1C,'"$/#)G

! E/C"?*@L*6*^(1(#"$%/1G=*>/1)$#,&$%/1*/B*U#((*8'(&$#/1*:")(#)*@U8:)G*C#%.(1*A?*:Y4Q>)

4 Generations of Light Sources
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Magnetic Fields in Accelerators
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Multipoles in Accelerators: n=3, Sextupoles
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Simplest example: motion through an empty drift
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The dipole equation of motion

𝑥** + 𝑥	𝜅+ = ,
-!

 𝛿'''F"&9'''𝜅 = .
/
	 )#''''

𝑥* = 𝑎	
𝑎* = −𝜅+𝑥 + ,

-!
𝛿

𝑥0** + 𝑥0	𝜅+ = 0	 ⇒	 𝑥
𝑥′ = cos(𝜅𝑠) .

1 sin(𝜅𝑠)
−κ	sin(𝜅𝑠) cos(𝜅𝑠)

𝑥(
𝑥(*

= 𝑀(𝑠)
𝑥(
𝑥(*

𝑥
𝑥′ −𝑀 𝑠

𝑥(
𝑥(*

= E
(

2
𝑀 𝑠 − 𝜁

0
𝜅
𝛽+ 𝛿

𝑑𝜁 = E
(

2 1
κ sin(𝜅𝑠)
cos(𝜅𝑠)

𝑑𝜁
𝜅
𝛽+ 𝛿 =

1
𝜅 (1 − cos(𝜅𝑠))

sin(𝜅𝑠)

1
𝛽+ 𝛿

G22'$0$#,@':+#&"%*$
𝑑𝑠

𝜌
𝜙 = 𝑑𝑠/𝜌

𝜙 − 𝑑𝑥* =
𝑝(
𝑝 𝑑𝑠/𝜌 = 𝜙(1 −

𝑑𝑝
𝑝 )

è x’’	= .
/
34
4
'H'.

/
34	6
36	4

𝛿'H''.
/
.
	-!
𝛿
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The dipole transport matrix

𝑑𝑠
𝜌

𝑑𝑠
𝜌 𝜌 + 𝑥

è	𝜏! = − "
#
$
%
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!" − "

#
$
(8
= − )
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𝑥

𝑥
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,
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The combined function bend

𝑀. =
1 −𝜅,

,
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𝑀$+𝑑𝑠
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Orbit distortions for a one-pass accelerator
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Orbit correction for a one-pass accelerator
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Dispersion of one-pass accelerators

Q'$(#1"$%.('?P*/1(*&"1*+,'$%0'?*
$-(*S\S*+"$#%&()*"1C*$"D(*
𝑫 𝒔 = 𝑴𝟏𝟔(𝒔)
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Q'$(#1"$%12*2#"C%(1$)*"''/;*B/&,)%12*%1*
A/$-*$#"1).(#)(*0'"%1)3**E-(#(B/#(P*
B/&,)%12*"1C*C(B/&,)%12*X,"C#,0/'()*"#(*
,),"''?*"'$(#1"$(C*"1C*%1$(#'(".(C*;%$-*
A(1C%12*+"21($)3

N
FoDoMM =0

E-(*0(#%/C%&*A($"*B,1&$%/1*"1C*C%)0(#)%/1*
B/#*("&-*U9a9*%)*"')/*0(#%/C%&*B/#*"1*
"&&('(#"$/#*)(&$%/1*$-"$*&/1)%)$)*/B*+"1?*
U9a9*&('')3**9B$(1*'"#2(*)(&$%/1)*/B*"1*
"&&('(#"$/#*&/1)%)$*/B*U9a9)3

Fodo Cells and periodic dispersion

E-(*C%)0(#)%/1*$-"$*)$"#$)*;%$-*<*%)*&"''(C*
𝑫(𝒔)P*$-(*C%)0(#)%/1*$-"$*%)*0(#%/C%&*%1*"*
)(&$%/1*%)*&"''(C*𝜼(𝒔).

𝜼(𝒔)
𝜼 𝒔 = 𝜼 𝒔

𝜼0 𝒔 	, 𝑫 𝒔 = 𝑫 𝒔
𝑫′ 𝒔

𝜼 𝒔 = 𝑴(𝒔) 𝜼𝟎+𝑫 𝒔

𝜼𝟎

QB$(#
$-(*U/a/=

𝜼𝟎 = 𝑴(𝒔) 𝜼𝟎+𝑫   è  𝜼𝟎= 𝟏−𝑴 5𝟏 𝑫 

𝟐

𝟏
𝜼𝟎𝑴𝜼𝟎

𝑫
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After an arc of periodic FoDo cells one 
would often like to suppress the dispersion 
to 0 while not changing the betas much 
from the periodic cells. This can be done 
by having one FoDo with bends reduced 
by a factor 𝛼 followed by one reduced by 
(1- 𝛼).

Dispersion suppression by missing bends

𝜼(𝒔)
𝜼𝟎

𝟏

𝜼𝟎𝑴𝜼𝟎

𝑫
𝟐

𝟐

Example: 90 degrees FoDo cell and 𝜶 = 𝟏
𝟐 :

After 1st ½ bend FoDo

𝟏
𝑴𝜼𝟏

𝟐

After 2nd ½ bend FoDo

𝜼𝟏

𝜼𝟏𝑫
𝟐

⇒ 𝜼𝟐≈ 𝟎
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After an arc of periodic FoDo cells one 
would often like to suppress the dispersion 
to 0 while not changing the betas much 
from the periodic cells. This can be done 
by having one FoDo with bends reduced 
by a factor 𝛼 followed by one reduced by 
(1- 𝛼).

Dispersion suppression by missing bends

𝜼(𝒔)
𝜼𝟎

𝟏

𝜼𝟎

𝜼𝒔= 𝑴𝜼𝟎

𝟐

Example: 60 degrees FoDo cell and 𝜶 = 𝟎:

After 1st 0 bend FoDo

𝟏
𝑴𝜼𝟏

𝟐

After 2nd full bend FoDo

⇒ 𝜼𝟐≈ 𝟎

𝜼𝟏

𝑫

𝑫

For every FoDo phase advance there is an 𝛼 to make 𝜂 0.

𝜼𝟏
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After an arc of periodic FoDo cells one 
would often like to suppress the dispersion 
to 0 while not changing the betas much 
from the periodic cells. This can be done 
by having one FoDo with bends reduced 
by a factor 𝛼 followed by one reduced by 
(1- 𝛼).

Dispersion suppression by missing bends

𝜼(𝒔)
𝜼𝟎

𝟏

𝜼𝟎

𝜼𝒔= 𝑴𝜼𝟎

𝟐

For any other FoDo phase advance: is there an 𝜶 ?

After 1st 0 bend FoDo

𝟏
𝑴𝟐 𝜼𝟎

𝟐

After 2nd full bend FoDo

⇒ 𝜼𝟐≈ 𝟎

𝜶𝑫 ? 

(𝟏 − 𝜶)𝑫

For every FoDo phase advance there is an 𝛼 to make 𝜂 0.

𝑴𝜼𝟎

𝜶𝑴𝑫
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(cosµ −1)1+ sinµβ
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Closed orbit in periodic accelerators
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!zco (L) =
cosµ1+ sinµβ −1
2− 2cosµ

ββ̂ sin(−ψ̂)
β̂
β
[cos(−ψ̂)−α sin(−ψ̂)]

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
Δκ (ŝ)dŝ

0

L

∫

xco (L) =
1

4sin2 µ
2

ββ̂ [sin(µ −ψ̂)+ sinψ̂]Δκ (ŝ)dŝ
0

L

∫

=
1

2sin µ
2

ββ̂ cos(ψ̂ − µ
2 )Δκ (ŝ)dŝ

0

L

∫

xco (s) =
1

2sin µ
2

[ ββ̂ cos(ψ̂ −ψ − µ
2 )Δκ̂ dŝ

s

L

∫ + ββ̂ cos(ψ̂ −ψ + µ
2 )Δκ̂ dŝ

0

s

∫

=
β

2sin µ
2

β̂ cos(|ψ̂ −ψ |− µ
2 )Δκ̂ dŝ

0

L

∫

Closed orbit in periodic accelerators

𝐬𝐢𝐧 𝝍 −
𝝁
𝟐

+
𝝁
𝟐

− 𝐬𝐢𝐧 (𝝍 −
𝝁
𝟐
) −

𝝁
𝟐
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E-(*/)&%''"$%/1*"+0'%$,C(*[*
C%.(#2()*;-(1*$-(*$,1(*n*%)*&'/)(*
$/*"1*%1$(2(#3

xco (sk ) = Δϑ k

βk
2 tan µ

2

x 'co (sk )− x 'co (sk + L) = Δϑ k

−sin(− µ
2 )+ sin(

µ
2 )

2sin µ
2

= Δϑ k

U#((*A($"$#/1*/)&%''"$%/1

xco (s) = Δϑ k

ββk
2sin µ

2

cos(ψ −ψk −
µ
2 )

xco (s) = 2Jβ sin(ψ +ϕ0 ) , J =
Δϑ k

2βk
8sin2 µ

2

s < sk :ϕ0 =
π
2 −ψk +

µ
2 , s > sk :ϕ0 =

π
2 −ψk −

µ
2
!-")(*d,+0*A?*µ

Closed orbit for one kick

𝑥"+/ = 2𝐽𝛽
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Closed orbit for one kick
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Closed orbit correction in periodic accelerators
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Periodic dispersion
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Periodic dispersion integral
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Qadrupole errors in one-pass accelerators
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M (s)=
... β0β sin !ψ

... β0
β
[cos !ψ −α sin !ψ]

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

ΔM (s, ŝ) = −Δkl(ŝ)
β̂β sinψ 0

β̂
β
[cosψ −α sinψ] 0

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
, ψ =ψ(s)−ψ(ŝ)

=

1
2
Δβ[cosψ+α̂ sinψ ]+Δψβ[α̂ cosψ−sinψ ]

β̂β
β̂

Δβ
2
sinψ+Δψβ cosψ

β( )
! !

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟

1
2 Δβ cosψ +

1
2 Δβ

sin2ψ
cosψ =

1
2 Δβ

1
cosψ = −Δkl(ŝ)ββ̂ sinψ

Δβ = −Δkl(ŝ)ββ̂ sin 2ψ Δψ = Δkl(ŝ)β̂ 1
2 (1− cos2ψ)

Qadrupole errors and Twiss in one pass accelerators
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J/#(*B/&,)%12*"';"?)*%1&#(")()*$-(*$,1(

M($"*A("$*/)&%''"$()*$;%&(*")*B")$*")*/#A%$3

Δψ = Δkl jβ j sin
2(ψ −ψ j )

Δβ
β

= −Δkl jβ j sin(2[ψ −ψ j ])

4/$%&(*$-(*)('B*&/1)%)$(1&?=*Δ𝜓 = ∫(
2 .

9-:;9-
− .

9-
𝑑�̂� = −∫(

2 ;9-
9-!
𝑑�̂� = −∫(

2 ;9-
9-
𝑑 S𝜓

Δα = −
Δβ '
2

= Δkl jβ j[cos(2[ψ −ψ j ])−α sin(2[ψ −ψ j ])]

Twiss changes in one-pass accelerators

Δkl jβ j( )
2
= [ Δβ

β

⎛

⎝
⎜

⎞

⎠
⎟

2

+ Δα −α
Δβ
β

⎛

⎝
⎜

⎞

⎠
⎟

2

]

Δ𝛽
𝛽

𝛽Δ𝛼 − 𝛼Δ𝛽
𝛽

= Δ𝑘𝑙<	𝛽<
sin(2[𝜓 −𝜓<])
cos(2[𝜓 −𝜓<])
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Δψ = Δkl jβ j 12 [1− cos(2[ψ −ψ j ])
j
∑ ]Δβ

β
= − Δkl jβ j sin(2[ψ −ψ j ])

j
∑

Twiss correction in one-pass accelerators

W-(1*A($"*B,1&$%/1)*"1C*A($"$#/1*0-")()*-".(*A((1*
+("),#(C*"$*+"1?*0'"&()P*X,"C#,0/'()*&"1*A(*&-"12(C*
;%$-*$-()(*B/#+,'")*$/*&/##(&$*$-(*E;%))*(##/#)3
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J("),#(+(1$*/B*A($"*B,1&$%/1=*>-"12(*D*"1C*+("),#(*$,1(3

cos(µ +Δµ) = 1
2 Tr[M 0 (s j )+ΔM 0 (s j )] ≈ cosµ −Δµ sinµ

= 1
2 Tr[

1 0
−Δkl j 1

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟

cosµ +α j sinµ β j sinµ

−γ j sinµ cosµ −α j sinµ

⎛

⎝

⎜
⎜

⎞

⎠

⎟
⎟]

= cosµ − 1
2 Δkl jβ j sinµ

Δµ = 1
2 Δkl jβ j

Quadruple errors and the tune



!"#$%&'#(()*+"**"$,-#$."//&"01222222222222222!$+01+*"2344"/"$+*#$2567)84)2222222222229:53:2)1;;"$2<=<>

/0+!)1''!1,,+*+$1-%$'2 3+$.%4.,!1,,+*+$1-%$'2

Δ𝑥 𝑠 = Δ𝜗 𝛽 3𝛽sin(𝜓 − 9𝜓) Δ𝑥/0 𝑠 =
Δ𝜗 𝛽 3𝛽

sin(𝜇2)
cos(|𝜓 − 9𝜓 −

𝜇
2
)

Δ𝛽
𝛽
= −Δ𝑘𝑙 3𝛽sin(2(𝜓 − 9𝜓))

Δ𝛽
𝛽 = −

Δ𝑘𝑙 3𝛽
2 sin 𝜇 cos(2|𝜓 − 9𝜓| − 𝜇)

Quadruple errors and periodic beta function
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51-6$1*!78$%&1-.,.-(2

Δ𝜇" =
1
2Δ𝑘𝑙

3𝛽"

Energy dependent Twiss parameters

𝜕𝜇"/𝜕𝛿 = −
1
2
,
,

1
𝑘 𝑠 𝛽" 𝑠 𝑑𝑠

98+!)+$.%4.,!:+-1!#60,-.%0'!;.**!'.&.*1$*(!4+)+04!%0!+0+$<(=

Δ𝜇2 =
1
2Δ𝑘𝑙

3𝛽2 𝜕𝜇2/𝜕𝛿 =
1
2
,
,

1
𝑘 𝑠 𝛽2 𝑠 𝑑𝑠

𝜉" =
$
34
𝜕𝜇"/𝜕𝛿 , 𝜉2 =

$
34
𝜕𝜇2/𝜕𝛿
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Chromaticity and its correction
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dβ
dδ

=
β

2sinµ
(k1l − k2l ⋅η)β̂ cos(2ψ −ψ̂ −µ)

>-#/+"$%&*A($"*A("$*%)*+/)$'?*&#("$(C*A?*$-(*)$#/12()$*X,"C#,0/'()P*%$*&"1*A(*
%1B',(1&(C*A?*)(\$,0/'()P*,1C(#*$-(*0#/.%)%/1*$-"$*$-()(*/1*".(#"2(*)$%''*&/##(&$*
$-(*&-#/+"$%&%$?3

!(#%/C%&*"&&('(#"$/#)=

dβ
dδ

= β(k1l − k2l ⋅η)β̂ sin(2ψ −ψ̂ −µ)

K(\$,0/'()*"#(*,)(C*$/*&/+0(1)"$(*$-(*&-#/+"$%&%$?3

K(.(#"'*)(\$,0/'()*"#(*,)(C*$/*-".(*$-(%#*".(#"2(*&/+0(1)"$(*$-(*
&-#/+"$%&%$?*A,$*-".(*$-(%#*#(2%/1"'*."#%"$%/1*&/+0(1)"$(*$-(*&-#/+"$%&*A($"*
A("$*/1*".(#"2(*"1C*"$*&#%$%&"'*)(&$%/1)P*(323*%1$(#"&$%/1*0/%1$)3

Chromatic beta beat minimization
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Single resonance model
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Sum and difference resonances

𝑚& 	𝐽/+ |𝑚/| 	𝐽&= const

𝑚& 	𝐽/− 𝑚/ 	𝐽&= const
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Common reasons for working points
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Resonance diagram and choosing the tune
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The Van de Graaff Accelerator
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The Tandem (Van de Graaff) Accelerator



!"#$%&'#(()*+"**"$,-#$."//&"01222222222222222!$+01+*"2344"/"$+*#$2567)84)2222222222229:53:2)1;;"$2<=<>

E-(*^#(%1"&D(#*&%#&,%$

4!*56I5
K%#*[/-1*a*>/&D&#/B
8#1()$*E*K*W"'$/1

567H=*>/&D&#/B$*"1C*W"'$/1*567H=*`<<D(F*&")&"$(*2(1(#"$/#*@0'"1(C*B/#*N<<D(FG
*****"1C*,)(*%1%$%"''?*L<<D(F*0#/$/1)*B/#*@:%*V*0*!"AT(*V*AT(*"1C*@:%*V*0*!*@M(*V*1

R0*$/*LJ(FP*5Q

The Cockcroft-Walton Accelerator
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Three historic lines of accelerators
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The Isocyclotron
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The Alvarez Linear Accelerator
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Radio Frequency Quadrupoles
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Beta functions in accelerating cavities
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tune
emittance

damped
emittance

1) Energy emission:
    Damping of the beam size
2) Stochastic emission:
    Excitation of the beam size

Radiative damping of the transverse emittance
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Generation of the emittance

Path for design energy

Path for smaller energy

Photon

Dispersion:
closed path for an
off-energy particle

Smaller dispersion Smaller emittance

Radiative excitation of the transverse emittance
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1) Energy emission:  Particles with larger energy radiate more, leading them closer to the average energy.

2) Stochastic emission: Random noise in the energy of emitted photons lead to an energy spread.

The equilibrium of the two effects leads to an equilibrium longitudinal emittance.

The damping time is the time it takes to radiate off the energy of the beam, while it is kept at constant 
energy with RF cavities. It is usually a few 100 revolutions.

During this damping time the beam forgets its history, particle coordinates are reshuffled within the beam.

Radiative damping of the longitudinal emittance



!"#$%&'#(()*+"**"$,-#$."//&"01222222222222222!$+01+*"2344"/"$+*#$2567)84)2222222222229:53:2)1;;"$2<=<>

Radiative production by electrons
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Radiative production in undulators



!"#$%&'#(()*+"**"$,-#$."//&"01222222222222222!$+01+*"2344"/"$+*#$2567)84)2222222222229:53:2)1;;"$2<=<>

Coherent addition of radiation
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Coherent addition at angles
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Radiation production at angles
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Lasing at the JLAB FEL
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Radiative from bending magnets
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Photon flux from bends and undulators
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The umbrella of N-pole undulator radiation
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The umbrella of N-pole undulator radiation
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The umbrella of N-pole undulator radiation
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Brightness reduction by beam properties
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Brightness reduction by beam properties
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Brightness reduction by beam properties
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Brightness reduction by beam properties
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Weakly Nonlinear Systems
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Aberrations and Sensitivities
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