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What Is In this lecture?

This lecture will cover basic concepts of synchrotron radiation:

* properties of SR beams,
* magnetic devices for generating radiation,

* overview of light source facilities and X-ray free electron lasers around
the world.

The focus will be in describing and discussing the light source properties

| will tell you how to GENERATE synchrotron light but NOT how to USE it
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Introduction: History of X-rays
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Designations

* B -magnetic field, T

* vand a- velocity and acceleration, m/s and m/s?

* A-wavelength of light (radiation), m

* k-wavenumber, 1/m

* y=E/E,, relative particle energy (E;=0.511 MeV)

* &, — photon energy, & - critical photon energy, eV
* R, r-radius of curvature, m

* g--beam emittance, m*rad

* |-Dbeam current, A

* (e, B, 7) -- Twiss parameters, (n/u, m, 1/m)

* J--energy deviation or energy spread

* Oy beam size, m

* Ay, K(K,) - undulator period length (m), undulator parameter
® n-harmonic number

* F,—photon flux, ph/s

* @, --angular spectral flux, ph/s/0.1%BW/rad>
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|. Radiation sources

* Modern science needs various
radiation sources for various
purposes

* Imaging of materials on micro- and
macro-scales

« Study of chemical processes
* Study of bonds
* Study of surfaces

* Sources range by their properties:
+ Wavelength

Directivity

Flux

Brightness

Coherence

Imaging - Seeing the Invisible

Atomic and Molecular Structure
- where are the atoms -

Electronic Structure and Bonding
- where are the electrons -

Magnetic Structure and Properties
- Where are the spins-

Following earlier lecture by Q. Shen
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Directivity

* Directivity = maximum directive power max{D(6,¢)} among all solid
angles of radiation:

U(o, o) where U(6,¢) is power per solid angle and
Protai Pt

(0]

.o, 1S total radiated power

Light bulb: no directivity

Laser: high directivity

Size

Angle
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Forms of Synchrotron Radiation

Source Intensity Spectrum Aw
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Comparison with an X-ray tube

Rotating Anode Tube

glass envelope rotating anode
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Radiation units / Flux and Brightness

bandwidth

* Photon energy and wavelength

hv=ho=h2rzc/A
electronVolts (eV) and m
* Total Flux = Photons per second

Photons /s heo
* Spectral Flux = Photons per second per unit of bandwidth Source
Photons /s /0.1%BW Source | Divergence

Area l
Photons per second
* Brightness = ]

Source Area * Source Divergence * bandwidth

Photons / s / mm?2/ mrad? / 0.1%BW
* Bandwidth (BW) = AA/A = Ahvhv

* Tunability range A4, nm or eV
BROOKHFEAVEN
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Synchrotron Light Source versus X-ray tube

MESTap
& )
- .‘ 2
% ~
2
ST AR

Photons per second

Ability to tune photon energy

Photon Flux Tunability Brightness
X-ray Low No Low (~107)
tube
Light High Yes High average (~102%2)
Source
FEL Medium Yes High peak (~1033)
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II. Trajectory of and Radiation from Moving Charge

 Compare stationary and moving
oscillators =
Angle-dependent Doppler shift

Compare non-relativistic,
stationary oscillator and moving
relativistic oscillator

“Projector” effect: relativistic
charged particle radiates in a
narrow forward cone

Frame of reference Laboratory frame of reference

v=E/E,, relative particle energy = moving with electrons

ratio of full energy to the rest M Lorentz /ejﬂ,/k//j
; kx  transformation o] ky = ki

energy (0.511 MeV for electrons) o .

k, = 2yk’,(Relativistic Doppler shift)
k' = 2n/)
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How do you measure speed of electron current

* In XVIIl French clergymen and physicist Jean-
Antoine Nollet measured speed of electron current.

* Inone of his experiments he gathered about 200
monks into a circle of a mile in circumference

* ... and the whole company, upon the discharge of
the (Leyden) phial, gave a sudden spring...”

* Nollet concluded that the speed of electricity
propagation was very high.

* Insynchrotron light sources we deal with

nict i ~ The History And Present State Of Electricity: With Original Experiments
relativistic electrons, i.e. f~1, y>>1 By Joseph Prisley

In France as well as in Germany experiments were made to
try how many perfons might fecl the fhock of the fame phial.
The Abbé Nollet, whofe name is famous in eletricity, gave it
to one hundred and eighty of the guards, in the King's prefence;
and at the grand convent of the Carthufians in Paris, the whole
community formed 2 line of nine hundred toifes, by means of
iron wires between every two perfons (which far exceeded the
line of one hundred and cighty of the guards) and the whole com-
pany, upon the difcharge of the phial, gavel a fudden fpring,
at the fame inflant of time, and all felt the thock équally. +
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Radiation of decelerating charge

AENTOp
<& O
5 S
% 33
i i

Charge q decelerates within time t, and then
stops

After this happens pulse of radiation travels to
radius R=ct

Geometry of kink in the radial E field

E; votsin@ agR |
= = ——sinb
E. cty C

Now we can find E;:
£ agR 9 q _ qagsind 1
t= ez 4megR2)  4meyc? R

Power radiated:

_ q°lagl?

pP=
61eyC3
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Power radiated by an accelerated charge

» Radiator size much smaller than radiation wavelength (dipole radiation)
 Donut-shaped radiation pattern

dP _ e?*|a|*sin*6
dQ  16m2gyc3

ezlalz
* Instantaneous power? Integrate over all angles P =
61eyC3
L . 1 2e?c
«  For relativistic charge the total power transforms into*: P = y?
4Amey 3r?

* see example later

Jumping ahead = Characteristic photon energy of radiation scales with electron energy as:

Epn = =—By? Of in practical units epnlkeV] = 0.665 E*[GeV]BI[T]

B = magnetic field, T BROOKHEVEN
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A problem: power radiated by an accelerated charge

Derive Schwinger’ s formula = Expression 1.11 in J. Schwinger, Phys. Rev. 79, y

(1949) 1912 (http://journals.aps.org/pr/pdf/10.1103/PhysRev.75.1912) y

* Power radiated by an e*lal” *) ﬁ?/:\\
P= * \ X

accelerated charge 6meyC? \j

e = electron charge
¢ = speed of light
£, = vacuum dielectric constant

*a = acceleration, la| = iM, with relativistic momentum |p| = ymv
: : mdt
defined as:
* Relativistic t v2
. . T — -, ]/ = 1 _——
transformation of time % c?

_2d _.2v
jal=y? L v > fa|=y2"

* For a charge moving in a
circle, centripetal acceleration

r = radius of curvature

v = velocity BROOKHFEVEN
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A problem: power radiated by an accelerated charge (Cont’d)

Derive Schwinger’ s formula = Expression 1.11 in J. Schwinger, Phys. Rev. 79, y
(1949) 1912 (http://journals.aps.org/pr/pdf/10.1103/PhysRev.75.1912) /?\\\,‘
r WF
e _ 1 2 e ,ovt «
substituting into (*) P—Mm0 R Al \/vx
2,
assuming vxc P = .1 2.8

Loss of energy per 1 full turn

21T e
AE =P -

c 3-& T

In practical units

4
AE e? E* (9-109)

e103  3.gy T

AE[keV] =~ 88.9*E*[GeV]/r [m]

mc?

For example, at NSLS-1l: -->AF = 288 keV
E=3 GeV, r=25m energy loss of a single electron per turn

BROOKHFEAEN
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I1l. Particle Accelerators

* From previous discussion harder quanta are generated by higher energy electrons

* To reach high photon energy (X-rays) we need to accelerate a particle to high (GeV)
energy

* This realized in particle accelerators

AENTOp
<& O
7 [ :) s
o 5
% <>
i i

Gun (thermionic or RF) emits particles in the energy range of 100 keV -10 MeV

Bunching system clusters particles into separate bunches spaced on a time scale of RF
wavelength

Linear accelerators and booster-synchrotrons accelerate bunches to ~GeV energy
Bunches are injected into Storage Ring.

They circulate in the Storage Ring radiating photons into beam lines

Particles trickle out of circulating bunches due to their finite lifetime

Losses of particles are replaced with successive injections

BROOKHFEAEN
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Modern Synchrotron Light Source
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Building an accelerator for Light Source

Magnet Lattice: \“

= Dipoles
= Quadrupoles
= Sextupoles

Undulators

Vacuum system
RF system
Injector

¢

V2 \
O
“#‘
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Motion of particles in a particle accelerator

'J]H DJD}'[L l"l[H f l_[hur |'rFH|'rH & = m* + 200x'+ fx”

72 Win32 version 8.51/15 . . , .
;71 SIGX ™ SIGY * &, IS electron beam emittance = area

é,g of phase space (x, x’) occupied by
0.8 ] beam

0.7 - « Beam envelopes oscillate while the
emittance is preserved

0.6 -
(.5 -
0.4 -
0.3
0.2
0.1 1
O = e
0.0 5.0 10.0 15.0 20.0 25.0

5 (m)

® «, [, yare Twiss parameters that describe oscillations of
beam envelope along accelerator

* Dispersion 7 describes chromatic effects, i.e. deviation
from reference orbit for a particle with energy deviation o:

Ax =no BROOKHEVEN

R S DERnTRET e - | Oiffice of NATIONAL LABORATORY
@ 4 ENERGY SC!ence 24 BROOKHAVEN SCIENCE ASSOCIATES




Source Size and Divergence

 Electron beam envelope is governed by x(s) = ng + By (s)cos(DP(s) — dy)

emittance and Twiss parameters
ox(s) = Veéx B(s)
* Root Mean Square beam size o, and 1+ ofs)?

divergence o, Tup(5) = Vex \[ B(s)

« As an example we take propagation of a B(s)
Gaussian beam along a drift Bo
2121z

| &=

(=

- Beta|function [m] o

Transverse
distributions of
electrons along the
drift: . e B a9
o at the waist ~ 5
e 3 maway
e S maway

0.1

|

' ~0.08

”x{ s)
— D —

' -:'.rxp( g)
—10.04

£n

—0.02

Distance along dritt, m
U.S. DEPARTMENT OF Office | = 0 1 . 3 4

ENERGY Science Z9 s

o

;‘ s

B X
<




Brightness of Radiation beams

* Brightness is defined as photon flux B — F,
divided by radiation volume n 2 Tt): DI

* |t depends on electron beam sizes at the _
source point, i.. along radiator (bend or ~ 2-z-2-. : Photon beam sizes

undulator) o
> ».>... Photon beam divergences
* ltdepends on natural source size and 55 oo ot
divergence of SR beam defined by “x BT
diffraction effect
= o"f_+o";;

* Total source size is a convolution of
electron beam and radiation sizes and
divergences

o, electron beam size
o', electron beam divergence

o Radiation source size

c'r Radiation divergence
BROOKHFEVEN
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A problem: radiator source size and divergence

Twiss parameters and emittances TN RN NI ENEY™
-9 UNDULATOR
*e, = 1-10 m rad s gp Wind2version 85115 HAWIS 16.24.04
E el B P
- 238
‘e, = 0.01- ¢, =1x10 'm rad = 2161\
*f. = 1.0 m Horizontal beta function PN
‘B, = 0.5m Vertical beta function e
*n, = 0.15m Horizontal dispersion o |
*§ = 0.00055 fractional energy spread oot _ C

5{mj

Source sizes: g, = \/ex By + (N, - 6)2 =8.835x107° meters = 88um

oy = [&y * By = 2.236 x 107° meters = 2.2 um

Source divergences:

Oxp = }gxﬁgl =3.162x 107> radians = 32 urad

Oyp = ,eyﬁ;l =4.472x107% radians = 4.4 urad

@ e e ey | Office.of NATIONAL LABORATORY
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IV. Synchrotron Radiation

T. Shintake’s Radiation 2D:
http://www.shintakelab.com/en/enEdu
cationalSoft.htm
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Synchrotron radiation from a bending magnet

* Calculate duration of radiation pulse

207 = Terectron — Tiight

arc length light path R-260 2Rsin(6) 0=--
v c v c

2AT =

0 ~—, sin(f) = 6

A R/(1 1 R ) ~ m
t y\v ¢ yﬁc -k 2eBy?

mc
with R = yme

2A7T

time

eB
" Frequency ~ /A Radiation pulse
* Critical energy of ,
synchrotron radiation from e, = hv, = 3 ehBy
a bending dipole AT m

Jg’%”;,_ U.S. DEPARTMENT OF Ofﬂce Of NEFO?QKL[yBg‘Ig%“RY
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Critical energy of bending magnet radiation

Electric Field in the Time Domain Angular Flux in Frequency Domain
< L T 1 % I T T i
Wix |:|'-_ J 140x1 ,'.l- [T : '5_ T T T T T 7]
L0 - 120 .,‘ —
= \
| 3001 AT =~ L ~ yzB g 100+ \ 4
i y3c & [ \
i 300 —_— E‘— 80 ALY 1
00 - ; 60 | x'x_ N
1 W b= _:":'; 401 i
0 _‘lr_| .1!r_. _.;4 5‘(. jg!.r_‘. 13{. 14010 12 0 | 41 | 1 : 1 : 1
0 20 0 B %) (M0 20
Distance E

© Photon Energy [keV]

Computed for 6 GeV, 1= 200 mA, B =] tesla

Critical energy of SR from dipole

2
e iy = S BV oy g [keV] = 0.665E2GeV] B[T]
¢ 41 m
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Polarization of bending magnet radiation

* Polarization is changing from linear in the
midplane to circular left and circular right s
above and below the midplane

Circular
I L'T.i

. Lineai

* Intensity of the parallel and perpendicular
components of the photon flux as a function of
10

Cucular Rught

* The curves are reported for € /e.=1/3, 1, 10 10 gy

and 100 and are normalized to the intensity at ™
:0 08 \ :::.:-[IH

ntensity

0.0 L1 1

* These polarization components are called ¢
and rt

Live

Hela

00 = * N I . | . " LR — ] —
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Time structure

* Storage ring gets filled with several
(many) bunches

* Bunches circulate around the ring

arriving to the source point once per
revolution Electron bunches

* Bunch length can vary between ns and
ps as required by an application

*  There are techniques to select ~100 fs Intensity time pattens
long portion of radiation pulse | _, < RF wavelength
* Free Electron Lasers radiate short Tl I I I I I I I I I I I I I I ” ITO
pulses down to 6-fs RMS t
I
* Detectors of synchrotron radiation To
react on either average intensity or on | _ t
harmonic of revolution frequency To= time of 1 revolution

BROOKHFEAEN
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A problem: calculation of SR flux through an aperture

b - _ 546108, (Gev) (UG B/ E)—ProtonS/S
© doddw/w (GeV)I(A)Na1 (E/Ec) mrad - (0.1%BW)
* For NSLS-Il: £=3 GeV, B=0.4 T, 1=0.5 A y=0.001,0.002..10 i
) Gl()/):y-fy Kn(g,z)dz
g, =0.665-E°-B = 2.394 keV Critical energy

* Calculate fluxat e,= 0.1 - &, il R A Rl

N, = 2457108 - E - T- G, (0.1) = w e

= 3.015 x 10*® photons /s/0.1% BW /mrad B B B B &

* IF a) window is 0.2 mrad, b) there is a filter of 0.02 % BW - A1 A AR L

1x10~° 0.01 0.1 1 10

Flux per second> ~ Nwfa =Ny - 0.2-0.2
= 1.206 x 10'? photons/s
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V. An undulator

’

T. Shintake’s Radiation 2D:
http://www.shintakelab.com/en/enEducationalSoft.ntm

<

2m

BROOKHFEAEN
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Electron Trajectory in a general undulator

A, cos6 a4 B
/ Lorentz force yma —ev X B

AN // ' \ 7 e s .

[ i\ /[N . Relativistic factor Assumption
i W= - _ 1 Ve, KVs=C
=f )" |
g, (1-%7)
dv
ymd—; = e(vyBZ — vZBy)

S
Angle of trajectory vx(s): ¢ f B,(s"ds'
c yme J, 7

Coordinate of trajectory x(s)= ﬁ fy J, By(s")ds" ds’

BROOKHFEAEN
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Electron trajectory in a planar undulator

— S
Jycos6 B = <0 By - sin <Z7T A) 0) Only one sinusoidal field
| ° component
%
e- | N\ /_+"\ [ —" — = —cos| 2w — , ,
" | . c v Ao * We will derive these
quantities later
Ao
_ MoK ") withv, = 0,2 =0
X = o Y sin /10 , WL v, = zZ =
eBoﬂ,O

K =

~ 0.0934 - By [T] - Ag[mm]| Kisafundamental dimensionless parameter

2mmce Called K-parameter or deflection parameter

Undulators: K~1

Wigglers: K>>1 Example: undulator with period 20 mm and field 1 T > K=1.84

BROOKHFEAEN
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Wavelengths of harmonics of Undulator Radiation

: 4o K* 2002 2
« Wavelength of n' harmonic An =5 2 1+—+y°(6c +67)

9.5-n-E?[GeV]

»  Photon energy (s,,) of n"harmonic  &n[keV] = .

Ao[mm] - (1 + KT +y2(02 + 0}))

 n=1, 2,3, ... harmonic number,

e A, undulator period,

« E=ymc?: electron energy,

» K: deflection parameter,

« 4§, 6, observation angles with respect to undulator axis

Loy U.S. DEPARTMENT OF Off f BH““K“‘-’I‘,E“
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Undulator Radiation: increasing K

* Horizontal component of
Electric field seen by
observer on-axis

« Forasmall K the field is
sinusoidal with the
spectrum dominated by a
single peak at the
fundamental harmonic
frequency

« Forlarge K, the field is
“spiky”, leading to a series
of narrow spectral peaks =
high harmonics

U.S. DEPARTMENT OF Office of

ENERGY Science

Pt m.,’h
el A
@

ST

MV

* Electric Field
“Small” K=0.5

* Radiation Spectrum
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Spectrum: Impact from the finite source size

L 0 0 L i NPT 15! harmonic
SR INSLS T ring at 3 Ge = : b |
e 1:5*;ha;rm-;g; o1 [U20, 3 meters ]
b [ no emittance, no energy spread =
4 frotetedetis P bbb g eittance, energy spread=1E-3 i
bbb bbb bbb bbb emittance=1 nm / 0,02 nm, energy spread=1E-3 |1
= 3 : IILAIn:IVIIIV AR N
il . H— A S S S S SR
= 1 ' 0 A O O :
Q: i Energy, ¢
Lo e P T Tth harmonic
P8 00 0 0 | O 0 00 0 A 1L monic_ | I
| I s T M UTS puBep iy S AL SRR LRI L SEEY ‘”»-1“‘ '
A NSO O 00100 SO0 N OO U] 00 T T S OO O KA 1 e i I SHNRE a8/ G ey e
0 800 S 0 S O O S 0 0 0 M 0 0 S 0 O O 1 P | 4
3 U 1 A 0 i
----- md harmanie. ?I? St harma tHh HarmARe
IEI(;’JIEIIEI\EJIEII T - Ilrl IHIOIEL Lal Iul!!(
O S S IS (B I ——
oo - T e ::::::ﬂ:: _J ﬂ H 1|
0 [T |8 | 40| | i A | L I I | ] .
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Two contributions to the source size: emittance and energy spread
* Distortion of lineshape; reduction of peak flux
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Spectrum: effect of sampling aperture

* Opening aperture broadens 213,
spectral bandwidth [ undulator \%
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Angular Spectral Flux: an estimate

Angular spectral flux

dD F(n.K) = _E .[Jn[“_ L ok’ }- Jn[“_ L ok’ ﬂl
”dﬂ 161"8:‘2) o KEE 2 :4—2-1{2 z :4—2-1{2
dg.rdg: 7 [1 T2
angular spectral :
0. I‘Lu

If 0.=6.=0 and A=A, %2: -------- AT s z - | :‘\h\\:‘_ ----- 8351
O ] AN
/S

(0,0.4) = a— N’»’F, (K) =01
d6.d6, % /L2
A 0 1 2 3 4 5
K
In usefull Units
d(I) - 14 ’
d (0.0. A)[Phot/s/.1%/mrad’] =1.744 x 10" N*E*[GeV I[ A]F, (K)
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Undulator Radiation: Power and Power Density

T,

2 A 2

B N\ /4
B3

Power[kW] = 0.633 - B [T] - E[GeV] - I[A] - L[m]

Power
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For an undulator : Length = 5 m, Field = 0.75 T, Period =35 mm

Ring Energy Current
[GeV] [A]
SuperACO 0.8 0.5
SLS 2.4 0.3
ESRF 6 B2
U.S. DEPARTMENT OF Ofﬁce of

ENERGY Science

Power Power Density
@ 10 m on-axis

(kW] [kW/mm2]

0.57 0.0023

3.08 0.11

12.82 2.96

44

[W /mrad?] ~ 10.84 - B [T] - E*[GeV] - I[A] - L[m] - N - G(K)
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Undulator Radiation: Polarization

* Planar field undulators produce linearly polarized radiation -

* Ellipsoidal undulator: //Q \N
R
e Field: B = <Bx - sin (271/1i + go) ,B, + sin <2T[ A()) 0) \\f\ ///

0

. K s\ K : _
. Velodlty: 7 = <_x.cos (2 T) Kz . os (Z,TA_JFQD) o) K, = K, (helical undulator):
Y 0 0 radiation footprint is a ring
eBy A with harmonic = 1
with K, = o———
2mmec P
1 il
A . K! K >//< N 6,
S — = ( ) ) Y1,
Vary i 4 (_"K/l ;,
The polarisation 1s in general ellipsoidal depending on direction and wavelength \\ /
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Undulator Radiation: Brightness

F =.Jo’ +0; "L Radiation source size

B — n
T =40+ _a'R:;ﬁ Radiation divergence

" @2n)PrY T Y

>...2.. : Photon beam sizes > ..> .. Photon beam divergences

Limiting cases of Brightness:

/ T
1/ 0.0, << VAL and &0 << || A = M= £, e aat mi
/ x°9; . Y v 27 TY 2)3 Dittraction Limuat
[ T
. [A L ' F
11/ ¢ .,0,>"—and 0,0, >> |2 = B =—:"
27 \2r Ar”e. g,

1n1/  Intermediate with Optimum Beta Function = &, & are electron beam emittances

o F, (WG #17, 18)
g A, A, F, is a photon flux in units of ph/sec
47" (e, +—)(e. +—)
- 4r 7 4rx

aa— A3

et aavy | Office of NATIONAL LABORATORY

@ i ENERGY Science 46 BROOKHAVEN SCIENCE ASSOCIATES




Wigglers

* Devices with K>2.5
 Two source points per period

* No constructive interference: just add Spectral Flux from each
source point as from a dipole magnet

* Continuous spectrum
* Flux and Brightness grow like 2 x Number of Periods

* Polarization: linear in Median Plane, depolarized Off-axis
* Multiple sources when observed Off-axis

Magnetic Field

Trajectory

p \
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A problem: trajectory in a planar undulator

Ao = 0.05 undulator period, m
0.

1] ' '
Z-m By(s) \ | \ | R \
k= wavenumber, 1/m y> o 1] f \} |

Ao -0.
\
By =1 Peakfield in the undulator,7 % h 02 k 04 06 \ o2 1

LN

i

Equation of motion if field B: By(s) = B,(s)=0 By(s) =By -sin(k-s)

d - - > d d
Ep—e-va > apx—e-vz-By y-m-avx—e-vz-By
d d d
y-m-—z-—vy=e-V;B), > y-m-—vy=e-B,
Trajectory angle:
X = %= — -f"l"B ds with a =———B,- 1
X ﬁ.c 'y.m.B.C 0 y x.max Z.R.y.m. C 0 0

@ B e oae s | Hiice.of NATIONAL LABORATORY

E N E RGY Science 48 BROOKHAVEN SCIENCE ASSOCIATES



A problem: trajectory in a planar undulator (Cont’d)

e
1 H K - B . A
Define undulator deflection parameter > mom.c Poho

K =0.934-B;-1, whereB,isinTeslaA,isincm

: : . : K
Maximum angle excursion of particle‘s trajectory: @, max = —

K

A : : i Py
x = [ °a,yds Maximum trajectory amplitude: Xpq, = 2y

Ao
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A problem: wavelength of UR harmonics

Xlr N¢

hg COS 0 1. Find longitudinal velocity of electron

0
N B R O C)
0

with trajectory angle % = %co s(k-s)

vwm

A

2 2
L (— cos(k - s)) ~(2)" > “=1-Aand A<1 relatvistic case
vs) 2 vg Ve 1 K2
Then 1—(?) ~2( _F) and ?zl_z-yz_(l—'_?)

Averaging the expression above across a single undulator period:
Vg K?
c 2y ( 2 )
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A problem: wavelength of UR harmonics (Cont’d)

X Ar N¢
MCOSQ

S

o
<®
\ 4

2. Now we use synchronizm between electron and light: every period
light wave slips away with respect to electron by a single period of wave

2
Ap = c(? _ho, cos(Q)) ~ Ay (1 — %+ 97) for small 6

S

2
Then AR=%-(1+%+)/2°92)

2-ny?

And for the n*" harmonic: Az, = Ao (1 +—+y%-0 )
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VI. Free Electron Laser

 Basics concepts of coherence
» Optical coherence: phases of propagating radiation wavefront correlate and do not change with
time
 Interference effects come from high degree of coherence (e.g. Thomas Young’s two-slit
interferometer)
» Two types of coherence:
« Temporal coherence = concerns correlation between phases (¢4, ©,) separated longitudinally
 Spatial coherence = concerns correlation between phases (¢4, ©,) separated transversely
» Temporal coherence corresponds to narrow spectrum

» Transverse coherence corresponds to transverse collimation
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Ruby laser, 1960
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* Lasers produce coherent beams of optical radiation
* Can we build a laser using free electrons as the active medium?

BROOKHFEAEN
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Travelling Wave Tube

« Travelling wave tube is an RF generator that uses free electrons as active medium
« TWT amplify injected RF signal to >50 dB
« How does it work?

Uniform flow (slug) of electrons emerge from heated cathode and get accelerated in the gun
with hollow anode

They interact with the injected RF field in the Input cavity = energy (velocity) modulation
Energy (velocity) modulation converts into bunching along the following drift

Bunching occurs at RF frequency = longitudinal density of electrons is modulated with RF
Modulated electron beam enters Output cavity tuned in resonance with modulation and give
energy to the cavity field P

“Spent” electrons follow to TWT collector % .
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Principle of FEL

* FELs operate using principle that is similar to that of TWT
* AMPLIFIER (HIGH GAIN) FEL
* Long undulator

« Spontaneous emission from start of undulator interacts
with electron beam.

* Interaction between light and electrons grows giving
microbunching

* Increasing intensity gives stronger bunching giving, in
turn, stronger emission

—> High radiation intensity achieved in single pass
* OSC”_LATOR (LOW GAlN) FEL i .Incohe.r.eﬁt erﬁiss.ion: : i”Co} eeeee l erﬁissioﬁ: :
+  Short undulator eectns andomly prases iaon avalh

« Spontaneous emission trapped in an optical cavity

* Trapped light interacts with successive e- bunches
leading to microbunching and coherent emission

—> High radiation intensity achieved over many passes of
electron beam

http://www.nature.com/nphoton/journal/iv4/n12/fig_tab/nphoton.2010.239_F2.html BROOKHEAUEN
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Output power P oc N2, where N, is number
of electrons within coherence length >
Pee, = N X P

undulator



Modern X-ray FEL (LCLS)

* Linac Coherent Light Source
is powered by 14 GeV beam
from SLAC linear accelerator

* 2 mile long linear accelerator
is followed by 130 m long R = S e
undulator |

* Self Amplified Spontaneous
Emission FEL lases down to
10 keV photon energy

* Free Electron Laser is
commissioned in 2009

* Six instruments are in
operations in 0.25-2 keV and
5-9 keV energy ranges

* LCLS-II project is under way!

Damping

A Pnd-
LCLS — ‘StationA
-——-—’/

. > - ———_ -— -
(LS - . l\ ﬁnsnn ‘
arHa "B CEH &% 4 an 3 ¥ s i
! P ;f'i’f} g >

https://portal.slac.stanford.edu/sit
es/lIcls_public/Pages/status.aspx
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High average power Free Electron Laser

Melting a piece of plastic with 400 W, 100 um wavelength FEL
Budker Institute of Nuclear Physics BROOKHEVEN
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A problem: Estimating the power of a Star Wars blaster

The Heavy Blaster was a powerful laser pistol from the time of the
Galactic Republic through the Galactic Civil War in Star Wars

Loy U.S. DEPARTMENT OF H BH““K“‘-’I‘,E“
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A problem: Estimating the power of a Star Wars blaster

1. Boiling a glass of water with the blasterin 1 sec.
Cwater = 4.18 J/g/C specific heat capacity
g=200 gram. 1, weight of glass of water

AT = 80 C, Temperatureincrement from room
temperature

Han Solo preferred the laser

_ c e AT — 4 .
AQ = cwater * 9 - AT = 6.688 x 10 blaster over a lightsaber

67 kJ is required, which is equivalent to 67 kW of
average power in 1 sec!
laser
* Assuming that all of the power will turn into heat
* In comparison NSLS-Il Damping Wiggler radiates
64 kW of average power at 0.5 A current

BROOKHFEAEN
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VII. Synchrotron Radiation Facilities

 To date there exist more than 50 synchrotron radiation sources in operations in the world
serving many areas of science ranging from chemistry, biology, physics, material science,
medicine to industrial applications

 Early construction of high-energy particle accelerators started essentially after World War
Il and enabled first generation machines. They were built in order to understand the
fundamental laws of matter and particle interactions.

« Second generation: dedicated light source facility with multiple user programs

 Third generation sources started operation in the early 1990s: high brightness, optimized
accelerator performance

 Fourth generation machines: diffraction-limited X-ray beams

 Figure of merits among light sources are:
 Photon energy range
 Photon Flux
 Photon Brightness
 Pulse length
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http://www.classe.cornell.edu/rsrc/Home/Resear
ch/ERL/ErlPubs2005/ERLPub05_22.pdf

www.lightsources.org/
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Figures of Merit: Average and Peak Brightness
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Synchrotron nght Sources Worldwide
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Free Electron Lasers worldwide
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Concluding remarks

* In this lecture we discussed basic concepts of synchrotron radiation
including light source characteristics, particle accelerators, properties of
electron beams, undulators and wigglers, their radiation properties,
qualitative principles of Free Electron Lasers and concluding by
diversity of Synchrotron Radiation facilities

* Going forward you will discover more exciting details of generation,
propagation and interaction of light with matter

* Building a modern light source requires broad bandwidth of knowledge:
optics, mechanics, electrodynamics, electrical, mechanical, RF, cryo
engineering

* What are light sources of tomorrow?
BROOKHEVEN
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Computer codes for calculating SR

Name Authors Platform Download
O. Chubar. Mac http://www _estf.fr/machine/grou
B2E & SRW P. Elleaume, S ps/insertion_devices/Codes/soft
Windows _
ESRF ware.html
R.P. Walker, Fortran
URGENT Diamond Light o Contact Author

Source Source

M. Sanchez

XOP del Rio . ESRF Unix, http://www.esrf fr/computing
& R. J. Dejus, Windows /scientific/xop/
APS
Unix,

http://www _spring8.or.jp/ENGL
Windows | ISH/facility/bl/insertion/Softs/in
Mac dex.html

T. Tanaka.

SPECIRA SPring8

Try also: demo2.sirepo.com/srw
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Related reading

* The Physics of Synchrotron Radiation
by Albert Hofmann, 2007, Cambridge U Press

® Synchrotron Radiation for Materials Science Applications by D. Sbiotron
Attwood, Cambridge U Press adiation

® Synchrotron Radiation by H. Weidemann, Springer; 2003 edition

Click to I._.ODK |N5|D_E|.

® CERN Accelerator School, CAS,
http://cas.web.cern.ch/cas/CAS_Proceedings.html

® US Particle Accelerator School,
http://uspas.fnal.gov/materials/index.shtml

® Lectures by Pascal Elleaume ——
http://cas.web.cern.ch/cas/BRUNNEN/Presentations/PDF/lLpdf [ o

® Lectures on the Free Electron Laser Theory and Related Topics
by G. Dattoli, A. Renieri, A. Torre, World Scientific,1993 -
Science
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