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Synchrotron radiation from relativistic electrons
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Undulator radiation from a small electron beam radiating
Into a narrow forward cone, is very bright

Magnetic undulator My ]
(N periods)

Relativistic
electron beam,
Ee = Ymc?

photon flux
(AA) (AQ)

Brightness =

photon flux
(AA) (AS2) (AN/A)

Ch05_F08_Apr08.ai

Spectral Brightness =
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Undulator radiation

Laboratory Frame Frame of Frame of Following
of Reference Moving e~ Observer Monochromator
I‘i ;\JU4>| SinF 0= 2i“s’ ecen
N| [S| [N| |S e
&> < > —#. _:'r o
S| IN| [S]| [N
E = ymc2 e~ radiates at the Doppler shortened For A—i‘ =~ 1W
Lorentz contracted wavelength on axis:
_ 1 wavelength: , . 1
V= v — A =AY(1 - pcosh) cen = YN
e M=
% typically
- : _— A= — (1 +720?
N = # periods Bandwidth: 2y2 0., ~ 40 rad
'
% =~ N Accounting for transverse
A

motion due to the periodic
magnetic field:

_ N K2 . ions
b=t (14 e v2ed

where K = eBgyh,, /2nmc

Ch05_LG186_Apr2010.ai
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Determining the power radiated: the equation of motion of
an electron in an undulator

Magnetic fields in the periodic undulator cause the electrons to oscillate and thus
radiate. These magnetic fields also slow the electrons axial (z) velocity somewhat,
reducing both the Lorentz contraction and the Doppler shift, so that the observed
radiation wavelength is not quite so short. The force equation for an electron is

dp

y A
— =—e(E+vxB 5.16
dt ( ) S By = Bo cos %
where p = ymv is the momentum. The ; »
radiated fields are relatively weak so that
d
7[; ~—(vxB) Vv
—_— —_— e >
e~ z
Taking to first order v =~ v,, motion in the x-direction is
dv,
my W = -{-é’VZ B).-
Kc . (2nz
Vy = — SIn (5.19)
Y Au
880;\.“
K = = 0.9337By(T)A,(cm) (5.18)
2mmc
ChO5_F15_Eq16_19_Mar08.ai .
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Calculating power in the central radiation cone: using the well known
“dipole radiation” formula by transforming to the frame of reference
moving with the electrons

x, z, t laboratory frame of reference x', Z', t' frame of reference moving with the
average velocity of the electron

e_$
hi= o

*

—| M = N periods Lorentz
transformation x', z, f motion
a'(t") acceleration
d . . L.
?l; =—¢(E+vxB) Dipole radiation:
dP' _ &d”sin’ @
aQ’ 167 ,c°
A X 1
Ocen = = Lorentz transf ti
con = orentz transformation
B «
—_———— = > —
. N o €
A\
= meyl K
cen:— 2 142
gohy (1 +K7/2) Ch05_T4_March2008.ai
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Undulator radiated power in the central cone

N periods K%

A K2 K§ e
o= (145 + 7567 fjﬁﬁ/ﬁ
- meY¥ K? %
Peen = K32 H(K) %/’i

by (1+5) 9
1
0 - 1 Bcen = ey 0 }A/
cen Y*/ﬁ' YYN
2.00
ALS, 1.9 GeV
(A_;’) = l 400 mA Tuning
cen N 1.50F A,=8cm curve
_ N = 55 /
= K=0.5-4.0
K eBolu = 1.00
2mmgC Ly AN
0.50 AL
2
ronfie . l
00 100 200 300 400

Photon energy (eV)

Ch05_LG189_Jan07.ai
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Spectral brightness is useful for experiments that involve

spatially resolved studies
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* Brightness is conserved
(in lossless optical systems)

esource

d eOptiC
source

dfocus

dsource 8 eS.Durce - dfocus 2 eoptic

/ \

Smaller Large in a
after focus  focusing optic

« Starting with many photons in a
small source area and solid angle,
permits high photon flux in an
even smaller area

Ch05_F24VG_2.04.ai
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Time structure of synchrotron radiation

The axial electric field within the RF cavity, used to replenish lost (radiated)
energy, forms a potential well “bucket” system that forces electrons into axial
electron “bunches”. This leads to a time structure in the emitted radiation.

j\f\ /\ A/Z \/9 Gaussian pulse

G (rms)

Irwhm = 35 ps
[ =400 mA

unfilled -

FFWHM =2.35 O¢ Time

328 buckets available,
nominally operated with
some fraction unfilled.

Ty = 35 ps (nominal) /N » 500 MHz RF

V .
Py A
|
[VAVAV 20
|
—»ﬁ«— —>|.|<—
35 ps 35 ps

Ch05_TimeStruc.ai
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Coherence at short wavelengths

Chapter 8 ) N
/gr" leoh = N IDAR {temporal (longitudinal) coherence} (8.3)
\: d - B = M2m {spatial (transverse) coherence} (8.5)
or d - 28|y =044 A (8.5%)

l
QL =~ (2?5
P coh N — (dxex)( dvey) P cen (8-6)
= _ elyh'l(ANl)Nz . [ ﬁ(o]
Pcoh.;UA?L = Sﬂégdxdy l_ﬁ_ﬂ]o f(K) (89)

: _ (M2m)?
Pcoh = (dxex)(atvey) Plascr (8‘1 l)

Pinhole

Ch08_F00.ai
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Young’s double slit experiment: spatial coherence and the
persistence of fringes

Persistence of fringes as the source grows
from a point source to finite size.

d- 20/ = M2

Mooh = A2/2AN = I Negph

CHO8_YoungsExprmt_v3.ai
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Spatial and spectral filtering to produce coherent radiation

Courtesy of A. Schawlow, Stanford.
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Coherence, partial coherence and incoherence

\]
Point source oscillator Source of finite size,

—o0 <t <o divergence, and duration

Ch08_F01.ai
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Spatial and temporal coherence

Transverse (spatial)
Mutual coherence factor coherence
s | —
Cia(t) = (Ex(t + T)ELD) (8.1) i A
1 \
) NUER
. . o) — | —
Normalize degree of spatial coherence ||
4 —|— 4+ P2
(complex coherence factor) : o v
P2
(E1(t)ES (1))
K12 = 8.12) Point source, Longitudinal
\/(IEl |2)\/(|E2|2) harmonic oscillator coherence length
Coon = AZI2AN

A high degree of coherence (u — 1)

O i . Longitudinal (temporal) coherence length
implies an ability to form a high contrast

interference (fringe) pattern. A low degree ¢ _ N (8.3)

of coherence (u — 0) implies an absence L= 5 A

of interference, except with great care.

In general radiation is partially coherent. Full spatial (transverse) coherence
d-0=2xr/2n (8.5)

Ch08_Eqg1_12_F2.ai
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Spectral bandwidth and longitudinal coherence length

‘4— 2 _>| |+ AA 180 phase shift

AWANY .\ VA VA VA AYAYA »
VARV AV/AVIAV FAVEAVIS -

€coh ""i X >

Define a coherence length €, as the distance of propagation over which radiation of spectral width AA
becomes 180° out of phase. For a wavelength A propagating through N cycles

€oon = NA
and for a wavelength A + AA, a half cycle less (N — %)

oot — - %) (A +AR)

Equating the two
N = A2AM
so that
£ 2 (8.3)
coh ‘— 2 AL *

Ch08_F03.ai
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A practical interpretation of spatial coherence

 Associate spatial coherence with a spherical wavefront.
* A spherical wavefront implies a point source.

e How small is a “point source”?

7, From Heisenberg’s Uncertainty
Principle (Ax - Ap > % ), the smallest
2 0 source size “d” you can resolve, with
'
wavelength A and half angle 6, is
d-06 b

" 2n

Ch08_XBL 915-6740A.ai
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Partially coherent radiation approaches uncertainty
principle limits

Ax - Ap 2 h/2  (8.4) Standard deviations of Gaussian distributed functions
Ax - KAK > A/2 (Tipler, 1978, pp. 174-189)

AXx - KA > 1/2
2Ax - AB > A27

e _J

. 0
d =2Ax —_ >
T ==

—+

Spherical wavefronts occur

Note: in the limiting case
Ap = hAk s @= "
AE — 1AD m Ak d-6=A2m } % quantities
k (spatially coherent) ©
or

(d : 29)FWHM == /2 } FWHM quantities

Ch08_XBL883-8849_modf.ai
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o, |

/\l A Spatially coherent x-rays:

r ‘m

spatially filtered undulator radiation

i

-
Pl
Undulator A=11.2 nm A=13.4nm

? radiation
"\lu Ei Spatial
\| filter
9c:en = L
YN

Pinhole

Q/' N periods
-

1 umP pinhole

25 mm wide CCD
at 410 mm

Angular
aperture

Courtesy of Patrick Naulleau, LBNL.
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o, |

frrerererr ‘m

Spatially filtered undulator radiation

Undulator ik perm?\@ )
radiation Y _°

Spatial

filter
fe)

= Pinhole
@ |

Angular
aperture

Using a pinhole-aperture spatial filter,
passing only radiation that satisfies d - 6 = A/2n

- A/2m A2 X =

Poop Ny = ( ) ( )P (8.6)
co d.6, dygy cen

5 _ _eMIN (o Ainie) 169
N T R eodyd, T @ity 35

for dy = 20, dy = 20y, B1x — 04, 01y — 6,
and 6’2 << 02,

Coherent power (mW)

2.00
Ay =8cm
N =55 Tuning
| 1.9GeV curve
1:50 0.4 amp
n = 1(only)
1.00
A
Tk N — |-
0.50 5 _mer? KK
FN ehy  (1+K32)2
0 | |
0 100 200 300 400
Photon energy (eV)
35
s _ (Wem?
30- N (dddy0y) "
251 Coon = NA/2
20
151 Tuning
l =N — | curve
AL
10
5 -
0 | | | | | | 1
0 50 100 150 200 250 300 350 400 450

Photon energy (eV) ChO8_F09.ai
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Spatial and spectral filtering of undulator radiation

In addition to the pinhole — angular aperture for spatial
filtering and spatial coherence, add a monochromator for
narrowed bandwidth and increased temporal coherence:

_ (A/2m)? AL
P = N — P 8.10a
coh,A/AL n (d.0 )(dy, 6,) cen ( )
/ beamiine =
Coherent eHeiency glft’:gﬁl ﬁli)tinng Undulator
g -
power radiated power
which for G’X?y << 0y, (the undulator condition) gives the 32
spatially and temporally coherent power (d - 0 = A/2m ; o = A )
- ey IN(AL/A)N? hw
Rsinn= ION (1= 22 fiwohon)| (.100)
* 87T Godx dy ha)o

|
which we note scales as N2.

Ch08_SpatialSpectral_Apr2010.ai
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Coherent power at Elettra

2-0 J T I I I 1 L |
2.0 GeV, 300 mA
=T n=1 ! Ay =56 mm, N = 81
S / | 0.5=<K=2.3
ad ﬁ=81—»-‘— " Ox = 235 pm, 0!x’=23ﬂr
0.5 . oy =31pum, o, =9 pr
5 . L n=10%
10° 103
Photon Energy (eV)
20 . —
g 15 -
E
z 10 7
5 A=
o gL A i
0
102 10°

Photon Energy (eV)

ChO08_Elettra_Feb07.ai
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International weekly journal of stience

%ﬁ:ﬂ\, ‘?1

X-ray holographyt

Lean%‘Ss timaging at the nanoscale

%

M L
g -

The ‘Halloween storm’
How the Sun plays its tricks

Protein transport
Escapefrom the nucleus

Duck-billed platypus
Curiouser and curiouser
5
Locusis over Africa
Time for biological control?
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Undulators, FELs and coherence

« Spatial coherence

 Temporal coherence

 Partial coherence

 Full coherence

« Spatial filtering

* Uncorrelated emitters

o Correlated emitters

e True phase coherence and mode control

» Lasers, amplified spontaneous emission (ASE) and
mode control

 Undulator radiation
« SASE FEL fsec and asec x-rays
e Seeded FEL true phase coherent x-rays
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Undulators and FELs

IN| |s] [N|] [S]

d
) —— P @ vxB)

i
'Sl INI [S] IN]

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.

IN] [s] [N] [s] [N] [s] [N] [s| [N]

G —
's] [Nl [s] [N] [s] [IN] [s] [N] [s]

Free Electron Laser (FEL) — very long undulator, J

electrons are “microbunched” by aPp _ —(E +v xB)

their own radiated fields into dt

strongly correlated waves of electrons, “SASE” FEL — no seed (several separate “waves”
all radiated electric fields now add, of electrons possible with uncorrelated phase.)
spatially coherent, power ~ N2 Less peak power, broader spectrum.

UndulatorsAndFELs2.ai
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Seeded FEL

IN|] |s|] [N] |S]

......... d
L e ') — _p z—e(E"FVXB)

..-.'. df
's]IN[ [s] [N

Undulator — uncorrelated electron
positions, radiated fields uncorrelated,
intensities add, limited coherence,
power ~ N.

N Is] IN) Ls) IN| Ls] N [s] [N
AR~ GHHD—

Coherent
seedpuise 1S [Nl [s] [Nl [s] [NI [s] [N| [s]

Free Electron Laser (FEL) — very long undulator,

dp

electrons are “microbunched” by — =—¢(E +vXxB)
their own radiated fields into a

strongly correlated waves of electrons,

all radiated electric fields now add, Second generation x-ray FELSs.
spatially coherent, power ~ N2 (Fermiin Trieste)

UndulatorsAndFELs3.ai
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Gain and saturation in an FEL

oyl

'

0 2 4 6 8 10 12 14
z [m]

Courtesy of K-J. Kim

Gain_Saturation_FEL_graph.ai
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FEL Microbunching

Courtesy of Sven Reiche, UCLA, now SLS
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Young’s double slit experiment: spatial coherence and the
persistence of fringes

I

YoungsExprmt.ai
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Young’s double slit experiment: spatial coherence and the
persistence of fringes

Persistence of fringes as the source grows
from a point source to finite size.

d - 28)pyv = M2

7\-'0011 - 7\*2/2A7L - %Ncoh7L

CHO08_YoungsExprmt_v3.ai
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Young’s double slit experiment with random emitters:
Young did not have a laser

EA

) ) "

N uncorrelated / / /

emitters

)

» Self-interference only
* Electric fields chaotic

* Intensities add
« Radiated power ~ N d* 20 o A2

Meoh = AZ/2AL = T Neoph

YoungsExprmt_Random_March08.ai
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Young’'s double slit experiment with phase coherent
emitters (some lasers, or properly seeded FELS)

EA

: \/A\//\ [\\/ i
) ) )

emitters

/
N correlated / / / )) )

* Phase coherent
electric fields

* Electric fields from all
particles interfere constructively | d - 20| .y = M2

« Radiated power ~ N2 -

* New phase sensitive . _ A2/ A0 —
probing of matter possible Aooh = AT2AN = [ Neon

YoungsExprmt_PhaseCoh_March08.ai
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FEL physics

[N] [s] [N] [S] |N| S|

e—

S| [N [S] [N] [S] [N

e Uniformly distributed particles (beam) into undulator.

« Emission of radiation (“spontaneous” emission).

* Wave grows enough (undulator radiation) to begin affecting.
particle dynamics through ma = —E radiation.

 Transverse coupling between E;,g and transverse velocity vy

(in undulator) leads to energy exchange between fields and particle
dEe dy
(zero net at first) —5~=mc dt =F-v=—¢E - vy

* Modulated velocities with increments in vy lead to bunching on axis.

* Electron density modulation leads to stronger radiation,
Q* e4
« Stronger fields (wave) drive stronger transverse velocity.
» Stronger vy drives stronger bunching, . . . stronger fields, . . . FEL action.

FEL_physics.ai

32

Trieste March 2012 / David Attwood / ICTP Lecture 2 Trieste_ Marach2010_Lec2.ppt



FLASH EUV/soft x-ray FEL at DESY Lab, Hamburg

6.532 nm wavelength in 1st harmonic
20 fsec, 102 photons per pulse

Courtesy of Henry Chapman (LLNL, now Hamburg) and Stefano Marchesini (LLNL, now LBL).
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The Linac Coherent Light Source (LCLS),
an X-Ray FEL at Stanford

Damping
Rings

o
Main Linac_— |nj2:='ts'f:iir

— Ve 3

LcLs -
Far Hall ”
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Free Electron Lasers

Parameters | Flash FEL Fermi LCLS SACLA EU XFEL
(Hamburg 2005) |(Trieste, 2010) | (Stanford, 2009) | (Hyogo, 2011) | (Hamburg, 2015)
Ee 1525 GeV 1.2 GeV 13.6 GeV 8 GeV 17.5 GeV
Y 2,450 2,300 26,600 15,700 35,000
A 27.3 mm 65 mm 30 mm 18 mm 35.6 mm
N 989 216 3733 4500 4000
Ly 27 m 14 m 112 m 81 m 200 m
ho 30-300 eV 20-60 eV [800eV - 12 keV 12 keV 4-12 keV
(4.1 mm) (20-60 nm) (1A-1.5 nm) (0.8-1.6 A)
MNAN 100 1000 200-500 200 1000
At 25 1sec 150 fsec 70 fsec 30 fsec 100 fsec
F (ph/pulse) | 3 X 10'2 1012 1012 7 % 101 1014
rep rate 5 Hz 10 Hz 120 Hz 10-60 Hz 27 kHz
| 1.3 kA 500 A 3.4 kA 3 kA 5 kA
p 1 GW 1 GW 25 GW 4-30 GW 20-100 GW
L 260 m 200 m 2 km 710 m 3.4 km
Polarization linear variable linear linear variable
Mode SASE Seeded SASE SASE SASE
(3w Ti: saphire)

Flash II, Fermi II, SLS FEL, LCLS 1L, . . . .
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Probing matter on the scale of nanometers

and femtoseconds

106m
1 um

100 nm

10 nm

10-9m
1nm

0.1 nm

9-2008
8777A6

Characteristic Nanoscales in Matter

Virus ~ 200 nm

Ferromagnetic
* bits” ~ 100 nm

-

Grains of Materials
~10 nm
=

Transistor Size
~50 nm

DNA Helix
C Nanotube ~3 nm Width
~ 2 nm Width

Atomic Corral

Ferromagnetic Vortex
~ 10 nm Width

7
Stable Ferromagnetic
Particles ~ 3 nm

-

Spin Density
Wave ~ 1 nm

Charge Stripes,
Orbital Order

Characteristic Times in Matter

1ol ‘0- —

1us
Camera ole
Protein
Shutter Time F;‘l-}d:ar:g
b
109s
ins
Nanoscale
Correlation
“Bit" Processing H Transt T eae
55 '|[|T1-| es ar Times
Electron-Latfice Relaxation Time
1012 -+

L ---"“
"SS9 iraiiont s
g — b
RN
10_155 ’***
1fs

L]

Stoner
Spin Flip

Valence Electron
Precession Time

Core Electron
Transitions Time

10-18s
1as

89-2008
B777TAS

Science and Technology of Future Light Sources (Argonne, Brookhaven, LBNL and SLAC: Four lab report
to DOE/Office of Science, Dec. 2008)
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Coherent x-ray diffractive imaging with the FLASH
free-electron laser (FEL) in Hamburg, Germany

25 fs diffraction pattern nature 2o ek

FLASH,
what a picture!

QUANTUM NETWORKS
Photons fired in concert

SUPERCONDUCTORS
Straight to the source

QUANTUM OPTICS
Strong correlations with light

1 micron Chapman et al, Nature Phys 2 839 (2006)
37
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Lectures online a www.youtube.com

Soft X-Rays and
Extreme Ultraviolet
Radiation

Principles and
Applications

David Attwood

i
i

UC Berkeley
www.coe.berkeley.edu/AST/sxreuv
www.coe.berkeley.edu/AST/srms
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