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THE ELECTROMAGNETIC SPECTRUM
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60°000 users world-wide
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Materials - key to our technologies
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Materials - key to our technologies
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Angular
divergence, Q

Brightness = constant x F

SxQ




Steep rise in brightness
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Protein structure

Diffraction pattern

vyvYyYYVYY

Ribosome




Photons in biology - insight into structures

Visualization
of Alzheimer’s plaques

In collaboration with M Cacquevel, J-C Bensadoun,

P. Aebischer, Brain and Mind Institute
EPFL, Lausanne, Switzerland

Structure of ribosome and proteins

A. E. Yonath

2009

PSI, 21 June 2010



Higher brightness: more photons on small sample

or through a pinhole of ~ A: coherence

d measurements on very small probes
(few um crystals)

d small divergence:
» compact mirrors, optics elements
> minimized aberrations

d short measurement times

A high transverse coherence
» phase contrast imaging




Angular
divergence, Q

Emittance = S x Q



Ring equilibrium emittance

Equilibrium Emittance
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3 types of storage ring sources:

1. Bending magnets: B ~ N

o\o‘é_ detector
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3 types of storage ring sources:

2. Wigglers: e B ~ NgN,, %10

undulations

broad

time

frequency



3 types of storage ring sources:

detector

3. Undulators: ORI
sma!l illuminated
undulations

detector

B ~ N_N2, x10°
hv-band /\hv/Ahv

time” frequency




Anatomy of a light source
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About 60 ring sources world-wide
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Undulators

OF X-RAYS

ELECTRON X-RAYS
TRAJECTORY \
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Selection of wavelength in an undulator

In an undulator

an electron N S N(orth) S(outh)
(on a slalom) “ > C
: eriod A —
races an emitted REMEE Ay SL= nk
photon electron == v=Bc

photon == ¢

at A an electron emits a photon with wavelength A and flies one
period A, ahead to B with velocity v = fc. There it emits another

photon with the same wavelength A. At this moment the first photon
is already at C. If the path difference dL corresponds to n
wavelengths, then we have a positive interference between the two
photons. This enhances the intensity at this wavelength.




Selection of wavelength in an undulator |I

N S N(orth) S(outh)
|:3 C
period A, Szz_r:k
electron == v=fc
photon == ¢
Th th diff oL=nA~=(1 A 1 R L
e path difference =ni=({1-p0)4,, _'BNW
2\
1 = A, 1+ K_ detour through
2ny? 2 slalom

K =0.0934- A [mm]-B|T ]




Radiation cone of an undulator

Undulator radiates from ist whole
length L into a narrow cone.

Propagation of the wave front BC
is suppressed under anangle,, A 2 8 L2

If the path length AC is just shorter by a half wavelength compared
to AB (negative interference). This defines the central cone.

AL=AB-AC="L(1-cosb,)~-L6;
#

Negative interference for AL = &
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Undulator radiation

A, c0s0
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In-vacuum undulators / s.c. undulators

Gaps
down
to

3 mm




Undulator

ine width IIIIEIIIIIIIIIIIIII WWM -

L!2

Undulator of infinite Iength

Finite length undulator

e radiation pulse has as many periods as
the undulator .

e the line width is L Ny

AL _ »OE
Due to the electron energy spread . “E
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sciences

Zhentang Zhao PACO7, Albuguerque, New Mexico, June 25, 2007



Top-up injection: key to stability

TOP-UP INJECTION
o
9p)

4 T T T T
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POSITION

Steady state glow at the SLS

Light Sources, L. Rivkin, EPFL 4 .




Angular
divergence, Q

Emittance = S x Q



Beam emittance

Betatron oscillations Area =m-¢g

e Particles in the beam execute betatron oscnlatlons with
different amplitudes.

Transverse beam distribution
e Gaussian (electrons)
e “Typical” particle: 1 - o ellipse
(in a place where a =’ = 0)

Units of ¢ [m-rad|

Emittance
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SINAP Shanghai Institute of Applied Physics, Chinese Academy of Sciences

Third Generation Light Sources
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PERFORMANCE OF 3t GENERATION LIGHT
SOURCES
BRIGHTNESS:

DIFFRACTION LIMIT
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COHERENT EMISSION BY THE ELECTRONS

Intensity oc N Intensity oc N 2
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FIRST DEMONSTRATIONS OF COHERENT EMISSION
(1989-1990)
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Fig. 4. Dependence of SR intensity on the beam current at widths indicated with horizontal bars, the spectrum calculated

A =400 pm and A =520 nm for the long pulse/short bunch ; : - A i ] ; :
beam. The ordinate is given on the left-hand side for A = 400 c]C'l:'lJI"‘dlﬂg to Lq“ {I } fhr 10% btlt‘ll:h\"ldTh {ﬁﬂ]ld tlnE}1 ind the

um and on the right for A = 520 nm. The two lines show the intensity expected for the complete coherence over the bunch

linear and quadratic relations to the beam current. The beam for 10% bandwidth {UIM:I'I circlel.
current is converted to the average number of electrons in a_
bunch on the upper side.

180 MeV electrons 30 MeV electrons
T. Nakazato et al., Tohoku University, Japan J. Ohkuma et al., Osaka University, Japan




MUCH HIGHER BRIGHTNESS CAN BE REACHED
WHEN THE ELECTRONS COOPERATE
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X-Ray Laser

= Fully coherent source of 1 A X-rays
1012 photons pulses

Short pulses: femto- to atto-seconds
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FEL Principles _e

Z. Huang L

AL

I Electrons slip behind EM wave by 4, per undulator period (/lu}
+ + [ - pa— g

1 Due to sustained interaction, some electrons lose energy,
while others gain =» energy modulation at A,

1 e7 losing energy slow down, and €~ gaining energy catch up
=» density modulation at A4, (microbunching)

1 Microbunched beam radiates coherently at 4,, enhancing
the process = exponential growth of radiation power




Microbunching through SASE Process

undulator
entrance

half-way
saturation

full
saturation

GENESIS - simulation for TTF parameters
Courtesy - Sven Reiche (PSI)




Linac Coherent Light Source at SLAC

X-FEL based on last-1-km of existing 3-km linac
L AGRe Proposed by C. Pellegriniin 1992 =
'! ?-'_l:j) }-\ . , Injector (35°)
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Undulator Galn Length I\/Ieasurement at 1. 5 A: 3 3m

0] 7/5xy ~ 0.4 ym (sllce)
H 1~ 3.0KA
- o:/lE = 0.01% (slice)

(25 of 33 undulators installed)

[
-
D

=z
5
%10
-k
]
[
[,

[
-
|

» measurements (04/26/09)
GENESIS simulation

30 40 50 60 70 80
Active undulator length (m)




Second day measurements (04/11/09)

E Ni-foil in front of YAG screen has a K-edge at 1.5 Angstrom
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Light Sources, L. Rivkin, EPFL & PSI, Varna, Bulgaria, September 2010



Ultrafast X-ray science

,If you want to understand function,
study structure”
Francis Crick

% X-ray Free Electron Lasers extend the ultrafast laser
techniques to the X-ray domain

% ,Seeing” structures evolving with time as
phenomena take place

% FEMTO: Slicing technique at synchrotrons

% Similar technique to reach < 1 fs with XFELs

Light Sources, L. Rivkin, EPFL & PSI, Varna, Bulgaria, September 2010



Fast processes and short pulses

Laser pump / X-ray probe

Centre for Molecular Movies, Niels Bohr Institute, University of Copenhagen www.cmm.nbi.dk M. Nielsen



. 1878: E. Muyoricdge ai Stanford
% Tracing motion of animals
7
- by spark photography
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£. Muybridge

L. Stanford
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A el
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Muybridge and Stanford disagree whether all feet leave the ground at one
time during the gallop...

E. Muybridge, Animals in Motion, ed. by L. S. Brown (Dover Pub. Co., New York 1957).



Laser slicing
Pioneering ideas and experiments at ALS
Facilities at ALS, BESSYII, SLS
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FELs and ERLs COMPLEMENT the Ring sources

103

X-ray FELs atto...

%
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é Slicing
o 10

10 ps 100 fs 1fs
Pulse duration

After H.-D. Nuhn, H. Winick
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Transverse coherence

* High brightness

gives coherence

* Wave optics methods
for X-rays
(all chapters in
Born & Wolf)

 Holography

R MR
phase contrast imaging
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