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Vision of the science with future light sources

Directing Matter and Energy:
Five Challenges for Science and the Imagination

BASIC RESEARCH NEEDS FOR
SUPERCONDUCTIVITY

Report of the Basic En:
Workshop on Supercol
May 8-11, 2006

Next Generation Photon Sources for
Grand Chal/enges in Saence and Energy

u 0 SUBCOMMITTEE TO TH
SORY COMMITTEE | MAY 2009

> Basic Research Needs for

T Materials
under

Extreme

A Environments

. Repo t of the Basic Energy
Sciences \\ol\lopon

\\.hr/

CONTROL OF COMPLEX MATERIALS
AND CHEMICAL PROCESSES

REAL TIME EVOLUTION
OF CHEMICAL REACTIONS, MOTION
OF ELECTRONS AND SPIN

IMAGING AND SPECTROSCOPY
OF INDIVIDUAL NANO-OBJECTS

STATISTICAL LAWS OF COMPLEX
SYSTEMS

SIMULTANEOUS ULTRASHORT
AND ULTRAFAST MEASUREMENTS
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Questions

Can we solve the problem of HTSC ?
Can we understand the coexistence of SC and ferromagnetism?

 Can we make imaging resolution with an information content better
than STEM of living matter ?

 Can we make material with a photovoltaic efficiency as in the natural process?
* How small and how fast can we make the magnetic recording devices?
 Can we observe a catalytic process under real operating conditions ?

 Can we fill the gap between the atomic and condensed matter properties ?

 How far can we push our capability to observe the matter
under ultra-extreme conditions?
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Characteristic Times in Matter
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Science and Technology of Future
Light Sources

To set the path for probing the matter with the length, time and
energy resolution required for unexploring critical and exotic
phenomena:

nm, fs (as), and sub-meV.
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SR INTRODUCTION
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Photon-matter interactions

Photon interaction with electrons Photon Interaction with Matter
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Photon-in
_ _ Absorption
Elastic Scattering
Free electron: Thomson Scattering Photon-in ====>E|ectron-out
Bound Electron: Rayleigh Scattering Linear: Electron Photoemission
Non-Linear: Multi-photon processes
Inelastic Scattering Photon-in ==sPhoton-out
Quasi-free electron: Compton Scattering Elastic Scattering: Diffusion and Diffraction

Inelastic Scattering: Brillouin and Raman (phononic and
electronic), Fluorescence, Resonant Inelastic Scattering
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Scattering and Spectroscopy: Methods

*X-ray Diffraction
Hard X-rays (structure)
Soft X-rays (ordering)

*Photoelectron Spectroscopy (PES)

Core level electron spectroscopy Representation of Two dimensional structure of
glycine adsorbed on Cu(110)

Micro- and nano-PES structure at 44 Gpa pressure
PhotoElectron Emission Microscopy (PEEM) '
Angle Resolved PES (ARPLES)

Resonant photoemission

Photoelectron Diffraction

WI[110]
Surface

*X-ray Absorption Spectroscopy (XAS)
Near Edge X-ray Absorption Spectroscopy (NEXAFS)
Extended X-ray Absorption Fine Structure (EXAFS) EIOl;trteSV Nanospectroscopy,

X-ray Magnetic Circular Dichroism (XMCD) ¢
X-ray Magnetic Linear Dichroism (XMLD)

*X-ray Emission Spectroscopy (XES)
Resonant Inelastic X-ray Scattering (RIXS) X

m
intensita [unita arbitrarie]

*Soft X-ray Elastic Scattering
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Probing the Properties of Magnetic Materials
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Magnetism: From Fundamentals to Nanoscale Dynamics,” J.
Stohr & H.C. Siegmann
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INTRODUCTION

The Electron Stopwat

THE PRECISION ATTAINABLE IN TIMING EVENTS ONCE DEPENDED ON HOW
fast a human being could press the button on a stopwatch. More recently, pulsed laser
sources have taken the place of those hand-held devices for measuring the fastest
phenomena. The technology for tracking the time scale of nuclear motion in free
molecules and solids was limited by the duration of a single cycle of visible light:
approximately 0.000000000000001 second, or 1 femtosecond. Electrons move even
faster than that, and fora long time, scientists could only watch their rearrangements as
an indiscrete blur. Over the past several years, however, laser technology has crossed the
threshold into the attosecond regime (a thousandth of a femtosecond). This series of
three Reviews highlights the methods underlying this advance and the scientific
prospects they have enabled.

Bucksbaum (p. 766) lays out the essential physics of high harmonic generation, a
technique whereby an intense laser field pulls an atomic electron away from the nucleus
like a loaded slingshot and then sends it careening back, giving rise to the emission of
an attosecond light pulse. The Review also describes in general terms what events such
light pulses can be used to track, ranging from electron rearrangements in chemical
bonding to conduction dynamics in metallic solids.

Goulielmakis er al. (p. 769) take a more in-depth look at the laser techniques that
create and detect attosecond pulses. Their Review also details the prospects not only of
passively probing electron motions, but of actively manipulating and controlling them.

In keeping with the uncertainty principle, compressing a light pulse’s duration must
also broaden its spectral bandwidth. Thus, attosecond pulses extend into the x-ray
region of the electromagnetic spectrum. Kapteyn er al. (p. 775) describe efforts to
harness this feature of the technology in diffraction and imaging experiments, which
would otherwise depend on much more elaborate x-ray generation apparatus.

Optical technology continues to evolve. It seems that just as events at the atomic
scale are at last observed with precision, they bring into view a new series of blurs,
previously unappreciated. Then the quest begins for an even faster stopwatch.

~IAN OSBORNE AND JAKE YESTON

www.sciencemag.org SCIENCE VOL317 10 AUGUST 2007

Harnessing Attosecond Science in the
Quest for Coherent X-rays

Henry Kapteyn, Oren Cohen, Ivan Christov, Margaret Murnane*

Modem laser technology has revolutionized the sensitivity and precision of spectroscopy by
providing coherent light in a spectrum spanning the infrared, visible, and ultraviolet wavelength
regimes. However, the generation of shorter-wavelength coherent pulses in the x-ray region

has proven much more challenging. The recent emergence of high harmonic generation techniques
opens the door to this possibility. Here we review the new science that is enabled by an ability to
manipulate and control electrons on attosecond time scales, ranging from new tabletop sources of
coherent x-rays to an ability to follow complex electron dynamics in molecules and materials. We
also explore the implications of these advances for the future of molecular structural
characterization schemes that currently rely so heavily on scattering from incoherent x-ray sources.

Soft X-ray-Driven Femtosecond
Molecular Dynamics

Etienne Gagnon,! Predrag Ranitovic,? Xiao-Min Tong,? C. L. Cocke,? Margaret M. Murnane,*
Henry C. Kapteyn,* Arvinder S. Sandhu*

Attosecond electron wave packet
interferometry

T REMETTER', P. JOHNSSON', J. MAURITSSON?, K. VARJU', Y. NI%, F. LEPINE®, E. GUSTAFSSONT,
M. KLING®, J. KHAN?, R. LOPEZ-MARTENS#, K. J. SCHAFER?, M. J. J. VRAKKING® AND A. CHUILLIER™

"Department of Physics, Lund University, PO Bax 118, SE-221 00 Lund, Sweden

2Department of Physics and Astronomy, Louisiana State University, Baton Reuge, Louisiana 70803-4001, USA

IFOM-nstitte AMOLF, Kruistaan 407, 1098 SJ Amsterdam, The Netherlands

Al aboratoire d'Optique Appliquée, Ecole Nationale Supérieure des Techniques Avancées (ENSTA) - Ecole Polytechnique CNRS UMR 7639, 91761 Palaiseau Cedex, France
*e-mail: anne Ihuillier@fysik Ith se

765

JOINT US-CERN-JAPAN-RUSSIA SCHOOL on Particle Accelerators "SYNCHROTRON RADIATION & FREE ELECTRON LASERS"  Erice 6-15 April, 2011




SR General Concept

PHYSICAL REVIEW

VOLUME 75,

NUMBER 12 JUNE 15, 1949

On the Classical Radiation of Accelerated Electrons

JULIAN SCHWINGER
Harvard University, Cambridge, Massachusetls

(Received March 8, 1949)

This paper is concerned with the properties of the radiation
from a high energy accelerated electron, as recently observed
in the General Electric synchrotron. An elementary derivation
of the total rate of radiation is first presented, based on Lar-
mor's formula for a slowly moving electron, and arguments of
relativistic invariance. We then construct an expression for
the instantaneous power radiated by an electron moving
along an arbitrary, prescribed path. By casting this result
into various forms, one obtains the angular distribution, the
spectral distribution, or the combined angular and spectral
distributions of the radiation. The method is based on an
examination of the rate at which the electron irreversibly
transfers energy to the electromagnetic field, as determined by
half the difference of retarded and advanced electric field
intensities. Formulas are obtained for an arbitrary charge-
current distribution and then specialized to a point charge.
The total radiated power and its angular distribution are ob-
tained for an arbitrary trajectory. It is found that the direc-

tion of motion is a strongly preferred direction of emission at
high energies. The spectral distribution of the radiation de-
pends upon the detailed motion over a time interval large
compared to the period of the radiation. However, the narrow
cone of radiation generated by an energetic electron indicates
that only a small part of the trajectory is effective in producing
radiation observed in a given direction, which also implies
that very high frequencies are emitted. Accordingly, we
evaluate the spectral and angular distributions of the high
frequency radiation by an energetic electron, in their de-
pendence upon the parameters characterizing the instan-
taneous orbit. The average spectral distribution, as observed
in the synchrotron measurements, is obtained by averaging
the electron energy over an acceleration cycle. The entire
spectrum emitted by an electron moving with constant speed
in a circular path is also discussed. Finally, it is observed that
quantum effects will modify the classical results here obtained
only at extraordinarily large energies.
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SR General Concept

Older Synchrotron Modern Synchrotron
Radiation Facility Radiation Facility

Circular
electron
motion

Many straight

sections containing X-ray
Continuous e~ pteriotdic magnetic
trajectory Photons Sirucires
bending uv

* Tightly controlled
electron beam

"X-ray
light bulb”
“Bending
magnet
radiation - “Undulator S * Partially
0 and wiggler P conerent
radiation” 1 * Tunable

fiw

«.ﬁ%‘
JOINT US-CERN-JAPAN-RUSSIA SCHOOL on Particle Accelerators "SYNCHROTRON RADIATION & FREE ELECTRON LASERS"  Erice 6-15 April, 2011 ‘



SR General Concept
Spectromicroscopy
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\ Materials Science
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SR General Concept
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Future light sources

Third generation
X-ray sources
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Science and Technology
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Bending Magnet Radiation
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SR Undulators 1

Magnetic undulator ;\u/'l
(N periods)

Relativistic
electron beam,

Ee = 'YmCZ
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SR Undulators 2

8 |
ALS U5 undulator, beamline 7.0, N = 89, A, = 50 mm

eletira
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SR Electron bunches

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.

S\ f\ /\ /\ /z \/9 Gaussian pulse

o, (rms)

—\I'rwHm =35 ps

|

l >
I"FWHM =2.35 Oy Time

unfilled

328 buckets available,
nominally operated with
some fraction unfilled.

Crwim = 35 ps (nominal)

PN A

I<—2 ns —>|

N , 500 MHz RF

- -
e B e
35 ps 35 ps
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Brightness 1

Brightness is defined as radiated power per unit

area and per unit solid angle at the source:

Ags | AQ;
AP As | oK :
B= —— 5.57 d == 0 AA
AA-AQ (3.37) ‘
Brightness is a conserved quantity in perfect n
optical systems, and thus is useful in designing
beamlines and synchrotron radiation experiments Perfect optical system:
which involve focusing to small areas. AA - AQ = AA; - AQ;;n=100%

A

Bawjw = 5.58
A0l TUAA AR Aw/w (5:38) B Ao M.
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Brightness 2
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» Brightness is conserved
(in lossless optical systems)
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focusing optic
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after focus

» Starting with many photons in a
small source area and solid angle,
permits high photon flux in an
even smaller area
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Brightness 3

Brilliance = ¢

where:
® is the photon flux

o Uy o' o' BW O)’(,y are the source sizes
-y O'xy are the source divergences
BW is the bandwidth
Figure 1.2.1: The Practical Meaning of Brilliance
Source Monochromator Expenment
Mirror Entrance Grating Exit St
Slit

a. Phase space, 0, x 0y x o'y x o'y, large.

The source must be demagnified
Consequences:
The vertical aperture is enlarged
The optical aberrations increase
The tangent errors increase
The cost increases

b. Phase space, 0y X 0y x 0’y X 0'y, small:

e <

—

The source size is not resolution limiting
Consequences:
The vertical aperture remains small
The optical aberrations decrease
The tangent errors decrease
The cost decreases

Large focus volume
‘Lower flux density

-Small focus volume
-Higher flux density

o N0

S =y
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Coherence 1
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Courtesy of A. Schawlow, Stanford.




Coherence 2

Transverse (spatial)
Mutual coherence factor coherence
* / I —
I‘,z(r) — (El(f + I)E2(1)> (81) \ 51
P (N
RUER
. . o) ) —_— R —_—

Normalize degree of spatial coherence A Ul

B i et 4
(complex coherence factor) 11

P2
* \ T >
(E1(0)ES(1))
2 = = 7 . (8.12) Point source, Longitudinal
\/ (£ |2) v {|E2]%) harmonic oscillator coherence length
Econ = A12AN
A high degree of coherence (1 — 1) Longitudinal (temporal) coherence length
implies an ability to form a high contrast =
interference (fringe) pattern. A low degree ¢ _ (8.3)
of coherence (u — 0) implies an absence “h T AN
of interference, except with great care.
In general radiation is partially coherent. Full spatial (transverse) coherence
d-0=x/2n (8.5)

See any text book of OPTICS
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Coherence 3

‘«— A —»] ‘«— AL 180 phase shift A

. . . - - , 1.00}
ANAN AT LYA SYAAY, s
VARVA/AVIAVIAY FAVIAV V.Y

- 4

coh

X .

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

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

ecoh:(N—;)O‘-“*'A}\-)

Equating the two
N = A22AA
so that .
o = = 83)
" T AN '
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Coherence 4

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

* How small is a “point source”?

R From Heisenberg’s Uncertainty
., Principle (Ax - Ap 2 fzp ), the smallest
2 e% _ source size “d” you can resolve, with
Y /| wavelength A and half angle 6, is

W d-o= o

@z JOINT US-CERN-JAPAN-RUSSIA SCHOOL on Particle Accelerators "SYNCHROTRON RADIATION & FREE ELECTRON LASERS"  Erice 6-15 April, 2011



Coherence 5

Ax - Ap 2#/2 (8.4)  Standard deviations of Gaussian distributed functions
AX - BAK > £/2 (Tipler, 1978, pp. 174-189)

Ax - kKAG 2 1/2
2Ax - AB 2 AM2n

di@ ::w
F8 S

Spherical wavefronts occur

Note: in the limiting case
ﬁz::ﬁg /Ae/'lAk d-6=A2mn }/_i quantities
k (spatially coherent) ) *©
or

(d . 29)FWUM == }\/2 ’ FWHM quantities
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Coherence 6

N periods

Undulator =13.4 nm A=2.5nm

radiation

N .

N Spatial
\,% A —_filter 1 um® pinhole

Ocen = - N \d}L‘\ 25 mm wide CCD at 410 mm
Pinhole \%{\/

SN A

\‘\\ doez _

ar 27

Courtesy of Patrick Naulleau, LBNL / Kris Rosfjord, UCB and LBNL
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SR BM-Wiggler-Undulator -Summary 1

VUV

uv

A

Photons

* Many straight
sections containing
periodic magnetic
structures

* Tightly controlled
electron beam

Undulator
radiation

Bending Magnet:
3eh By?
how, = o 5.7
Wiggler:
3ehBy?
hw, = m (5.80)
3K K2
ne = —= (l E 7) (5.82)
neK*y*IN
Pp—— .
1 eoh (5.85)
Undulator:
Au K? a0
A= 2,7 (l+7+y f ) (5.28)
k = Bk (5.18)
2nme
1
Geen = (5.15)
cC y‘ﬁ
] (5.14)
2len N ‘

P — wey?l K2

o (14£)
2

s F(K) (541)
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SR BM-Wiggler-Undulator -Summary 2

Bending magnet Wiggler Undulator
radiation radiation radiation
* Broad spectrum  Higher photon energies * Brighter radiation
* Good photon flux * More photon flux * Smaller spot size
* No heat load » Expensive magnet structure  * Partial coherence
* Less expensive » Expensive cooled optics » Expensive
« Easier access * Less access  Less access

Problem: Describe the main differences in terms of physical mechanisms among
A BM a wiggler and an undulator

Horizontial - %
deflection/ _ = :
Sample focusing - ~ Horizontal
= mirror % ;I —————— A - focusing
~—__ - ﬁ — % . mirror
— = % Translating Spherical Dy By .
o exit slit grating ; AN — eV
Vertical Translating P — B
focusing entrance =
mirror slit o

focusing %%

Vertical
mirror Elliptically
Polarizing
Undulator
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