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Outline

• Scientific Drivers for SPX: Condensed 
Matter/Solid StateMatter/Solid State

• Varieties of time-resolved x-ray studies
– Spectroscopies
– Diffuse X-Ray Scattering
– X-Ray Reflectivity
– X-Ray DiffractionX ay D ffract on
– Coincidence Measurements

• Synergy and complimentary of SPX, ERL, and XFEL 
sources

• X-ray optics, detectors, and pump lasers: 
considerationsconsiderations
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Why investigate dynamics from 0.001 to 5 Why investigate dynamics from 0.001 to 5 eVeV??

(Toni Taylor ‐ 2006)
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Why use ultrafast optics to study complex materials?

~10‐100 fs optical pulses are short enough to resolve processes at the fundamental timescales 
of electronic and nuclear motion allowing for the temporal discrimination of different dynamics.

Time

electron‐electron  (fs)               electron‐phonon  (ps)              spin‐lattice (many ps)

Understanding the interplay between atomicUnderstanding the interplay between atomic 
and electronic structure
• Beyond single‐electron band structure model: 
correlated systems (charge, spin, orbit, lattice) 
• Beyond simple adiabatic potential energy surfaces• Beyond simple adiabatic potential energy surfaces

Understanding the nature of quasiparticles
• Formation dynamics, scattering processes, 
l ti h l d d irelaxation channels and dynamics

Creating new states of matter
Photoinduced phase transitions—fast switching, 
probing dynamics where the order parameter hasprobing dynamics where the order parameter has 
been perturbed, creating nonthermally accessible 
phases.

(Toni Taylor ‐ 2006)
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Pump/Probe Measurements

Optical Pump Pulse
Time Delay

Detector

Molecular 

X-Ray Probe Pulse

Beam



Pump/Probe – what are a high 
repetition rate source’s advantages?

High repetition rate lends itself to studies of the 
li   f t  t   t b ti

Physics

linear response of systems to a perturbation.

Linear Non-linear
Pump weak, 

high rep 
strong,
slow rep high rep 

rate
slow rep 

rate
Probe weak weak

Goal is to deposit as little energy as possible so that the 
lifetime of the elementary excitation determines the 

titi  t  th  th  th l ilib tirepetition rate rather than thermal equilibration.



Elementary Excitations

E.g.,. We want to study a single exciton in a single-walled 
b  bcarbon nanotube



Condensed Matter Physics

ε
Elementary excitations from ground state of correlated 

electron system.
ε

Quasi-particle excitations

Magnons

Spectrum of elementary excitations of the ferromagnetic electron 

q
Spectrum of elementary excitations of the ferromagnetic electron 

gas.



What do we need for pump?

• Want to excite only one quanta of the  
elementary excitation at time.y
– Each pump pulse excites one exciton
– Pump pulses separated by ~10 decay Pump pulses separated by 10 decay 

times
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What do we need for x-ray probe?

Elementary excitations: relevant time-scales
ll  d– Collective modes

• Low energy – typical energy gap ≤ 50 meV

fseV10135.4 15 ⋅× −

• Assuming 10xQ ~ 105 gives lifetime of excitation

fs
eV

seV
period 100

05.0
10135.4

≈
×

=τ

Mhznsdecay 10010~ →τ

(Free running Ti:Al2O3 laser runs at about 80 MHz)

– Quasi-particles 
• Higher energy, faster
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Relaxation time of photogenerated quasi-particles back to condensate: < 0.5 ps
Phason decay time ~10 ps

Frequency of amplitude mode ~1.7 THz
Optical pulse = 100 fsOptical pulse = 100 fs



Raw Data



Reduced Data

τp~10ps

τs~ 
0.5ps

νA ~ 1.7THz



Ultrafast X-ray Science
Time-resolved x-ray spectroscopy

EXAFS (extended x-ray absorption fine structure) – local atomic structure and coordination

XANES (x-ray absorption near-edge structure) – local electronic structure and bonding geometry

Time-resolved x-ray scatteringy g
Bragg Diffraction: atomic structure in systems with long-range order/periodicity

Diffuse Scattering: clustering, nucleation, defects

XRR (X-Ray Reflectivity): surface/interface structure
R.W. Schoenlein
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X‐ray Studies of Laser Aligned MoleculesX ray Studies of Laser Aligned Molecules

Aligning laser pulse at APS:
• 120 ps120 ps
• 1012 W/cm2

• 30µm
• 1 KHz
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Laser Aligned MoleculesLaser Aligned Molecules

Br EXAFS
X‐Ray Advantages:

• no dynamic alignment by probe pulse
• degree of alignment via near‐edge structure
• change in structure via EXAFS

Br2 EXAFS

• change in structure via EXAFS
• atomic resolution structures via diffraction

AlignedIsotropic
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It works!   CF3Br

E. R. Peterson, et al., Journal of Applied Physics 92, 094106 (2008).
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Field Free Alignment
τlaser < τrot

In general, a quantum mechanical superposition of states g , q p p
dephases.  If the underlying dynamics is stable and 
periodic, the wave packetreconstructs after a time Trev .

T. Seideman, Phys. Rev. Lett. 83, 4971 (1999).
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Laser induced alignment of I2Laser induced alignment of I2

Pump laser:
• home made Ti:sapphire
• 800 nm 0 7 x 80mJ• 800 nm, 0.7 x 80mJ 
• 1‐10ps, 50 Hz

F. Rosca‐Pruna and M. J. J. Vrakking, Phys. Rev. Lett. 87, 153902 (2001).
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Time Resolved Diffuse Scattering

SPPS Experiment
InSb (100) substrate, 
9 KeV X‐Rays
0.4° incident angle
50 fs, 800nm, 75 mJ/cm2

laser pulse
EOS to measure timingEOS to measure timing
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Selectively “tweek” atoms in a crystal and 
monitor the response of valence electrons.

ZnO Unit Celln n

http://www.esrf.eu/UsersAndScience/Publications/Hig
hlights/2006/MAT/MAT02

•Coherent optical phonon changes overlap between 
valence electrons.  
Excite coherent phonon with an ultrafast (50fs) •Excite coherent phonon with an ultrafast (50fs) 

optical pulse.  
•Access the resulting change in the wavefunction
via the dependence of resonant scattering on the 
intermediate state
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Time Resolved Diffraction

Science,  315, 633 (2007)
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Coincidence MeasurementsCoincidence Measurements
Example: parametric down conversion

fC
( )( )2211 NCNC

fC
F
T t

++
=

ηη
η

Eisenberger, P. and S.L. McCall, 
Physical Review Letters, 1971. 26(12):

ηt,1,2(σ,θ,ε) ≡ detection coefficients
N1,2 ≡ noise counts 
C ≡ average count rate 
f ≡ repetition rate

Physical Review Letters, 1971. 26(12): 
p. 684‐688.

f ≡ repetition rate 
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ALS SPPS APS SPX ERL High Flux ERL Short Pulse* LCLS

Comparison of hard x-ray short pulse sources
  ALS SPPS APS SPX ERL High Flux ERL Short Pulse* LCLS
Pulse Duration  100 fs 80 fs 1 ‐ 3 ps 2 ‐ 3 ps 100 fs 77 fs
Energy Range  2‐10 keV 200 eV ‐ 100 

keV 
4‐30KeV 4‐30KeV

kRepetition Rate  5 kHz 30Hz 6.5 MHz 1.3 GHz 100KHz 120Hz 
Photons/Pulse 
(p/pulse/0.1%) 

102  108 7.3x107 /102

 
2.2x106 1.5x107 1012

Avg flux (p/s/0.1%)  106  109 4.8x1014/102 2.9x1015 1.5x1012 1014

 
*25m undulator, 2.5cm period, K=0.5,  5GeV. ( Σ=80µm, Σ’=6.4µrad, σz=1.5×10-2mm)
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slit

62% transmission (relative to ideal)5/9/2008 SPX Workshop - APS/ANL 25



Characteristics of ERL: 
•2-3 picoseconds, 
•106 photons/pulse,
1 3GH•1.3GHz

Issue:
•1.3GHz is a challenge for conventional pump lasers and/or g p p
samples of interest

What can be done?
If willing to give up energy recovery  can utilize pulse If willing to give up energy recovery, can utilize pulse 
compression to get short pulses.
Consider 0.1mA at 100KHz with nC bunches
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25 m undulator
80µm source size

10µm spot
µ
dE/E = 10‐3

Collimating 
refractive lens at 

56 m

Condenser at 7 
m from sample
8:1 focusing

Electro Optic 
Sampling Pin hole 

(collimator)
56 m 8:1 focusing
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To make these decisions about possible facilities, we need to begin 
calculating “luminosity,” the # of useful events per second.

Bandwidth, repetition rate, spot size, and how often can we use 
the source (e.g., need for special ops) all matter for real 
experiments.  Scattering, spectroscopy and spatial imaging require experiments.  Scattering, spectroscopy and spatial imaging require 
different specifications.

Short term need is the ability to perform ray optics calculations 
(  6D ph s  sp  l l ti s) f mpl t  b mli s ti l   (e.g., 6D phase space calculations) of complete beamlines routinely.  
X-ray optics matter.  Fortunately, both electron optics 
(accelerator physics) and laser optics communities have this 
capability.  We should be able to leverage their tools.
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Considerations:
1. Pump Laser: 

d  i l i  ith l  ?  If  S/N • does signal increase with laser power?  If so, S/N 
improves with energy.  This is where the XFEL is best 
suited.

• Does laser bleach system? If so, high-repetition rate may D y m? f , g p n m y
give higher luminosity

2. Detectors:
• Maximum count rate

Read out rate• Read out rate
• Dynamic range
• Energy resolution

3. Operations:p
• Simultaneous with other modes, or
• Time-share on daily (e.g., 4/24 hours)
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END
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