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Time scale in natureTime scale in nature

Ahmed H. Zewail, J. Phys. Chem. A 104, 5660 (2000)

I’ve got 
ultrafast 

processes in 
my body……
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APS: an overviewAPS: an overview
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Free electron lasers at APSFree electron lasers at APS

Saturated: 6 Hz, 0.5 ps, 50 µJ @ 265-530 nm
Goal: 30 Hz, 0.5 ps, 0.5 mJ, < 50 nm

Milton et al., Science 292, 2037 (2001)
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Introduction: to become fasterIntroduction: to become faster
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It is possible to shorten the pulse duration at the 
expense of photon flux/spectral brightness!!
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Small angle Thomson scatteringSmall angle Thomson scattering

Energy relation
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A possible solution to the A possible solution to the 
conflicting interest!!conflicting interest!!
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Reduce interaction angle
→increased beam energy
→reduced slippage

→possible shorter pulse duration

Increased beam energy
→reduced X-ray divergence 

→possible high spectra brightness
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Why Small angle?Why Small angle?
Minimum energy from the APS booster: 400 MeV
For 0.8 nm laser, 2 MeV @ 90o and 4 MeV @ 180o

Minimum energy from the linac: 150 MeV
For 0.8 nm Laser, 0.3 MeV @ 90o and 0.6 MeV @ 180o

Energy relation

)cos1(
1

2
22

2

φ
θγ

γ
−

+
≈ LEE

42

4
22

])(1[
)(14

γθ
γθγ

+
+

≈
Ω
Σ

erd
d

Scattering cross-section

z

θ

γmc2

E=hν

EL=hνL

φ

For 0.8 nm laser and 8 keV X-ray
0.30 rad @ 150 MeV and 0.11 rad @ 400 MeV
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Thomson scattering geometriesThomson scattering geometries

Small angle

90 degree

Head on
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XX--ray pulse durationray pulse duration
X-ray pulse duration estimate
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XX--ray pulse durationray pulse duration
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Laser pulse duration (fs)
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Photon energy 8-keV 
Bunch energy 650 MeV
λL 800 nm
Φ 60 mrad
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Scattering efficiency and bandwidthScattering efficiency and bandwidth
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XX--ray photon fluxray photon flux
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XX--ray divergenceray divergence

X-ray divergence
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convolution of the 
Lorentz contraction 
effect and the divergence 
of the e-bunch:
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XX--ray spectral brightnessray spectral brightness

Peak spectral brightness
Photons s-1 mm-2 mrad-2 per 0.1% BW

λ
δ

τσσσπ

ϕϕπ

BW

Lzyx

ep

yxyx

NN

ss
FB

3
0

2

16
2

)2(

Σ
≈

=

1E19 3E18
1E18

3E17
1E17

3E19

50 100 150 200

500

1000

1500

2000

2500

3000

3500

4000

 

 

σx, σy (µm)

γ

1E17
3E17
1E18
3E18
1E19
3E19
1E20

Parameters
_________________________________________________

σz=0.212 ps
εn=10-5 m rad
1 nC charge

τL=8.6 fs (FWHM 20)
λL=800 nm
2 J per pulse

E=8 keV
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XX--ray ray tunabilitytunability
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Bunch Energy 650 MeV
Beta function 1.5 cm
Emittance 10 µm
Laser 20-fs, 2-J @  800 nm
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ComparisonComparison

APS Linac a ALS 90 TS b ALS Slicing c Laser 
plasmad

Wavelength (Å)
Rep rate (Hz)

Pulse length (fs)
Average flux e

Divergence (mrad)
Peak brightness f

1.5-0.4
6

20
5×104

3
~1020

0.4
100
300
105

10
~1016

6
105

~100
107

0.6
~1019

1-10
10

~300
109

4π srad
~1018

a.   Predicted, with a 6-Hz, 20-fs, 2-J, 800-nm laser at 650 MeV beam energy
b. Schoenlein et al, Science 274, 236 (1996), calculation
c. Schoenlein et al, Science 287, 2237(2000), calculation
d. Rousse et al, Rev Modern Phys 73, 17 (2001), experimental estimate
e. In photons s-1 per 0.1% BW
f. In photons s-1 mm–2 mrad-2 per 0.1% BW
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High intensity: dynamic simulationHigh intensity: dynamic simulation

Why?

1. The role of ponderomotive scattering
2. The contribution of high order harmonics

How?

1. Numerically solving the Lorentz equation, using the field by the
angular spectrum representation method (Quesnel and Mora, 
PRE 58, 3719).

2.  The radiation is calculasted using Lienard-Wiechert potentials 
[Jackson, Classical Electrodynamics, 2nd ed. (Wiley, New York, 
1975), chap. 14]
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Test particle dynamic calculationTest particle dynamic calculation
Field formulas: angular spectrum representation
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Test particle dynamic calculationTest particle dynamic calculation

Energy spectrum calculation by Lienard-Wiechert potentials
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Ponderomotive scatteringPonderomotive scattering
The ponderomotive force 
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High energy: laser scatteringHigh energy: laser scattering
Trajectory in x-z plane Final scattering angle

γ0=1270
φ=0.062
λ=0.8 µm
w0=10.5 µm
∆τ=20 fs FWHM
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Harmonic generation and saturationHarmonic generation and saturation
Spectra
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Case at APS: LINACCase at APS: LINAC

PC gun

Bunch compressor

Performance (PC gun)
_______________________________________________________________________________________________________

Energy 200-700 MeV
Energy spread 0.1%
Charge per bunch 1 nC
Bunch length 0.2-3 ps
Normalized Emittance         3-10 µm
Rep Rate 6 Hz
Timing jitter ~1 ps
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Case at APS: mini Case at APS: mini ββ functionfunction

E=650 MeV
βx,y=0.015 m
_____________________
εn           10 µm         3 µm
σx,y        11 µm         6 µm
σx',y' 0.7 mrad   0.4 mrad
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Case at APS: micro electron focus  Case at APS: micro electron focus  
Electron bunch size at different energy spreads
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Case at APS: laserCase at APS: laser

Tiger 200
Bandwidth 16 nm
Pulse duration 50 fs
Rep Rate 119 MHz
Energy 3 nJ/pulse

Spitfire 50

System performance

Pulse energy 1.2 mJ
Pulse duration <50 fs
Timing jitter <1 ps
Rep rate 1 kHz
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Case at APS: performanceCase at APS: performance

Photon flux Spectral brightness
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ApplicationApplication
Femtosecond dynamics of catalytic surfacesFemtosecond dynamics of catalytic surfaces

COads + Oads ---- on transition metal surface (Ru) ----> CO2 gas

Matin Wolf, Free university of Berlin, http://w3.Rz-Berlin.mpg.de
Science, 285, 1042 (1999).

http://w3.rz-berlin.mpg.de/
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ApplicationApplication
Dynamics at catalytic surfacesDynamics at catalytic surfaces

• What is the electron dynamics in the catalytic substrate
• What is the dynamics of the adsorbent regard to the catalytic?

Q

• Small angle surface x-ray scattering (within a few atomic layers) to 
reveal the transient electron distribution due to the pump laser
excitation

• EXAFS, NEXAS applied onto the few surface layers to reveal the 
bond distances between the surface metal and the adsorbent and 
the valence state of the catalytic material

A

Temporal resolution: 100 fs
X-ray source: narrow and broadband
Laser: 50 mJ/cm-2

Substrate: Ru, Ag, Pt, Cu
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SummarySummary

1. Small-angle Thomson scattering is a unique solution to the 
conflicting interest between high spectral brightness and short 
pulse duration for obtaining ultrashort X-ray pulse with high 
spectral brightness. 

2. With the high quality electron bunches in combination with high 
power tabletop laser systems, broad band 10-20 fs X-ray pulses 
with brightness close to third generation synchrotron light source 
can be generated with minimum cost. 

3. The high spectral brightness, short pulse duration and broad 
spectrum provide unique properties that no other sources can 
match for a variety of applications. 
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XX--ray pulse shapingray pulse shaping
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