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Synchrotron emits intense 100 ps X-ray pulses 

with up to ~1010 ph per pulse 

Here used to capture atomic motions of 

molecules in the making. 

circumference = 844.1 m, orbit time = 2.816 ms

Pump-probe set-ups at

ESRF, KEK, APS, SPring8, SLS, ALS
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• Diffraction and scattering

• Goal: 
• Observe transient structures in molecules
• Ultimately design molecules with specific properties

Pump-probe method

laser pulse

X-ray pulse

CCD camera
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Pulse shape 

Liquid –phase experiments use 3% pink beam to boost the intensity. 

0.0E+00

5.0E-08

1.0E-07

1.5E-07

2.0E-07

2.5E-07

3.0E-07

3.5E-07

10 15 20 25 30

in
te

n
s

it
y
 (

A
m

p
)

energy(keV)

2.3 109 ph/pulse(5mA)

ML(3%) 

Undulator spectrum(U17)

100ps



705ns

176ns

4 bunch(10mA/b) 16 bunch(5.6mA/b)

24 x 8 + 1 7/8+1

-429ns
344ns

176ns
-176ns

-176ns

-705ns

t

D t = 225 ns

-176 ns 176 ns

Chopper-open-window

T

ESRF modes for single-pulse experiments run 80% of the time

1

6.3% 22.5%

48.6%

40 mA 90 mA

200 mA
200 mA



2 in-vac undulatorsHeatload chopperFocusing mirror

Monochromator

Femto and nanosecond laser Goniostat and CCD detector

Electron beam

X-ray beam

Synchrotron wall

Hutch 2(TR)

Optics hutch

High-speed chopper

U17 U20

New: Frelon CCD

Hutch1(HP)

Control hutches

Overview of ID09



tD t = 280 ns

-176 ns 176 ns

Rotation jitter: 4 ns(rms)

r =96.8 mm

h = 140 mm

165 mm

X-ray pulse
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Open time(base-line) : 

v = 600 m/s

pulse selection(16 bunch mode)

High-speed rotor for single-pulse selection. 

Rotates at f = 1000 Hz



step

Tunnel(0.14 mm)

Step (0-20ms)

chopper out

3 kHz mode

1.5 mm

tunnel( 200-450ns)

High-speed chopper rotates at 986.3 

Hz(600m/s)

Minimum open-time is 200 ns

tD t = 250 ns

-176 ns 176 ns

Single pulse selection(16 bunch mode)



Three choppers control the pulse structure of the pink beam

Pulse train from16 bunch mode 

176 ns

50 ms

1 ms

0.3-20 ms

1.5 ms

Single X-ray pulse(100 ps)

heat-load chopper

high-speed chopper

ms-chopper

Pulse lengths: 50 ps to 50 us, Pulse frequency:  0-1000 Hz 



Lasers for pump-probe experiments
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Data from M. Christensen et al. CMM, Copenhagen

New FReLoN Camera gives 5-10 times more images per hours . 

More averaging, more time delays , more samples per day.  

Average of 76 

curves

Delay 800ns

1/ Readout, 

2/ Spatial correction, 

3/ Radial integration & scattering corrections

4/ Data storage

done in 0.8 s 

1200 S(q, t) curves measured per hour with 2 s 

exposure time. 

[Ir2(dimen)4]3+



Measuring the time delay with a GaAs photodetector. 
Laser delay shifted electronically. 

150 ps resolution leads to an uncertainty in t of 15-30 ps
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Chemical reactions in solution

scattering experiments 



liquid sheet(0.3 mm) thick)

nozzle

GaAs

Marccd

Set-up for liquid diffraction



CCD images from a liquid sample (I2CCl4) 

laser on (t) laser off

Difference images: laser on (t) – laser off

Images are scaled to 1 at the edge of CCD and then subtracted. 

T+T T
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Debye equation for gas scattering:

Diffraction from a molecule
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Fourier transform of DS(q, t) is a measure of the change in radial electron density



The difference in radial electron density is obtained from the FT of DS(q, t) 

I2(X)  2 I I2(X)  I2(A) 

Gas phase

Liquid phase (cage)

Liquid phase (cage)
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The solvent structure around new molecules is measured! Can be simulated by MD.

CCl4
I..Cl

(10%) (20%)
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Candidate photo products are predicted by DFT calculations(Q. Kong)



C2H4I + I

C2H4I2+hn

C2H4 + 2I

The bridged structure C2H2I is formed!
Ihee, Science, 309, 1223-1225, (2005)

C2H4I + I

bridged structure
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Bridge structure

Anti-structure

C2H4I2 C2F4I2
Red curve = exp

Transient structures of C2H4I2 and C2F4I2 in methanol 

Bridged 

Anti-structure 



Molecular dynamics movie of I2 dissociation

Film by Rodolphe Vuilleumier



1. t = 0 ps (time zero): the molecule explodes after being hit by a laser flash. 2. t = 0.3 ps. Iodine atoms collide with the nearest liquid molecules

3. t= 1ps. A strongly vibrating molecule is formed. 

Laser flash

4. t= 100ps. The molecule is cooling down, becoming smaller. 

Energy is transferred to the solvent.

Watching the formation of a diatomic molecule with 100 picosecond X-ray pulses
ESRF June 27, 2007



X-ray volume

 photo molecules are highly diluted     weak signals

 1012 photo molecules in sample         high laser intensity(ph/s)

Radiation damage from short laser pulse: 1012 ph, 100 fs, 400 nm  8.3 x 1010 W/cm2

Multi-photon effects above 1 x 1011 W/cm2

I2

I2 in CCl4 (1:1000) < dist(I2*, I2*) >  =  50 Å

r

100 mm

60 mmthermal wave



Laser dissociation of a diatomic molecule in a liquid (I2)

I2*(X)     I2(X) ;  0.14ns

I2(x) + hv (520nm)  I2*(FC)   I2(A/A’)  I2(X) ;  2.7ns

2 I         I2(X) ;  25 ns
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Recombination of I2 in CCl4(1:500) probed with 100 ps resolution

CCl4 + I2

laser on – laser off

Plech et al. , PRL, 92, 12, p 125 505, 2004
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How to subtract the heat from the data
CCl4 curve measured by exciting the C-Cl bond

Elongated Br2

Elongated I2



Recombination of iodine atoms inside a cage of CCl4
Slicing the 100 ps X-ray pulse by a 1 ps laser pulse(530nm)  

-0.005

0.000

0.005

0.010

0.015

0.020

0.025

0.030

0.035

0.040

0.045

0.050

0.055

0.060

0.065

0.070

0.075

0.080

0 2 4 6 8 10 12

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

0 1 2 3 4 5 6 7 8 9

-40ps(140)

-30ps(149)

-20ps(142)

-10ps(95)

0ps(142)

10ps(90)

20ps(95)

30ps(7)

40ps(93)

60ps(93)

100ps(95)

200ps(26)

300ps(24)

500ps(24)

Q(Å-1)

D
S

(Q
, 
t)

D
S

[r
, 
t]

r(Å)

t = - 25ps

Liquid sample

100 ps X-ray pulse

1 ps laser pulse

d
S

(Q
)

Q(Å-1) 
R (Å)

d
S

[r
]

FT



29

Filming the birth of I2 inside a cage of CCl4: 
(measured by deconvoluting laser-sliced data)
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Expected motions of hemoglobin – upon photolysis - from static crystal 
structures

30

Conformational changes inhibited by crystal constraints



tertiary change quaternary change
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Flash photolysis of Hemoglobin probed by SAXS/WAXS

Cammarata et al, Nature Methods, 5, 2009

Population dynamics of time-independent excited states



Protein dynamics in solution probed by time resolved SAXS/WAXS(ID09B, Cammarata et al. ) 
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Filming the dissociation of CO from MbCO by Laue diffraction(L29F mutant)

MbCO : C823 H1045 Fe N222 O221 S3 , 2305 atoms, 153 amino acids

Van-der-Waals presentation
CO seemingly trapped in protein

Ribbon presentation



Laue diffraction from myoglobin (resolution dmin = 1.7 A) 
(Ef= 15.0 keV, delta E/E = 3%, 16 single-pulse images accumulated on a CCD detector)



Movie

Science, 300, 1944 

(20 Jun 2003)



100 ps



100 ps

CO
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316 ps



1 ns



3.16 ns



31.6 ns

His64



316 ns



3.16 us
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Dissociation(267nm)

Recombination(< 1ps)

Dissociation pathways for HgI2 in methanol 

Non geminate recombination 68 ns Non geminate recombination 22 ns

HgI2 HgI  + I 

HgI2 2HgI + I2

I IHg I

I

Hg
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I I

I
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HgHgI2 
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Structure of HgI2
* in methanol 100 ps after dissociation(267nm)

(solvent: T = 1.2 K, P = 14 atm)   



Structural Dynamics of HgI2 in methanol(CH3OH)
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DT(K)

Liquid jet

2R

laser

r

Dr(kg/m3)Acoustic horizon

Solvent hydrodynamics (Cammarata, Pontecorvo et al)

IR excitation of C-H and O-H bonds

CH3OH



DS(q, t) 

pump-probe

Excited-state structures

DFT

Solvation cage

MD

Hydrodynamics

IR pump-probe

Global fitting of DS(q, t) 

Structures(t)

Concentration(t)

r(t) 

T(t)

P(t)

Model: interaction between experiment and theory
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