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STOP-ACTION PHOTOS IN “DAILY” LIFE 

2 Xu, Zhang, Nagel, PRL 94, 184505  (2005) 
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SEE THE ATOMS AND ELECTRONS MOVE 
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Chemical reactions  
in solution Photosystem II 

Light-induced 
superconductivity 
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for their studies of extremely fast chemical reactions, effected by 
disturbing the equilibrium by means of very short pulses of energy 

“ Immeasurably fast reactions”     “Flash photolysis” 

NOBEL PRIZE CHEMISTRY 1967 

Manfred Eigen Ronald George 
Wreyford Norrish 

George Porter 

Pressure  
Electric field 
Temperature 



NOBEL PRIZE CHEMISTRY 1999 
for his studies of the transition states of chemical reactions using 
femtoscond spectroscopy 

6 Ahmed Zewail 

Kinetics to Dynamics 

!  Coherent exitation 

!  Localized wavepacket 
formation 

!  ~“single molecule 
trajectory” 

I2 
20 fs pulse 
de Broglie 
length 0.04Å 

Review:  A. Zewail, J. Phys. 
Chem. A 104, 5660 (2000).  



Femtosecond real-time probing of reactions   
Demonstrate wavepacket formation  in molecular systems! 
ICN* –› I•••CN*‡   –›   I (2P3/2) + CN (X 2Σ+) + Etr  
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Review:  A. Zewail, J. Phys. Chem. A 104, 5660 (2000). 
M. Dantos et al., JCP 84, 2395 (1987). 
S.O. Williams & D. Imre, JPC 92, 6648 (1988) 
M. Rosker, M. Dantos, Zewail JCP 89,6113 (1988) 

Pump: 308 nm 
Probe: 388-390 nm 



Probing rxn dynamics on 
multiple surfaces 

NaI* –› Na  +  I 
        –› Na+ +  I-    
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• Vary the probe wavelength to view 
dynamics of dissociation at different 
positions along the reaction coordinate (R). 

• Detect resonance motion between ionic 
and covalent forms 

• Timescales for reaction and wavepacket 
spreading (initial localization to ~0.1Å) 

• Establish concept of single molecule 
trajectories 



Pump-probe time-domain spectroscopy 
Vibrational and rotational wavepacket recurrences yield molecular 
parameters through Fourier Transform of time domain data 
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Real time vibration of I2 

Dantus et al Nature 343, 737 (2000) 

FT 

• Wavepacket w/ two vibrational states 
•  Anharmonicity causes beating 
•  ν = 3.3 THz, (13.5 meV)  
   Δν = 0.1 THz, (0.41 meV) 
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But …. 

 optical domain ultrafast pump/probe spectroscopies  

do not provide direct structural information 
do not reach the electronic timescale 



REVOLUTION IN ULTRASHORT X-RAY PULSES 

    High harmonic generation      Accelerator-based sources 
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1013 x-rays/pulse/1% BW @ 1 keV 
~100 fs 

Current record ~ 200 as  

105 x-rays/pulse/1% BW @ 1 keV 
~1 fs   

Current world record ~ 50 as 



THE PUMP-PROBE CONCEPT – USING X-RAYS 
Mapping valence electron rearrangments during chemical rxns 

12 Ph. Wernet, PCCP (2011) 



X-RAY SPECTROSCOPIC PROBES 
All can be used in the time domain to track dynamics 
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  • Photoelectron spectroscopy  
      - binding energies (UPS,XPS) 
      - prompt response 
  • Absorption spectroscopy 
      - unoccupied orbitals (XANES) 
      - local structure (EXAFS) 
  • Emission spectroscopy (XES) 
      - occupied orbitals  
      - spin-state sensitivity 
  • RIXS 
      - spectroscopy w/o core-hole 

 broadening 



FUNDAMENTAL TIMESCALES 
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Orbital time 1s electron in hydrogen atom: 150 as 
      Torb = 2πa0/(αc) [n3/Z2] 

Vibrational period in H2 : 4160 cm-1 ~ 8 fs 
      Tvib = 2π(µ/k)1/2  

Rotational period in H2 :  60 cm-1 ~ 0.55 ps  
      Trot = 2Be = h/(2π)2µRe

2 

a0= 0.529 Å 

Hydrogen atom 

H H 

0.74 Å 



Fundamental timescales in condensed matter 
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Coupled degrees of freedom 

•  Can we understand emergent phenomena (high Tc 
superconductivity, colossal magnetoresistance…) in 
systems with strongly interacting degrees of freedom? 

•  Can we control material properties in correlated 
systems 
     - light, fields, pressure, composition… 



Time domain x-ray spectroscopies provide 
access to low energy collective excitations  
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Spin orbit, phonon, magnons… 
    ΔE =   1-100 meV 
    T ~  4000 – 40 fs 

S(q,t) rather than S(q,ω) 



Time-domain phonon spectroscopy 

17 M. Trigo et al., Nat. Phys. 9, 790 (2013) 

X-ray diffuse scattering 

• ΔI(t) for different momentum 
xfers (pixels) oscillates with 
phonon frequency 

• Phonon dispersion obtained 
from Fourier transform of ΔI(t)  

• Access to very low energy 
modes w/ fs pulses 

Transform-limited Gaussian pulse 
ΔEΔT ~ 1.8 eV fs   (FWHM) 



Chemical systems exhibit complicated 
photoexcited state potential energy landscapes 
 4d, 5d vs 3d transition metals complexes of interest for solar energy 

18 Ponseca … Sundstrom, Chem Rev 117,10940 (2017) 



OUTLINE – FOUR EXAMPLES 
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! Watching chemical reactions in solution 
–  Laser-pump / x-ray probe spectroscopies (TR-RIXS) 

! Elucidating the oxygen evolution mechanism in Photosystem II 
–  Laser-pump / x-ray probe diffraction and spectroscopy 

! Emergent superconductivity 
–  Laser-pump / x-ray probe diffraction plus laser-pump / UV probe- 

photoemission 

!  Inner-shell electronic dynamics 
– X-ray pump / x-ray probe recoil ion spectroscopy   



Example 1: watching chemical reactions in 
solution 

20 



A classic light-induced chemical reaction in soln 
Photoexcitation @ 295 nm: Fe(CO)5 –› Fe(CO)4 + CO 

21 P.T. Snee et al., JACS 123, 6909 (2001) 
P.T. Snee et al., JACS 123, 2255 (2001) 

Study w/ UV pump/IR probe transient absorption 
   - singlet v triplet reactivity (spin barrier?) 
   - establish timescale for rxn (~40 ps MeOH) 
   - no evidence of singlet 



A classic light-induced chemical reaction in soln 
Photoexcitation @ 295 nm: Fe(CO)5 –› Fe(CO)4 + CO 

22 P.T. Snee et al., JACS 123, 6909 (2001) 
P.T. Snee et al., JACS 123, 2255 (2001) 

Study w/ UV pump/IR probe transient absorption 
   - singlet v triplet reactivity (spin barrier?) 
   - establish timescale for rxn (~40 ps MeOH) 
   - no evidence of singlet 



Revisit with x-rays focused on metal-ctr orbitals 
Photoexcitation @ 266 nm: Fe(CO)5 –› Fe(CO)4 + CO 

23 
Ph. Wernet et al. Nature (2015) 
K. Kunnus et al., Struct Dyn (2016) 

Valence molecular orbital diagram of Fe(CO)5 



FeCO5 photochemistry in solution - ethanol 
The primary species involved 
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Fe(CO)5 1A1
’ 

  Fe(CO)4 1B2 
Fe(CO)4 3B2 

Fe(CO)4-EtOH 1A’ 



RIXS probes orbital evolution during Fe(CO)5 
ligand exchange 

25 Ph. Wernet et al. Nature (2015) 

Excite 2p –› LUMO and via IXS monitor the dπ –› 
dσ*  Fe-centered frontier orbitals on fs timescale  



More quantitative analysis of TR-RIXS data 

26 Ph. Wernet et al. Nature (2015) 

T<0 

Ab initio Fe L3 RIXS for relevant species Experimental data 



Deduced kinetic model for ligand exchange 
Three component model: Excited Singlet, Triplet and Ligated Fe(CO)4 
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Summary 
• Primary rxn steps involve 
singlet in soln as in gas phase 
• Sub-ps ISC to triplet 
• Triplet persistent to 3 ps –  
• Competing channels of spin-
crossover and ligation  

TR-RIXS provides capability to 
correlate orbital symmetry with 
spin multiplicity and reactivity 

Ph. Wernet et al. Nature 520, 78 (2015) 



Expt’l details: RIXS orbital specific mapping of ligand 
exchange 

Fe(CO)5 in ethanol solution, 1 M, 20 µm jet 

28 Ph. Wernet et al. Nature 520, 78 (2015) 

Laser pump: 
  4.66 eV (266 nm) 
  5 µJ, 100 fs, 100x400 µm2 

X-ray probe: 
  703-715 eV, dE = 0.5 eV 
  1.6x1010 photons/pulse 
  20 x 300 µm2 

RIXS resolution 
  0.7 eV incident 
  1.2 eV energy transfer 



Femtosecond to 
Picosecond 

Nanosecond to 
Microsecond 

Understanding	photodegrada/on	mechanisms	in	order	to	make	inexpensive	and	earth-
abundant	catalysts	–	x-ray	spectroscopy	probes	mechanism	over	wide	/mescales	

Mn-based catalysts for CO2 reduction 

C.	Elles	and	J.	Blakemore	(U	Kansas)	
A.M.	March	and	G.	Doumy	(ANL)	

•  Reduc@on	of	CO2	to	CO	provides	a	promising	source	of	
renewable	fuels	and	chemical	feedstock	

•  Rhenium	tricarbonyl	complexes	are	efficient	and	stable	
catalysts,	but	too	toxic	and	expensive	for	large-scale	
applica@ons	

•  Manganese	analogues	are	promising	alterna@ves	but	
suffer	photodegrada@on	that	must	be	overcome	

M.	Bourrez,	et	al.,	Angew.	Chem.	Int.	Ed.,	50,	9903-9906	(2011),	J.	M.	Smieja,	et	al.,	Inorg.	Chem.	52,	2484-2491	(2013).			
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Photosystem II –  structure and mechanism 

Slides courtesy Junko Yano 



Water oxidation reaction in photosystem II 

 v 4 photons  
2 H2O →  O2 + 4 H+ + 4 e- 

•  Where and how the O-O bond 
formation occurs? 

•  How substrate water comes in? 
•  How the protein environment 

modulates the catalytic 
reaction? 



Understanding the mechanism of the water oxidation 
reaction in Photosystem II 

Status prior to XFEL experiments: 
•  High-resolution crystal structure of the dark (S1) state. 
•  Information from various advanced spectroscopies (EPR, 

IR, Optical, and X-ray) of the stable S (S1, S2, S3, and S0)-
states at cryo. temp. that predict possible structure and 
electronic structure of those states.  

•  Proposed water oxidation mechanisms from theoretical 
studies.  

Gaps: 
•  Requires high-resolution room temperature structure of each 

S-state as well as time-points during the transitions. 
•  Capability (methods) for interpreting structural information 

together with spectroscopic data. 
•  Charge/spin localization/delocalization between metals and 

ligands during the catalytic cycle. 
•  Theoretical capabilities to simulate detailed electronic 

structures, in particular, for multinuclear complexes, and at room 
temperature. 



Sierra et al., (2012) Acta Cryst. D 
Alonso-Mori et al., (2012) RSI 
Alonso-Mori et al., (2012) PNAS 
Kern et al., (2012) PNAS 
Kern et al., (2013) Science  

X-ray emission 
spectroscopy 

(catalytic center) 

X-ray diffraction 
(protein structure) 

Simultaneous x-ray crystallography and spectroscopy at RT 



High resolution structure of OEC in light activated state! 
Enabled by improved sample delivery and data collection efficiency 

Structure of the oxygen evolving 
Mn4Ca complex in photosystem II in 
the S1 and S3 state at RT to 2.25 Å.   

free space pump laser
XFEL Beam

Δt

spectroscopy 

diffraction 

photochemistry 

‘Drop-on-Tape’ 

Kern et al., (2014) Nature Comm. 
Young, I. D., et al. (2016) Nature 
Fuller, F.D., et al. (2017) Nature 
Methods 



 Future Outlook 
- High-resolution data collection of 

the transient states to understand 
the sequence of events and the 
role of protein dynamics that 
enable the multielectron catalysis. 

- Application of metal L-edge XAS 
and RIXS to understand the 
evolution of the Mn electronic 
structure at room temperature. 

- High rep. rate of LCLS-II realizes 
some of the photon-hungry 
spectroscopy of dilute protein 
samples. Mitzner et al. (2013) J. 

Phys. Chem. Letts.,  
Kubin et al. (2017) 

Structural Dynamics 
Courtesy J. Yano 
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Condensed matter and materials 



Excitations in strongly correlated materials  

37 D. Basov et al, RMP 83, 471 (2011) 

a la Eigen 



Combining TR-XRD + TR-ARPES yields orbitally-resolved 
electron-phonon coupling 

!  Single mode response of A1g optical phonon 
allows “lock-in” of two separate time-resolved 
measurements  

!  Diffraction –› atomic displacement              
ARPES –› band structure dxz/yz and dz2 

!  Determination of potential seen by Fe electrons 
due to Se anion movement  

!  Meaured value is an order of magnitude larger 
than DFT result –› theory guidance 

 Provides quantitative guidance for many-body theory   

38 Gerber et al., Science 357, 71 (2017) 



Light activated domain dynamics in ferroelectrics 
APS:  Nanofocused x-ray beam circumvents spatial averaging to 
reveal emergent phenomena on the mesoscale 
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•  Domain-dependent gigahertz acoustic wave 
•  Photoinduced large surface electric field 
•  Derived domain wall speed of 2.5 m /s 

7ID-C@APS 
X-ray beam size: 400 nm  
X-ray pulse duration: 100 ps 

H. Akamatsu et al, Phys. Rev. Lett. 120, 096101 (2018)  
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X-ray pump / x-ray probe studies 

watching & controlling inner-shell electron motion 
understanding radiation damage 



X-ray pump/x-ray probe capabilities at LCLS 
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One e-bunch – two x-pulse – two color (Lutman et al.,  PRL 110, 134801 (2013)) 

chicane for the hard x-ray self-seeding program [17]. In
self-seeding this magnetic chicane delays the electron
bunch relative to the x-rays and washes out the micro-
bunching generated in the first undulator section. Our
two-color FEL scheme uses this same function to produce
the delay-tunable two-colors, but in SASE mode rather
than seeded.

For this study, we combined the canted pole undulators,
the seeding chicane, and the emittance-spoiling foil to
demonstrate full control of the pulse duration, relative
delay, and spectral separation as the first experimental
study of two schemes for two-color soft x-ray FEL opera-
tion at the LCLS. The two schemes are depicted in Fig. 1.
Simulation studies were reported previously for similar
schemes in Ref. [15]. Both two-color schemes used the
LCLS in the soft x-ray regime at 1.5 keV with an
emittance-spoiling foil [18] to control the electron bunch
duration (scheme I) or to produce two bunches with a
variable delay (scheme II) [19]. The emittance-spoiling
foil is located in the second bunch compressor. The undu-
lator period was 3 cm and the electron beam energy was set
to 5.8 GeV. Each undulator’s magnetic length was 3.3 m
and a linear taper in K for each section compensated for
electron beam energy loss due to spontaneous emission and
wakefields. For each machine setting, a series of roughly
25000 single-shot spectra were recorded with the single-
shot soft x-ray spectrometer described in Ref. [20] using
the 100 lines=mm gratings.

Under scheme I, Fig. 1(a), the electron bunch passed
through a single-slot emittance spoiler. In our test, the
spoiler was set to pass a single unspoiled electron bunch
that corresponded to about 18 fs FWHM in duration. The
expected x-ray pulse duration is similar or shorter [19,21].
The pulse duration can be controlled by choosing the slot
width (a triangularly shaped slot) to satisfy different
experimental requirements. The peak current was set to
1.6 kA. An x-ray pulse was generated at wavelength !1 in
the first undulator section, U1, that was tuned to a strength
parameter K1 ¼ 3:481. The 9 undulators that comprised

U1 were chosen to yield an intense FEL pulse while
avoiding saturation. The energy spread developed by the
electron beam in U1 was therefore small enough to pre-
serve the electron beam for effective lasing in the subse-
quent section. The magnetic chicane between the two
undulator sections delayed the electron beam relative to
the photon beam and also washed out the microbunching
that developed in U1. Set to zero deflection, the chicane
(it is a drift actually) produced a minimal delay between
the two pulses, "min ¼ l=vdrift " l=c, where c is the speed
of light, l# 4 m is the length between undulator sections,
and vdrift is the drift velocity of the electron bunch. This
drift mismatch is typically in the range of tens of atto-
seconds and so we refer to this minimal delay as 0 fs.
Although the maximum delay could be as long as 40 fs,
the chicane was used to produce a maximum of 25 fs of
delay for this study. The second 10 undulator long section,
U2, was tuned to a strength parameter K2 ¼ 3:504, to
produce a second x-ray pulse at the wavelength !2.
A sequence of 15 consecutive shots, displayed in Fig. 2

shows that the majority of the shots produce two spectrally
separated pulses. Common to the SASE process, the indi-
vidual pulses show a multimode spectral structure that is
a bit too fine for the spectrometer resolution. The shot-to-
shot energy jitter does not affect the energy separation and
so the electron beam energy fluctuations can be sorted in
postanalysis to yield the linear dependence of photon
energy on electron beam energy. This linear dependence
is evident in Figs. 3(a) and 3(b) where the results have been
averaged, peak normalized for each electron beam energy,
and sorted accordingly for 0 and 25 fs delays, respectively.
We note that plotted this way, we can identify only very
slight systematic variation of the relative peak shapes
versus photon energy. The spectra are subsequently real-
igned based on the correlation, averaged, and shown in
Figs. 3(c) and 3(d).
The energy-aligned spectra show an average energy

difference between the two pulses of 20 eV or 1.3%
of the mean photon energy with the earlier described

e-

Magnetic
chicane

Undulator
U  tuned at K2 2

Undulator
U  tuned at K2 1

Undulator
U  tuned at K3 2

Undulator
U  tuned at K1 1

stx-ray 1  color

stx-ray 1  color

ndx-ray 2   color

ndx-ray 2   color

(a) Scheme I

e-

Magnetic
chicane

Undulator
U  tuned at K1 1

(b) Scheme II

Single slotted foil

Double slotted foil

FIG. 1 (color online). Two-color FEL schemes tested at the LCLS. A single-slot (in scheme I) or double-slot (in scheme II) emittance
spoiling foil was used to generate ultrashort single or double electron bunches. The emittance-spoiling foil is located in the second
bunch compressor. A magnetic chicane, designed for hard x-ray self-seeding purpose, was adopted here to control the temporal delay
between the two-color pulses.

PRL 110, 134801 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

29 MARCH 2013
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Two e-bunch – two x-pulse – two color (Marinelli et al., Nat. Comm. 6, 6369 (2015)) 

The X-ray free-electron laser (XFEL) is the brightest source
of X-rays for scientific applications1–4. The unique
properties of XFELs have attracted the interest of a wide

community of scientists (for example, see refs 5–7). Despite the
enormous success of XFELs, the effort to improve and extend
their capabilities is growing steadily, fueled by user demands for
new modes of operation4,8–12 and more precise photon and
electron diagnostics13–15.

Two-colour pulses are an example of custom-made X-rays
from a free-electron laser (FEL), where two pulses of different
photon energy and with a variable time delay are generated.
Two-colour X-rays have received considerable attention at many
FEL facilities worldwide16–21. This mode of operation allows
users to probe the dynamics of ultra-fast processes triggered by a
high-intensity X-ray pump, with a time resolution on the order of
a few femtoseconds. For example, in the field of time-resolved
resonant X-ray spectroscopy, two colour pulses allow the selective
excitation of molecular and atomic processes, such as chemical
bond breakage and rearrangement. High-intensity two-colour
FELs also allow the study of warm dense matter with time-
resolved X-ray pump/X-ray probe experiments22,23 as well as the
experimental investigation of X-ray-induced Coulomb explosion
in atom clusters and nanocrystals at the femtosecond scale.
Finally, in the field of coherent X-ray imaging, there is a
widespread interest in extending multiple wavelength anomalous
dispersion (MAD) imaging24 to fourth-generation light sources
using serial femtosecond crystallography5.

In an XFEL, an intense electron bunch travels in a magnetic
undulator, generating a high-power X-ray pulse (ranging form a
few GW to several tens of GW) with narrow bandwidth (between
0.005 and 0.1%) and duration between a few femtoseconds and a
few hundred femtoseconds1. The central wavelength lr is given
by the resonance formula25

lr ¼ lw
1þ K2

2

2g2 ; ð1Þ

where lw is the undulator period, g is the beam’s Lorentz factor
and K the scaled amplitude of the magnetic field. At X-ray
energies, the methods developed so far rely on generating two
X-ray colours by using two distinct values of K with a quasi
mono-energetic electron beam16,20,21. Although this approach
can achieve full control of the time and energy separation, the
intensity of both pulses is lower than the saturation level because
the same electron bunch is used for lasing twice, yielding a total
power typically between 5 and 15% of the full saturation power.

Here we show how two independent electron bunches of
different energies can be used to generate two X-ray pulses in one
undulator (we will refer to this technique as the twin-bunch
method). Our method builds on the recent application of pulse-
stacking techniques to high-brightness electron injectors19,26,27.
In this case, each X-ray pulse is generated by one electron bunch
and can reach the full saturation power, improving the two-
colour intensity by one order of magnitude at hard X-ray
energies. In addition to improving the peak power of two-colour
FELs, twin-bunches allow the use of MAD imaging techniques at
XFEL facilities by combining two-colour FELs with the existing
hard X-ray self-seeding capability8. This new capability has been
successfully tested in user experiments at Linac Coherent Light
Source (LCLS) in a wide variety of fields.

Results
Twin-bunch experiment at hard X-rays. The twin-bunch
method is schematically illustrated in Fig. 1. The electrons are
generated by a photocathode illuminated by a train of two laser
pulses (generated with a pulse stacker, see the Methods section)
with a variable delay on the order of a few picoseconds,
generating two separate electron bunches. The two bunches are
accelerated up to 15 GeV in the LCLS linear accelerator and
compressed from a peak current of 20 A to roughly 4 kA by
means of two magnetic chicanes. As a result of the bunch com-
pression, the final arrival time difference of the electron bunches
is on the order of a few tens of femtoseconds. As the acceleration/
compression system generates a time–energy correlation in the
electron beam, the two bunches also have different energies at the
end of the accelerator. Finally, the two compressed bunches are
sent into the undulator where they emit two X-ray pulses of
different energies. Although we will present experimental data at
a photon energy of 8.3 keV, the scheme described can work at any
photon energy in the available LCLS range (nominally from 300
to 10 keV).

The recently developed X-band transverse deflector13 provides
an effective diagnostic tool for this two-bunch technique.
Figures 2a and 2c show the measured longitudinal phase-space
of the two bunches at the end of the undulator beamline for the
unspoiled beam (that is, suppressing the lasing process with a large
transverse perturbation in the electron orbit) and for the beam
after the lasing process. The peak current is roughly 5 kA for a total
charge of 150 pC, with an energy separation of 70 MeV. Figure 2d
shows the temporal profile of the X-ray pulses reconstructed from

Beam Direction

Laser

Undulator

Time

Linac Chicane 1
Chicane 2

Photon Energy

En
erg

y

Time

En
erg

y

~5 ps
~50 fs

Figure 1 | Schematic representation of the experiment. Illustration not to scale. From right to left: a laser pulse train generates two electron bunches at a
photocathode (the right inset shows the measured longitudinal phase-space at the photo-injector exit). The two bunches are accelerated in the LCLS
linac and compressed by means of two magnetic chicanes (the left inset shows the measured phase-space at the end of the beam line). Finally,
the two bunches are sent to an undulator for the emission of two X-ray FEL pulses. The two X-ray pulses have a tunable energy difference in the range
of a few percent and a variable time delay of tens of fs.

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms7369

2 NATURE COMMUNICATIONS | 6:6369 | DOI: 10.1038/ncomms7369 | www.nature.com/naturecommunications

& 2015 Macmillan Publishers Limited. All rights reserved.Fresh-slice multicolor (Lutman et al., Nat. Photon. 10, 745 (2016)) 



Motivation: inner-shell vacancies initiate radiation damage 

Radiation damage limits resolution in x-ray imaging applications 
Localized damage can be used for therapies [Gohkberg..Cederbaum Nature (2015)] 
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Single K-shell vacancy in Xe can create Xe8+ 

Cascade happens on tens of fs timescale  



What happens in “complex” environment?  
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!  Higher charge in molecule vs atom 
!  Evidence for “Interatomic Coulombic 
Decay” 

Avg over all channels 

F2+ -  F3+ channel 

R.W. Dunford et al., PRA 86, 033401 (2012) 

 XeF2 



TIME-RESOLVED X-RAY SPECTROSCOPY OF XeF2 

Early two-color SASE x-ray pump/probe: Lutman PRL (2013) scheme 

Monitor competition  
Auger decay  
Charge redistribution 
Coulomb Explosion 
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Pump: 690 eV  
    Xe 3d → εf shape resonance 
Probe: 683 eV  
    F+, F2+ 1s → 2p 
10-fs pulses  
 Δt = 4, 29, 54 fs 

33 µJ combined pulse energy 
20% optics efficiency 
5 µm2 focal spot 
1.3 x 1016 W/cm2 peak intensity 

Picon…Southworth, Nat. Commun. 7, 11652 (2016) 
Southworth et al., JCP 142, 224302 (2015)  



THE F2+ Xeq+ F3+ BREAKUP CHANNEL 
Time-dependent dynamics manifest in recoil ion energies 

45 

 Static + pump/probe KER observed 

• KERs modeled w/classical eqns of motion & Coulomb forces consistent w/observations 
• KER is a ruler for internuclear distance 
• 600,000 x-ray shots …. 800 F2+- Xeq+-F3+ coincidences  



Outlook is bright for molecular movies 
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!  Multiple timescales contain interesting scientific problems in chemistry, 
biology, materials science. 

!  For the nanoscale, mesoscale phenomena the picosecond - microsecond 
timescale and nanofocusing available at synchrotrons is ideal 

!  For atomic-scale phenomena the attosecond – femtosecond timescales 
available at XFELs is becoming more readily available with multiple XFELs 
just coming online. 



ULTRAFAST AND ULTRASMALL WORLD 

47 LCLS website circa 2009 



SEE THE ATOMS AND ELECTRONS MOVE 
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Chemical reactions  
in solution Photosystem II 

Light-induced 
superconductivity 


