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What Is the Goal of Ultrafast Imaging?

Take clear pictures of moving objects

1 sLong exposure time: blurry image 1/100 sShort exposure time: clear image



Movies

➤ Most processes in nature are not static 

➤ More insight from time-resolved images

http://thebiglead.com/2014/02/11/cross-country-skiing-crash-gifts-emil-joensson-a-bronze-medal/



The First Ultrafast Movie

Public Domain, Wikimedia Commons 190376

Eadweard Muybridge (1830 - 1904)

Does a galloping horse ever lift all its legs off the ground?

➤ Stop-motion technique

The Horse in Motion, Stanford 1878



What Is Ultrafast?

second
Malene Thyssen, Wikimedia Commons

1 s
microsecond

http://www.ebi.ac.uk/pdbsum/1a4e

1 μs = 0.000001 s = 10−6 s

attosecond
1 as = 10−18 s

nanosecond
1 ns = 10−9 s

Stachura et al, JACS 139 (2019)

millisecond
1 ms = 0.001 s = 10−3 s

OpenStax, Wikimedia Commons

femtosecond
1 fs = 0.000000000000001 s = 10−15 s



The Femtosecond Time Scale

Light crosses hair in 30 fs

Atomic to 
nanometer scale

Beth / WMC

Photosynthesis sets off in 100 fs
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(indicated in Fig. 1A by the black line) with a fitted Lorentzian
profile yielding a FWHM of �hom =175 cm�1, which corre-
sponds to an electronic dephasing time of ⌧hom = [⇡c�hom]

�1 =
60 fs (c is the speed of light). We note that the negative
peaks in Fig. 1 A and B are due to a mixed photon echo sig-
nal with contributions from the solvent and the excited state
absorption (6–8). The mixed photon echo signal gives 50 counts
(cts) for the solvated FMO, and, in the absence of FMO,
we have detected 10 cts. The solvent signal completely dis-
appears for waiting times up to 20–30 fs. Therefore, we esti-
mate that the solvent (FMO excited state absorption) contri-
bution to the negative peak is ⇠ 20% (80%). Furthermore, the
magnitude of the off-diagonal peaks in the upper left region
of the 2D spectra remarkably increases for growing waiting
times. The spectrum becomes strongly elongated along the !⌧

coordinate and reveals an efficient energy transfer between the
FMO pigments (6–8). The progressions ranging from the central
peak at !⌧ =!t =12,400 cm�1 to the region !⌧ =13,500 cm�1,
!t =12,400 cm�1 indicate a vibrational relaxation of the local-
ized vibrational modes of the bacteriochlorophylls. In addition,
we clearly observe a fast decay of the central peak amplitude
within the first 1� 2 ps, induced by thermally fluctuating electric
fields from the polar protein environment.

The energy transfer pathways and the associated timescales
are revealed by a multidimensional global analysis (43) of con-
secutive 2D spectra at different waiting times T , arranged in a
3D array S(!⌧ ,!t ,T ) (for a detailed description, see support-
ing information in ref. 44). This results in 2D decay-associated
spectra (2DDAS) Ai(!⌧ ,!t), which are shown in Fig. 2A (Left,
analyzed experimental spectra; Right, analyzed theoretical data;
see also SI Appendix for more details). We have resolved four
different energy transfer timescales. The shortest decay time,
⌧1 =90 fs, is mainly associated to the electronic dephasing of the
diagonal peak at 12,500 cm�1. Furthermore, a strong negative
off-diagonal peak at (!⌧ =12,500 cm�1, !t =12,000 cm�1) indi-
cates a rapid loss of absorption in the 2D spectra. This feature
illustrates contributions from the energy transfer process from
the excitonic states located around 12,500 cm�1 to the lower

Fig. 2. (A) The 2DDAS. A, Left shows the experimental results, and A, Right shows the theoretically calculated spectra. The four resulting associated decay

times ⌧1,...,4 are indicated in the spectra. (B) The 2D correlation map of residuals obtained from the series of experimental spectra after subtracting the

kinetics by the global fitting procedure. The red line on top is the measured absorption spectrum of the FMO trimer, and the blue bars mark the stick

spectrum of the FMO model. The white dashed lines mark the exciton energies, which are used to overlap with the correlation map.

ones at 12,000 cm�1. The second 2DDAS, associated with a life-
time of ⌧2 =750 fs, displays a similar feature, but with slightly
broader peaks and a noticeable extension to the blue spectral
side. The third (⌧3 =7.0 ps) and fourth (⌧4 =1) components of
the 2DDAS only show one diagonal peak at the central position
of 12,200 cm�1 with rather broad peaks. This observation indi-
cates a thermal relaxation of the pigments inside the FMO pro-
tein. Our findings qualitatively agree with those in ref. 17, with
all our dephasing times being shorter, which is due the differ-
ence in temperature between 77 K and the present studies under
ambient conditions.

Next, we address the question of long-lived coherent oscilla-
tions in off-diagonal signals in the 2D spectra. We have analyzed
the residuals obtained after removing the underlying slow kinetics
from the 3D dataset S(!⌧ ,!t ,T ). Their Fourier transform pro-
vides a 3D spectrum of the possible vibrations. The most intense
of them, with the amplitudes above the noise threshold, are plot-
ted in SI Appendix, Figs. S9 and S10. As a result of our model, all
of the exciton states in the FMO complex are located in the fre-
quency region of 12,123–12,615 cm�1. Hence, the largest oscil-
lation frequency that can be expected from the beatings between
them is ⇠ 490 cm�1. However, the lowest oscillation frequency
that we found in the residuals lies well above (⇠ 600 cm�1).
Hence, we can safely conclude that the origin of these oscillations
is not due to interference between the excitonic states.

A cross-correlation analysis (44) of the residuals across the
diagonal !⌧ =!t in a delay time window up to 2 ps yields a 2D
correlation spectrum shown in Fig. 2B, where the (negative) posi-
tive values indicate (anti)correlated residuals. We find two strong
negative peaks, which proves on the basis of refs. 45 and 46 that
the oscillations in this region are related to vibrational coher-
ence. Moreover, we clearly observe two negative peaks at the fre-
quencies 12,400 cm�1 and 13,300 cm�1. They can be associated
to strong localized vibrational modes of the bacteriochlorophylls,
which follows from the vibrational progression in the absorption
spectrum (SI Appendix, Fig. S2A).

To underpin the vibrational origin of the oscillations with
rather small amplitudes, we consider the time evolution of the

Duan et al. PNAS | August 8, 2017 | vol. 114 | no. 32 | 8495

Duan et al, PNAS 114, 8493 (2017)Duan et al, PNAS 114 (2017)
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First steps of vision in 200 fs
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second millisecond microsecond nanosecond picosecond femtosecond

Time Resolution

Choose the right exposure time

Garanin et al, Quantum Electronics 44 (2014)
Petr Novák, Wikipedia

Dmitry Makeev

DESY/AG Calegari

Garanin et al, Quantum Electronics 44 (2014)



X-Ray Diffraction

Water is a complex and anomalous liquid, despite the
simple structure of the individual water molecule. This
is due to the ability of water molecules to form

hydrogen bonds (H-bonds), giving rise to a highly disordered
three-dimensional network, which in turn leads to peculiar
thermodynamic and structural properties1,2. The H-bond net-
work fluctuates on multiple lengthscales, resulting in rich and
heterogeneous dynamics, which are yet to be fully understood.
The translational and rotational diffusion of water can be acces-
sed through quasi-elastic neutron scattering3–5 and neutron spin-
echo6,7 measurements by deconvolving the hydrogen and oxygen
contributions to the dynamics. In addition, the diffusion
dynamics of liquid water can be probed by inelastic X-ray scat-
tering experiments in the frequency domain8. Based on the cor-
relation between the OH stretch frequency fluctuation and
changes in the local H-bond environment in ultrafast vibrational
spectroscopic investigations9–13 the H-bond breaking and form-
ing dynamics have been proposed to occur on a picosecond
timescale. Furthermore, the intermolecular dynamics of water
molecules can be probed in the THz regime, where the low-
frequency modes in the range 50–300 cm−1 are attributed to H-
bond oscillations14. The sensitivity of these THz modes to the
local H-bond network has been seen both from simulations15 and
experiments16,17. One of the challenges when using spectroscopic
techniques, both in the IR- and THz-regime, is relating the
spectroscopic observable to a specific lengthscale and motion in
the liquid. The temporal resolution of most pump-probe imple-
mentations is also limited due to the longer wavelengths in the IR
and THz-regime as compared to X-rays, which makes it difficult
to probe the sub-100 fs regime where initial molecular displace-
ments occur.

Here, we demonstrate an alternative approach to probe equi-
librium dynamics, utilizing a time-domain approach which at the
same time provides momentum-space resolution by coherent X-
ray scattering. By extending X-ray Photon Correlation

Spectroscopy (XPCS)18–22 in the ultrafast regime, we utilize the
unique temporal resolution of X-ray Free-Electron Laser (FEL)
sources to probe the dynamics of water molecules in the sub-100
fs regime. This approach is often referred to as X-ray Speckle
Visibility Spectroscopy (XSVS)23–25, which enables the mea-
surement of dynamics within the exposure time of the experi-
ment. This can be achieved due to the nearly full transverse
coherence of the FELs, which allows resolving single-shot X-ray
speckle patterns26. In our experiment, we tune the exposure time
from 10 to 120 fs by adjusting the X-ray pulse duration and
observe a reduction of speckle contrast attributed to molecular
motion. By measuring the dynamics at wide-angle scattering wave
vectors (Q= 1.95 Å−1) we probe motion on atomic lengthscales,
which at the first diffraction peak of water relates to changes in
local tetrahedral coordination27. We compare the experimental
results to those obtained from molecular dynamics (MD) simu-
lations (TIP4P/200528 and MB-pol29) as well as with a ballistic
model depicting thermal motion. We conclude that the observed
dynamics deviate from a purely ballistic regime already after 25 fs,
which is well reproduced by MD simulations. From the observed
strong temperature dependence, we argue that the slowing down
of motion upon cooling is affected by caging effects, which can be
related to the increased tetrahedral coordination in the super-
cooled regime.

Results
Ultrafast XSVS. To perform XSVS we utilize the X-ray Corre-
lation Spectroscopy (XCS) instrument30 at the Linac Coherent
Light Source (LCLS). A schematic of the experiment is shown in
Fig. 1a. Ultrashort X-ray pulses are used with variable pulse
duration δt, ranging from 10 to 120 fs. Water droplets are injected
into the experimental chamber and their temperature is varied
over the range T= 253–328 K (see Methods section)27,31. A
Cornell-SLAC Pixel Array Detector32 (CSPAD) is used to record
X-ray diffraction patterns over a broad momentum transfer range

Droplet
dispenser

Speckle visibility

Real space Reciprocal
space

X-ray diffractionX-ray pulses

!t
DetectorCSP AD

Diode

Detector
ePix

a b

Fig. 1 Coherent X-ray diffraction of water droplets with variable pulse duration. a Schematic of the experimental setup used at LCLS to measure liquid
droplets utilizing two detectors at different sample-detector distances. A CSPAD detector in close proximity to the sample is used to obtain single-shot X-
ray diffraction over a large momentum transfer Q range and an ePix detector located at a larger distance is employed to resolve the speckle pattern’s
contrast with higher Q resolution. A diode is used to measure the intensity of the direct beam on a single-shot basis. The droplets are injected with a
droplet dispenser and cooled by evaporative cooling. In order to extract information about the dynamics, the exposure time is varied by changing the X-ray
pulse duration δt from 10 to 120 fs. b In the case where molecular motion is slower than the exposure time (top), the scattering pattern should exhibit high
speckle contrast in reciprocal space. If the molecules move during the exposure time (bottom) the speckle contrast will be reduced, making the scattering
pattern smoother

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-04330-5

2 NATURE COMMUNICATIONS | �(2018)�9:1917� | DOI: 10.1038/s41467-018-04330-5 | www.nature.com/naturecommunications

Perakis et al, Nature Communications (2018)
Jeff Dahl, Wikimedia 
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X-rays diffract at crystalline structures



Absorption Spectroscopy

➤ Molecule blocks certain colors

➤ Characteristic of chemical elements and time-dependent changes

➤ More probe signals: photoelectrons, fragmentation, …

Time 1
Sceptre, Wikimedia Commons

ColorIt’s quantum!

Time 0

Carbon Nitrogen Oxygen



Molecular Movie

Trigger pulse Probe pulse

Time delay

Detector

> ./reconstruct_molecule

Reconstruction



Molecular Movie

Trigger pulse Probe pulse

Detector

> ./reconstruct_molecule

Reconstruction

Sample stream



Radio waves Visible light UV Soft X-Ray Hard X-Ray

Requirements for Light Sources

Conventional laser

Small wavelength

High brilliance

Coherent laser light

Ultrashort pulses

Diffraction limit

Laboratory Free-Electron Laser

Center wavelength 

Ultrashort pulse



Ultrashort Laser Pulses in the Laboratory

High-harmonic generation (HHG)

➤ High-intensity red laser pulse

➤ Focused in gas cell

➤ Generates new frequencies of light

© Helmholtz-Institut Jena

Donna Strickland

Gérard Mourou
©Nobel Media, Alexander Mahmoud
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of the optical pulse controls the kinetic energy2, amplitude17 and 
phase18 of the recollision electron and therefore the attosecond 
pulse19 that it produces.

In addition to producing attosecond electron and photon pulses, 
the recollision simultaneously encodes all information on the 
electron interference. Once the amplitude and phase of the electron 
interference is encoded in light, powerful optical methods become 
available to ‘electron interferometry’.

Classical trajectory calculations show that fi ltering a limited 
band of photon energies near their maximum (cut-off ) confi nes 
emission to a fraction of a femtosecond17. Such a burst emerges at 
each recollision of suffi  cient energy. Th e result is a train of attosecond 
bursts of extreme ultraviolet (XUV) light spaced by Tosc/2 (ref. 1).

For many applications, single attosecond pulses (one burst per 
laser pulse) are preferred. Th ey emerge naturally from atoms driven 
by a cosine-shaped laser fi eld comprising merely a few oscillation 
cycles (few-cycle pulse)3. Th en only the electron pulled back by 
the central half-wave to its parent ion possesses enough energy to 
contribute to the fi ltered high-energy emission (Fig. 3). Turning 
the cosine waveform of the driving laser fi eld into a sinusoidally 
shaped one (by simply shift ing the carrier wave with respect to the 
pulse peak8) changes attosecond photon emission markedly: instead 
of a single pulse, two identical bursts are transmitted through the 
XUV bandpass fi lter. Controlling the waveform of light8 has proved 
critical for controlling electronic motion and photon emission on an 
attosecond timescale and permitting the reproducible generation of 
single attosecond pulses19.

Th e shortest duration of a single attosecond pulse is limited by 
the bandwidth within which only the most energetic recollision 
contributes to the emission. In a 5-fs, 750-nm laser pulse this 
bandwidth relative the emitted energy is about 10%. At photon 
energies of ~100 eV this translates into a bandwidth of ~10 eV, 
allowing pulses of about 250 attoseconds in duration17. At a photon 
energy of 1 keV (ref. 20) a driver laser fi eld with the above properties 
will lead to single pulse emission over roughly a 100-eV band, which 

may push the frontiers of attosecond technology near the atomic unit 
of time, 24 attoseconds. Manipulating the polarization state of the 
driver pulse17 enables the relative bandwidth of single pulse emission 
to be broadened21,22 by ‘switching off ’ recollision before and aft er the 
main event. Together with dispersion control23, this technique has 
recently resulted in near-single-cycle 130-attosecond pulses at photon 
energies below 40 eV (ref. 24). Confi ning tunnel ionization to a single 
wave crest at the pulse peak constitutes yet another route to restricting 
the number of recollisions to one per laser pulse. Superposition of a 
strong few-cycle near-infrared laser pulse with its (weaker) second 
harmonic25,26 is a simple and eff ective way of achieving this goal.

Th is attosecond-pulsed XUV radiation emerges coherently from 
a large number of atomic dipole emitters. Th e coherence is the result 
of the atomic dipoles being driven by a (spatially) coherent laser fi eld 
and the coherent nature of the electronic response of the ionizing 
atoms discussed above. Th e pulses are highly collimated, laser-like 
beams, emitted collinearly with the driving laser pulse. Th e next 
section addresses the concepts that allowed full characterization of 
the attosecond pulses.

MEASUREMENT TECHNOLOGY

Any pulse measurement method must directly or indirectly 
compare the phase of diff erent Fourier components of a pulse. 
Autocorrelation, SPIDER and FROG, three extensively used 
methods to characterize optical pulses27, use nonlinear optics 
to shift  the frequency of the Fourier components diff erentially 
so that neighbouring frequency components can be compared. 
Th e electron-optical streak camera — an older ultrafast pulse 
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Figure 1 Shorter and shorter. The minimum duration of laser pulses fell continually 
from the discovery of mode-locking in 1964 until 1986 when 6-fs pulses 
were generated. Each advance in technology opened new fi elds of science for 
measurement. Each advance in science strengthened the motivation for making even 
shorter laser pulses. However, at 6 fs (three periods of light), a radically different 
technology was needed. Its development took 15 years. Now attosecond technology 
is providing radically new tools for science and is yet again opening new fi elds for 
real-time measurement. Reprinted in part, with permission from ref. 65.

Ψg

Ψc = a(k )eikx–iωt

30 Å

Figure 2 Creating an attosecond pulse. a–d, An intense femtosecond near-infrared or 
visible (henceforth: optical) pulse (shown in yellow) extracts an electron wavepacket 
from an atom or molecule. For ionization in such a strong fi eld (a), Newton’s 
equations of motion give a relatively good description of the response of the electron. 
Initially, the electron is pulled away from the atom (a, b), but after the fi eld reverses, 
the electron is driven back (c) where it can ‘recollide’ during a small fraction of the 
laser oscillation cycle (d). The parent ion sees an attosecond electron pulse. This 
electron can be used directly, or its kinetic energy, amplitude and phase can be 
converted to an optical pulse on recollision12. e, The quantum mechanical perspective. 
Ionization splits the wavefunction: one portion remains in the original orbital, the other 
portion becomes a wave packet moving in the continuum. The laser fi eld moves the 
wavepacket much as described in a–d, but when it returns the two portions of the 
wavefunction overlap. The resulting dynamic interference pattern transfers the kinetic 
energy, amplitude and phase from the recollision electron to the photon.
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Streaking of 43-attosecond soft-X-ray pulses
generated by a passively CEP-stable
mid-infrared driver
THOMAS GAUMNITZ, AROHI JAIN, YOANN PERTOT, MARTIN
HUPPERT, INGA JORDAN, FERNANDO ARDANA-LAMAS, AND HANS
JAKOB WÖRNER *

Laboratorium für Physikalische Chemie, ETH Zürich, Vladimir-Prelog-Weg 2, 8093 Zürich, Switzerland
*
hwoerner@ethz.ch

Abstract: Attosecond metrology has so far largely remained limited to titanium:sapphire lasers
combined with an active stabilization of the carrier-envelope phase (CEP). These sources limit
the achievable photon energy to ⇠100 eV which is too low to access X-ray absorption edges of
most second- and third-row elements which are central to chemistry, biology and material science.
Therefore, intense e�orts are underway to extend attosecond metrology to the soft-X-ray (SXR)
domain using mid-infrared (mid-IR) drivers. Here, we introduce and experimentally demonstrate
a method that solves the long-standing problem of the complete temporal characterization of ultra-
broadband (�10 eV) attosecond pulses. We generalize the recently proposed Volkov-transform
generalized projection algorithm (VTGPA) to the case of multiple overlapping photoelectron
spectra and demonstrate its application to isolated attosecond pulses. This new approach
overcomes all key limitations of previous attosecond-pulse reconstruction methods, in particular
the central-momentum approximation (CMA), and it incorporates the physical, complex-valued
and energy-dependent photoionization matrix elements. These properties make our approach
general and particularly suitable for attosecond supercontinua of arbitrary bandwidth. We apply
this method to attosecond SXR pulses generated from a two-cycle mid-IR driver, covering a
bandwidth of ⇠100 eV and reaching photon energies up to 180 eV. We extract an SXR pulse
duration of (43±1) as from our streaking measurements, defining a new world record. Our results
prove that the popular and broadly available scheme of post-compressing the output of white-light-
seeded optical parametric amplifiers is adequate to produce high-contrast isolated attosecond
pulses covering the L-edges of silicon, phosphorous and sulfur. Our new reconstruction method
and experimental results open the path to the production and characterization of attosecond
pulses lasting less than one atomic unit of time (24 as) and covering X-ray absorption edges of
most light elements.
© 2017 Optical Society of America
OCIS codes: (320.7100) Ultrafast measurements; (140.7240) UV, EUV, and X-ray lasers; (320.6629) Supercontinuum
generation.
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Ultrashort Laser Pulses in the Laboratory

Ultrashort Extreme Ultraviolet Vortices. 10.5772/64908

ΔE ⋅ Δt = 0.442Fourier limit
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Cannot go to hard x-rays



Light Source for X-Ray Diffraction

➤ X-ray diffraction revealed DNA structure

➤ Shorter pulses require high brilliance

(Photons in the beam per second)

MRC Laboratory of Molecular Biology

Rosalind Franklin (1920 - 1958)

Raymond Gosling/King's College London

Moore’s LawX-ray tube

Synchrotrons

FELs



Free-Electron Laser

Accelerate electrons to relativistic speed

Electrons enter undulator

➤ Magnets force wiggling motion

➤ X-ray radiation emitted 

European XFEL / Option Z

Undulator



Free-Electron Laser

Accelerate electrons to relativistic speed

Electrons enter undulator

➤ Magnets force wiggling motion

➤ X-ray radiation emitted 

European XFEL / Option Z



Free-Electron Lasers in the World



European X-Ray Free-Electron Laser

3.4 km long

European XFEL / Jan Hossan

➤ Six experimental end stations 

➤ Material science, biomolecule 
imaging,  chemistry, … 

➤ 27,000 flashes / second
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➤ Total construction costs 

8 years / 1.25 billion �
➤ Elbphilharmonie 

9 yrs / 870 million �

Electron acceleratorUndulator



Comparison of Light Sources

Laboratory XFEL

Min pulse duration < 100 attoseconds 10 femtoseconds

Peak brilliance - ---

Wavelength

Control . /

Cost and availability 0 000
Young et al, Roadmap of ultrafast x-ray atomic and molecular physics, J. Phys. B 51 (2018) 

Laboratory setup

XFEL tunnel
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Electrode
NIST - Wikimedia Commons 51195389

Organic Solar Cell

Polymer BT-1T

Need to transport the charges

-

https://commons.wikimedia.org/w/index.php?curid=61873983

An example for insights from ultrafast science



Observe Charge Migration

➤ Calculate the ultrafast charge migration in BT-1T

➤ Shows up in the x-ray absorption spectrum

➤ XFEL experiment?

Khalili, Inhester, Arnold, Welsch, Andreasen, Santra. Journal of Structural Dynamics 6 (2019)



Beyond the Molecular Movie

Chemical reactions involve molecular dynamics

Optimisation routine
> ./optimise_pulses

Generate sequence

Trigger
Britannica

Take the molecular movie 

Direct the molecular movie

Ultrafast wish list

Control reaction with light
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An Ultrafast Developing Field
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What’s Next?

Theoretical calculations

i
∂
∂t

ψ = Ĥψ

Ĥ = Ĥ0 + λĤint
EBI

Develop light sources

Larger systems

Julian Alexander, WComm
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XFEL

Control reactions with light
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Thank You for Your Attention

➤ Femtosecond dynamics are fundamental 
for physics, chemistry, and biology 

➤ Ultrashort laser pulses can take molecular 
movies 

➤ Generated in the laboratory or at free-
electron lasers 

➤ Understanding a phenomenon gives us the 
possibility to control it!
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