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Internet Access
INTERNET PASSCODE

3STEPS
CONNECTION INSTRUCTIONS
1.

For Wired Service:
Connect the network cable to your device.
For Wireless Service:
Turn on the wireless service on your device, and if prompted, connect to the wireless network.
Open your web browser.
This should automatically bring up the login page. if not please, type login.globalsuite.net into the
web browser address bar and press Enter. You should now see the login page.
if you still don't see the login page, please ensure you are connected to the correct wireless network
(See step 1).
Follow the on-screen instructions, and accept the terms of service.
To access service options after loggin in, type services.globalsuite.net into the web browser address bar and press Enter.

2.

3.

iPod, iPhone and iPad
1. Tap on Settings
2. Select Wi-Fi
3. Confirm that the Wi-Fi slider is ON
4. Select the network
5. Continue with the login process from Step 2 in the previous section
Should you require any assistance, please call our Fairmont Internet “HelpDesk” by dialing 1-888-240-3736. You
may also dial “0” and ask the telephone operator to connect you with the “HelpDesk”.
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General Information
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Taxi (Allante Transportation): +1 613 791 6690
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Supermarket
sheep, ibex, fallow deer, white-tailed deer, moose,
Marché Bonichoix
wolves, boars and small native species. Located on High641 Rue Notre Dame
way 323, the park is located 10 minutes away from Fair(1.7km from hotel)
mont Le Château Montebello.
Open daily 8am-9pm

Fast food,
Canadian, American

Basics
Pharmacy
Proxim pharmacie
299 Rue Papineau,
Papineauville
(8km from Montebello)
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Preamble

David Villeneuve
Group Leader, Attosecond
National Research Council of Canada

Twenty-five year ago, in 1993, Paul Corkum published a landmark paper in Physical Review
Letters. This paper provided a semi-classical picture of an electron, first removed from an atom
by an intense laser field, then recolliding with its parent ion. This process is implicated in a
number of strong-field processes, such as recollision excitation and high harmonic generation,
and led to the field of attosecond science. Paul’s intuition, based upon previous work by many
others, provided a simple picture that accurately explained many of the previous observations.
This sole-author paper, P. B. Corkum, “Plasma perspective on strong field multiphoton
ionization”, Phys. Rev. Lett. 71, 1994 (1993), has been so influential in many fields that it has
been cited over 4500 times. This citation count puts the paper in the ranks of Nobel Prize
winning material.
The year, 2018, also marks another milestone, Paul Corkum’s 75th birthday. You would not
know so, since his scientific output has increased dramatically since his “retirement” from the
National Research Council 10 years ago. Paul founded the Joint Attosecond Science Laboratory,
between the National Research Council and the University of Ottawa. JASLab has major
facilities at both locations, along with a large number of students and postdocs who work under
Paul’s direction.
This symposium is a celebration of two things: The remarkable career of Paul Corkum, who has
had such a profound impact on so many people; and the field of science that was launched in
1993, a field that so many of the symposium’s participants still work in.
David Villeneuve
Ottawa, April 2018
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Welcome Remarks

Duncan Stewart
Director General, Security and Disruptive
Technologies Research Centre
National Research Council of Canada

E.W.R. Steacie, as president of the National Research Council of Canada in 1954, described with
characteristic bluntness the difference between good and great research laboratories: “In a
research organization, a few people make all the difference. If 5 per cent of the staff of a research
laboratory are really first-rate, with imagination and initiative, all is well. […] The problem is to
develop people of this type: to get behind them when they appear and give them the opportunity
to develop themselves.”
Steacie and his predecessor C.J. Mackenzie had recruited Gerhard Herzberg to the NRC in 1948
with exactly this aim. Both were particularly cognizant of the impact such people had in a
government laboratory primarily preoccupied with longer range but applied research, and wrote
to Herzberg: “We feel that not only will such a group engaged in fundamental research make
valuable contributions to science but that such activity will maintain higher standards in the other
more applied sections.”
With that philosophy, Steacie and Herzberg built world-leading research efforts in photochemistry and spectroscopy at the NRC, efforts that delivered repeated major contributions to
science and also, by proximity, to the NRC’s applied research. I suspect they might take wry
pleasure in a symposium celebrating the spectroscopy of photo-chemistry! Most importantly,
both would be enormously satisfied to see their vision of research excellence continued
with such particular success by Paul Corkum, who by every possible standard is among the
‘few people that make all the difference’.
Thank you for joining us in Canada at this symposium celebrating 25 years of re-collision
physics.
Duncan Stewart
Ottawa, May 2018
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Keynote Speakers

Mona Nemer
Chief Science Advisor Canada

Geneviève Tanguay
Vice-President Emerging Technologies,
National Research Council

John Alcock
National Research Council
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Dr. Nemer holds a PhD in Chemistry from McGill
University, and afterwards became a Professor of
Pharmacology at the Université de Montréal.
Subsequently, she became Professor and Vice-President,
Research at University of Ottawa, and Director of the
Molecular Genetics and Cardiac Regeneration
Laboratory. Now she serves as Canada’s Chief Science
Advisor. She is a Member of the Order of Canada, a
fellow of the Academy of Sciences of the Royal Society
of Canada, Fellow of the American Academy of Arts and
Science, a Knight of the Ordre national du Québec, and a
Knight of the French Republic’s ordre national du Mérite.

Dr. Tanguay received her Ph.D. in Parasitology from
McGill University. From 2007-2011 she was the
Assistant Deputy Minister for research, innovation,
science and society with the Government of Québec, and
from 2011-2015, the Vice-Rector, Research, Creation and
Innovation at the Université de Montréal. She currently
serves as the Vice-President of Emerging Techonlogies at
the National Research Council of Canada, overseeing the
Measurement Science and Standards Research Centre.
She also oversees the Research Centre of Security and
Disruptive Technologies, which is where NRC’s
attosecond science is at home.

Dr. John Alcock came to the National Research Council
of Canada as a Postdoctoral Fellow in 1965 after
obtaining his PhD from Oxford. He joined the continuing
staff of the NRC in 1966 and from 1974 to 1990 he was
head of the Laser & Plasma Physics Section in the
Division of Physics. He is currently a Researcher
Emeritus working in the Frequency and Time Section of
the Measurement Science and Standards Research
Centre. During his career, Dr. Alcock has worked in the
areas of laser-produced plasmas, transverse discharge gas
lasers, ultra-short pulse generation, diode-pumped solidstate lasers and high resolution spectroscopic
measurements. He is a Fellow of the IEEE, the Optical
Society and the Royal Society of Canada.
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André D. Bandrauk
University of Sherbrooke

Pierre Berini
University of Ottawa
berini@site.uottawa.ca

Julien Bertrand
Laval University
julien.b.bertrand@copl.ulaval.ca

Ravi Bhardwaj
University of Ottawa
ravi.bhardwaj@uottawa.ca

Robert Boyd
University of Ottawa
rboyd@uottawa.ca

Thomas Brabec
University of Ottawa
thomas.brabec@uottawa.ca

Paul Brumer
University of Toronto
pbrumer@chem.utoronto.ca

Phil Bucksbaum
Stanford University
phbuck@stanford.edu

Zenghu Chang
University of Central Florida
zenghu.chang@ucf.edu

andre.dieter.bandrauk@usherbrooke.ca

Presenters
See-Leang Chin
Laval University
slchin@phy.ulaval.ca
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3.17 Up
David Villeneuve
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The second stage of Paul Corkum’s remarkable scientific career began in 1993 with the publication of his
landmark sole-author paper on the role of recollision in strong field ionization [1]. This paper and the
concepts behind it created the field of recollision physics and led to new research areas such as attosecond
science. The paper’s title illustrates the breadth of Paul’s knowledge. He started out in the field of
theoretical statistical mechanics. During his interview for a postdoctoral position at NRC, his claim to be
able to rebuild a car engine landed him a job as an experimental plasma physicist. I will trace the
trajectory of Paul’s exceptional career as a scientist and as a mentor to many people.
References
[1] P. B. Corkum, Plasma perspective on strong field multiphoton ionization, Phys. Rev. Lett. 71, 1994 (1993).
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Recollision in large molecules
M. Alsaawy, V.R. Bhardwaj
University of Ottawa, Ottawa, ON, K1N 6N5
Ravi.Bhardwaj@uottawa.ca

Electron recollision played a key role in technological development of high harmonic and
attosecond pulse generation resulting in major scientific breakthroughs. This coherent and wellcontrolled process has also provided valuable information about atoms, molecule and solids with
unprecedented time resolution. As we celebrate the 25th anniversary of the birth of recollision
physics, I will present experimental results that challenge our current understanding of this
process when extended to larger systems such as C60 and chiral molecules.
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The spatial profile of XUV beams obtained via high order harmonic generation (HHG) with few mJ
energy femtosecond laser pulse in a gas jet is studied. We show that the spatial properties of these XUV
beams depend strongly on harmonic generation conditions and especially on the position of the generating
medium. We show that the spatial profile of the XUV beam can be finely controlled without XUV optics.
This evolution is analyzed with an analytical model that considers the propagation of XUV Gaussian
beams generated with well-known intensity profile and wave front curvature in a plane following the
model described in [1]. This approach reproduces closely our experimental observations and allows us to
infer the XUV beam characteristics during propagation for both short and long quantum paths. We
observe that the XUV beams have spatial properties that changes significantly with the harmonics order
and quantum path. Harmonic beams exhibit foci which positions depend on the specific conditions of
HHG. These foci are generally not localized at the position of the fundamental beam waist and their
position can vary significantly with the harmonic order. The relative XUV foci shift can even be larger
than the XUV confocal parameter. In return, the observed foci shift can strongly affect the XUV spectral
width at focus.
This work also demonstrates that XUV beams can be emitted as converging beams under specific
conditions and we observe experimentally this direct XUV focusing by inducing a spatial asymmetry [2]
during the generation process and observing its impact in the far field spatially resolved harmonic spectra.
Our observations show that XUV beams can be directly focused without any XUV optics by controlling
their wavefront during the harmonic generation process. We observe that these XUV foci can be located
at arbitrarily large distances after the generating medium. This focusing property implies that intense
XUV field can be obtained with coherently-focused harmonics and we discuss how such order-dependent
XUV foci positions is compatible with broadband XUV irradiation and attosecond science.
References
[1] F. Catoire et al., “Complex structure of spatially resolved high-order-harmonic spectra”, Phys. Rev. A 94, 063401 (2016).
[2] H. Vincenti and F. Quére, “Attosecond Lighthouses: How To Use Spatiotemporally Coupled Light Fields To Generate Isolated Attosecond
Pulses”, Phys. Rev. Lett. 108, 113904 (2012)

24

Tu21

Will the attometer resolution follow the attosecond?
Jean-Claude Diels
CHTM, University of New Mexico, Albuquerque, NM 87106

One might think that, with the space-time analogy, the attometer era would come nearly simultaneously
with the attosecond. As the attosecond scale was reached through accurate phase control of the optical
cycle of a fs pulses, attometer resolution can be reached through subwavelength control of the electric
field in space. In both cases, ultrashort pulses are required. But the analogy stops there. Precise
measurements of the optical path requires active laser cavities, coupled to highly dispersive passive
resonators. Instead large vacuum technology, the highest spatial sensitivity calls for miniaturization, down
to integrated circuit lasers and nano-fabrication techniques.
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Coherent extreme ultraviolet (EUV) emission can be obtained through high-harmonic generation (HHG)
which is well explained by the three-step model [1]. First, an electron can tunnel out through the potential
barrier of an atom exposed to the strong laser field. Second, the liberated electron is accelerated and
driven back to the parent ion. Finally, the kinetic energy gained in the strong laser field is converted to the
radiation when the electron recombines to the parent ion.
The periodic repetition of the three-step process is HHG that has been actively studied for the last few
decades. The high-harmonic radiation resulting from the strong-field interaction has become an essential
tool not only as a light source for applications but also as a signal that contains the information on the
interaction processes, which has opened up the field of attosecond science and high-harmonic
spectroscopy [2]. There is a similar strong field process known as frustrated tunneling ionization (FTI) in
which an electron liberated in strong laser field recombines to the excited states of an atom [3]. The FTI
process can be explained by the four-step model. First, an electron tunnels out from an atom at the peak of
a laser field. Second, it oscillates in the strong laser field. The electron ionized at the peak of the laser
field has a zero kinetic energy at the end of the laser pulse. Third, the zerokinetic-energy electron
recombines to the excited states of the atom. Finally, the coherent EUV radiation is emitted by free
induction decay. Here we demonstrate the experimental observation of the coherent EUV emission
generated through the FTI. The four-step theoretical model clearly explains the dependences on the
ellipticity and the carrier-envelope-phase of the laser pulses. In addition, we demonstrate the control of
the propagation direction of the emission by employing the attosecond lighthouse technique. The coherent
property of the FTI emission can be utilized in many applications, and offers new opportunity in ultrafast
spectroscopy.
References
[1] P. B. Corkum, “Plasma perspective on strong field multiphoton ionization,” Phys. Rev. Lett. 71, 1994–1997 (1993).
[2] P. B. Corkum et al., “Attosecond science,” Nat. Phys. 3, 381–387 (2007).
[3] T. Nubbemeyer et al., “Strong-Field Tunneling without Ionization,” Phys. Rev. Lett. 101, 233001 (2008).
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Attosecond Angular Streaking and Tunnelling Time in Atomic
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The ongoing debate about the value, meaning and interpretation of ‘tunnelling time’ was reignited
recently with the development of ultrafast lasers and attosecond metrology1, which gave experimental
access to the attosecond (1 as = 10-18 s) domain. In particular, the ‘attoclock’2 technique was used to probe
the attosecond dynamics of electrons tunnelling out of atoms interacting with intense laser fields.
Although the initial attoclock measurements3-5 hinted at instantaneous tunnelling, later experiments6,7
claimed to have measured finite tunnelling times. These measurements were performed with multielectron atoms with no accurate theoretical modelling available. Atomic hydrogen (H), the simplest
atomic system with a single electron, can be ‘exactly’ (subject only to numerical limitations) modelled
and thus acts as a convenient benchmark for both accurate experimental measurements and
calculations8-10. Here we report the first attoclock experiment performed on H using a ‘Reaction
Microscope’11 (REMI) and 770 nm, 6 fs pulses (FWHM) with peak intensities of 1.65 - 3.9 ×1014 W/cm2.
We find that our experimentally determined offset angles of the photoelectrons are in excellent agreement
with accurate 3D-TDSE simulations performed using the Coulomb potential with our experimental pulse
parameters. The same simulations with a short-range Yukawa potential result in zero offset angles for all
intensities. We conclude that the offset angle measured in the attoclock experiments originates entirely
from electron scattering by the long-range Coulomb potential with no contribution from tunnelling time
delay. Thus we confirm that, in atomic H, tunnelling is instantaneous within our experimental and
numerical uncertainty. This puts an upper limit of 1.8 attoseconds on possible delays due to tunnelling.
This result in effect rules out all commonly used ‘tunnelling times’ 12 from being interpreted as time spent
by an electron under the barrier.
References
[1] Hentschel, M. et al. Nature 414, 509-513 (2001).
[2] Eckle, P. et al. Nature Physics 4, 565-570 (2008).
[3] Eckle, P. et al. Science 322, 1525-1529 (2008).
[4] Pfeiffer, A. N. et al. Nature Physics 8, 76-80 (2012).
[5] Pfeiffer, A. N., Cirelli, C., Smolarski, M. & Keller, U. Chem. Phys. 414, 84-91 (2013).
[6] Landsman, A. S. et al. Optica 1, 343-349 (2014).
[7] Camus, N. et al. Phys. Rev. Lett. 119, 023201 (2017).
[8] Kielpinski, D., Sang, R. & Litvinyuk, I. J. Phys. : 7, 204003 (2014).
[9] Wallace, W. et al. Phys. Rev. Lett. 117, 053001 (2016).
[10] Khurmi, C. et al.. Phys. Rev. A 96, 013404 (2017).
[11] Dörner, R. et al. Phys. Rep. 330, 95-192 (2000).
[12] Zimmermann, T. et al. Phys. Rev. Lett. 116, 233603 (2016).
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Attosecond Physics Research for 20 Years at KAIST
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At the occasion to celebrate the 25th anniversary of recollision physics a recollection of the attosecond
physics research performed at KAIST for 20 years is presented. An attosecond physics lab at KAIST was
established from scratch by developing a high power femtosecond laser and constructing a flat-field XUV
spectrometer [1]. Based on the homemade laser and diagnostics the generation and characterization of
high harmonics could be initiated [2]. In 1999 the Coherent X-ray Research Center was launched, which
prompted further developments of attosecond physics research. The coherent control process of high
harmonic generation was demonstrated by manipulating the chirp of a femtosecond laser [3], and strong
boost of harmonic signal was achieved by applying two-color laser pulses [4]. In addition, rigorous
temporal characterization of attosecond harmonic pulse trains was successfully realized by applying the
FROG CRAB technique [5], and the attosecond chirp compensation was demonstrated by making use of
material dispersion [6]. More recently high harmonic sources have been applied to explore the dynamics
and structure of atoms and molecules [7,8]. All these achievements could be made possible thanks to the
hard works of former KAIST graduate students.
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[1] Y. H. Cha et al., “Generation of a broad amplified spectrum in a femtosecond terawatt Ti:sapphire laser using a long wavelength injection
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Rev. A 69, 051805(R) (2004); K. T. Kim et al., “Self-Compression of Attosecond High-order Harmonic Pulses,” Phys. Rev. Lett. 99, 223904
(2007).
[7] K. T. Kim et al., “Amplitude and phase reconstruction of electron wave packets for probing ultrafast photoionization dynamics,” Phys. Rev.
Lett. 108, 093001 (2012).
[8] H. Yun et al., “Resolving multiple molecular orbitals using two-dimensional high-harmonic spectroscopy,” Phys. Rev. Lett. 114, 153901
(2015).
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Fast Pulsed Lasers and Slow Steady-State Molecular Processes
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Numerous molecular processes in nature, such as photosynthesis or vision, are initiated by the absorption
of light. Such processes are often studied in the laboratory with ultrafast pulsed laser techniques and
display time-dependent molecule dynamics characterized by oscillatory coherences. By contrast, natural
processes are initiated by excitation with stationary incoherent (e.g. solar) radiation, leading to a
dramatically different, time-independent, steady state response. We discuss, based upon formal and
computational approaches, the relationship and differences between ultrafast laser induced dynamics and
ultraslow steady state rates (e.g., see references [1,2,3,4]). In addition, we propose an experimental means
of obtaining the incoherent excitation results using shaped pulsed laser light [5].
References
[1] A. Dodin, T. V. Tscherbul and P. Brumer, “Coherent Dynamics of V-type Systems Driven by Time-Dependent Incoherent Radiation”, J.
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[4] S. Axelrod and P. Brumer, Manuscript in preparation.
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Paul Corkum and the Photonics Program at the
University of Ottawa
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In this talk I highlight the enormous role that Paul has played on the establishment of the world-class
photonics program of the University of Ottawa (UO). Paul first established his own superb program at
NRC; much of the present Symposium highlights the accomplishments of this program. Later on, Paul
was able to convince UO to make a major investment in the field of photonics. Part of this plan included
Paul accepting a faculty position at UO. Another part included the commitment to construct the ARC
building (the state-of-the-art research laboratory building that houses the photonics program) and also to
write a proposal to the Canadian government to hire a Canada Excellence Research Chair (CERC) in the
area of Quantum Photonics. This proposal was successful, and the competition to become the CERC
chairholder was won by the present author. Paul helped me to negotiate the package to bring me here.
This package included faculty slots for three junior professors, all of whom have now been hired.
Moreover, Paul played a key role on the team that convinced the Max Planck Society to establish a Max
Planck Centre at UO based on the theme of Extreme and Quantum Photonics.
My summary premise is that Paul has played a key role in the enormous growth of the photonics program
at UO. I for one am extremely grateful for all that Paul has done for me.
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Time-Resolved Soft X-Ray Excitonics
Julien B. Bertrand, A. Moulet, T. Klostermann, A. Guggenmos, N. Karpowicz, E. Goulielmakis
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Attosecond Physics explores ways to follow and control matter with unprecedented temporal resolution
(1 attosecond= 10-18 s.). Strong laser fields used to apply forces on the sub-cycle timescale, together with
the availability of tabletop attosecond soft x-ray pulses, now open avenues for direct time-resolving
ultrafast dynamics on the unexplored attosecond timescale [1,2]. In this first attosecond pump attosecond probe experiment, an isolated 107 eV attosecond pulse initiates an Auger decay followed by
an attosecond broadband (250-1100 nm) optical pulse. The observable is the soft x-ray absorption
spectrum as a function of pump-probe delay. A first experiment in krypton atoms allows us to model the
effect of the optical probe as a gate of the Auger electronic dipole, a universal analog to the frequencyresolved optical gating technique [3]. Applying our attosecond x-ray absorption near-edge spectroscopy
(AXANES) to the L-edge of fused silica enables us to directly observe and control sub-femtosecond coreexcitons in solids, laying the foundation of soft x-ray excitonics [4].

Fig. Retrieval of soft x-ray—induced core-exciton dynamics in SiO2. (A) Measured.
(B) Reconstructed attosecond pump-probe differential absorption spectrogram.
References
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[3] R. Trebino, FROG, Kluwer Academic Publishers, Boston (2002).
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31

Tu34
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The beams generated by laser systems are most often specified as either linearly polarized, circularly
polarized or non-polarized. Under conditions of tight focusing, the state of polarization of an initially
linearly polarized laser beam is not preserved in the focal volume: new electric and magnetic field
components develop along the longitudinal axis and the orthogonal transverse axis.
Laser beams propagating in free space can also have states of polarization similar to the electromagnetic
modes of metallic waveguides. Properly designed spatial light modulators can be used to transform
linearly polarized laser beams into vectorial laser beams with radial polarization (transverse magnetic
modes) or azimuthal polarization (transverse electric modes). This presentation will provide an overview
of our work on the theoretical description of ultrafast tightly focused laser beams and the application of
such beams to particle acceleration and high-resolution microscopy.
Exact solutions for the electromagnetic field structure of monochromatic vectorial laser beams have been
obtained using a method combining the complex source/sink model with the Hertz vector potentials [1].
Extension to ultrafast beams was made possible using a Poisson spectrum which reduces to a Gaussian
spectrum in the slowly-varying envelope approximation. These exact solutions were used to model the
acceleration of charged particles by the longitudinal field of tightly focused radially polarized laser
pulses. Using this formalism, it has been shown that electrons could be accelerated to relativistic speed by
sufficiently short and intense laser pulses [2]. Experiments realized with the 1.8-μm, two-cycle beam line
at ALLS have validated the scheme [3]. Recent calculations have indicated that electron pulses that
undergo stretching during propagation can be compressed by high power terahertz pulses.
Azimuthally polarized laser beams can be focused into narrow donut beams. The size of their central dark
one can be as small as ~ λ/4. This feature was exploited to enhance the resolution of a confocal
microscopy beyond diffraction limit; a resolution below 100 nm was achieved in biological samples [4-5].
Engineering the focal spot is a crucial issue that can be addressed using an inverse method where the
targeted solution defines the profile of the incident laser beam.
References
[1] A. April, “Ultrashort, strongly focused laser pulses in free space,” in Coherence and Ultrashort Pulse Laser Emission, F. J. Duarte, ed.,
InTech, 355–382 (2010).
[2] V. Marceau, C. Varin et al., “Femtosecond 240-keV electron pulses from direct acceleration in a low-density gas,” Phys. Rev. Lett. 111,
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Phys. Lett. 101, 041105 (2012).
[4] H. Dehez, M. Piché et al., “Resolution and contrast enhancement in laser scanning microscopy using dark beam imaging,” Opt. Express 21,
15912-15912-15925 (2013).
[5] L. Thibon, L. E. Lorenzo et al., ”Resolution enhancement in confocal microscopy using Bessel-Gauss beams,” Opt. Express 25, 2162-2177
(2017).
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The strong-field ionization of atoms and molecules has been intensively investigated over the last three
decades. An electron released by a strong laser field can be accelerated away from its parent ion before it
is driven back. As it returns to its parent ion, re-collision eventually occurs leading to additional processes
such as laser-induced electron holography and diffraction [1], non-sequential double ionization [2] or
high-order harmonic generation [3,4]. The latter is responsible for the emission of ultrashort bursts of
XUV and (soft) X-ray radiation with pulse durations reaching the attosecond timescale, which in turn can
be used to investigate in “real time” ultrafast electron dynamics in atoms and molecules [5].
One of the main consequences of elastic re-scattering in the laser field is the appearance of a “re-collision
plateau” in the photoelectron spectrum. Under certain conditions, the photoelectron angular distributions
(PADs) corresponding to this plateau region contain diffraction features that can be used to image the
molecular structure. This idea was experimentally benchmarked in Ar and Xe [6] before it was applied by
Corkum and co-workers in N2 and O2 [7] and is often referred to as laser-induced electron diffraction
(LIED) [8,9].
Here, we present a first attempt to observe bond-breaking and vibrational wave-packet dynamics of a
simple diatomic molecule using this concept. PADs from strong-field ionization of I2 molecules by an
intense 1.3 µm laser pulse were recorded following photoexcitation by either a 710 nm or a 550 nm pump
laser pulse. In the former case, photoexcitation is leading to molecular dissociation, whereas in the latter a
vibrational wave packet is formed. Using a model based on the quantitative re-scattering theory [10], the
differential scattering cross section (DCS) is directly extracted from the PADs and is compared to abinitio calculations using ePolyScat [11,12]. Surprisingly, we observe that the DCS is dominated by a
strong shape resonance at the equilibrium geometry that disappears as the molecular bond stretches, in
good agreement with the theoretical prediction.
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Multi-frequency Raman generation can be used to produce a sufficiently wide spectrum to
generate a train of single femtosecond pulses [1]. Although this technique cannot compete in
temporal resolution with attosecond pulse generation techniques, it is a very efficient nonlinear
process and could lead to intense ultrashort pulse generation. In the transient regime, where the
pump pulses are of the same duration as the coherence time of the Raman transition, it has been
shown that the individual Raman orders are spectrally broadened [2], which could lead to shorter
pulse trains and so higher peak intensities. We are currently investigating the temporal profile of
the individual anti-Stokes orders using second order Frequency Resolved Optical Gating
(FROG). We have determined that the broadened order is comprised of two chirped pulses.
There is not enough information from the second order FROG to uniquely determine the spectral
shift and temporal delay between the two pulses. We are currently investigating cross-FROG
measurements between the pump and the first anti-Stokes order. In this talk we will discuss the
role of two-photon Rabi splitting of the Raman levels leading to the second chirped pulses and
the implications for generating intense single femtosecond pulses.
References
[1] A.V. Sokolov, et al. “Femtosecond Light Source for Phase-Controlled Multiphoton Ionization”, Phys. Rev. Lett. 87, 033402 (2001)
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We presented previously [1,2] the potential impact of ultrafast laser-based X-ray sources. We will discuss in this talk the
generation of high throughput hard X-ray radiation (>20 keV) by Laser Wakefield Acceleration (LWFA) process [3], which
could allow a paradigm shift in a wide range of applications [4]. We demonstrated in 2011 at INRS [5], and simultaneously
similar results were obtained at U. of Michigan [6], that one phase contrast hard x-ray image could be produced in one X-ray
pulse with a reasonable signal to noise ratio. This is opening a new route for fast 3D imaging of various objects [7]. These X-ray
sources have also unique duration characteristics, since they are as short as the optical driving laser pulses, offering extraordinary
potential for femtosecond molecular imaging and Warm Dense Matter probing [8].
We upgraded over the past two years the INRS high peak power laser facility from 200 TW (5 J, 30 fs) to 600 TW (11 J, 18 fs).
The experimental programs have been restarted at the beginning of 2017 in the continuity of our previous scientific directions,
i.e. high intensity laser-matter interaction and ultrafast X-ray sources. In this talk we will present and discuss experiments
realized with our new laser facility, with a particular emphasis on the generation of ultrafast bright hard X-rays. We will present
the characterization of our upgraded LWFA betatron beam line coupled to our new laser system. Results have been obtained with
5 J in 20 fs pulses on gas target with an incident intensity of 1019 W/cm2 and with a 2.5 Hz repetition rate. After the initial selffocusing, the laser intensity modulates corresponding to successive self-focusing and defocusing periods of the laser along its
propagation. The control of this key non-linear process on long distance has resulted in the generation of very bright emission of
betatron radiation. The parameters of the LWFA driven betatron X-ray source are a repetition rate of 2.5 Hz, a photon yield of
2x109 photons/0:1% bandwidth/sr/shot at 40 keV (which gives an average power of 5x109 photons/0:1% bandwidth/sr/s), a
critical energy around 40 keV, an effective X-ray source size of 1 μm, a divergence of 50 mrads x 50 mrads, an X-ray beam
pointing stability and an X-ray energy stability in the 2% rms range. Diagnostics of the interaction include the measurements of
accelerated electron (spectrum, charge), of the femtosecond dynamics of the laser propagation inside the gas jet (synchronized
probe beam and ultrafast shadowgraphy, Thomson imaging), of the quality of the laser beam (phase, intensity distribution,
contrast, prepulses, duration, spectrum, energy on target, stability), and of the X-ray beam parameters (spectrum, Yield,
divergence…)
We will present our funded program (through CFREF program) in developing high throughput X-ray phase contrast screening
system based on our LWFA X-ray sources for plant imaging through an initiative led by the Global Institute for Food Security
(GIFS) at the U of Saskatchewan that aims to elucidate that part of the functional that maps specific environmental inputs onto
specific plant phenotypes. The goals of our imaging project are i) to determine the optimized working point for X-ray plant
imaging with high throughput laser-based X-ray system and ii) to prepare a detailed technical design of a laser-based betatron
system for dedicated 3D plant imaging [9].
We will discuss the progresses we have realized over the past year in optimizing and controlling the 2.5 Hz LWFA betatron Xray source and doing X-ray phase contrast imaging of complex objects including wheat fusarium, canola seeds and plants,
hydraulic structures in poplar stems and roots systems inside soils of different compositions. The comparison of laser-based
(LWFA at INRS) and synchrotron (CLS at Saskatoon) imaging technologies used with the same kind of plants and samples
demonstrates that the agile small scale imaging laser-based system captures all the key features on a screening time scale
compatible with the crop plant breeding context.
These very encouraging results indicate that the laser-based technology could be in a very near future a unique new tool for the
agriculture sector.
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The three-step model [1] is the cornerstone of our understanding of many processes involving atoms and
molecules interacting with intense, long-wavelength laser fields. In this model, the three steps (ionization,
propagation under the influence of the laser field, and interaction upon recollision) can be treated as
conceptually independent and factorizable. Treatments based on the factorization idea have been
remarkably successful in describing phenomena ranging from high-harmonics generation to nonsequential double ionization to laser-induced electron diffraction (LIED). In the simplest three-step model
of LIED the total probability I of observing a highenergy rescattered photoelectron is given by a product of
three factors: I=Q*R*S, where S is the probability of
ionization, R is the probability of return, and Q is the
probability of high-angle scattering. A recent experiment
at the Max-Born Institute simultaneously measured both
I and S for two distinct ionization channels, as a function
of the molecular-frame laser polarization direction θ [2].
The resulting rescattering probability Q*R=I/S is
strongly channel-dependent, both in shape an in the
overall magnitude, even though both the propagation and
the rescattering steps are expected to be only weakly
dependent on the electronic state of the cationic core.
The channel- and orientation-dependence of the
rescattering probability is connected to the essential
symmetries of the underlying molecular wavefunctions,
which are carried over to the transverse structures of the
continuum wavepackets. We explore these effects numerically, by solving the time-dependent
Schrödinger equation, and analytically, within the strong-field approximation (SFA). We identify two
physical mechanisms affecting the rescattering probability. In the first mechanism, presence of a
molecular (anti-)symmetry element causes the majority of direct photoelectrons to be emitted with nonzero transverse velocities, reducing the return probability R. The overall probability of observing a
rescattered photoelectron however remains factorizable. This effect is already included in some LIED
theories (e.g. [3]). The second mechanism operates close to field-conserved molecular (anti-)symmetry
elements, where the returning wavepacket carries an essential tranverse phase structure in the interaction
region. The resulting rescattering probability is sensitive to the spatial structure of both the ionization and
scattering matrix elements, and is non-factorizable.
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The ultrafast evolution of a molecule following ionisation in a strong field is a key problem in attosecond
science. The dynamics, involving coupled multi-electronic and nuclear quantum states, are at the frontier
of our understanding in chemical physics with importance to laser interaction with matter and to concepts
of controlling chemical dynamics with light. One method that has advanced our understanding is the use
of high harmonic generation spectroscopy (HHGS). An early demonstration of HHGS was the retrieval of
fast nuclear dynamics using the chirp encoding of the HHG signal in H2 and CH4 [1]. Typically HHGS is
applied as a multi-dimensional technique with the HHG spectrum recorded as a function of controllable
parameters such as molecular axis alignment angle, laser wavelength and laser intensity. The electron
hole dynamics of certain small molecules (carbon dioxide, iodoacetylene) have been fully retrieved and
interpreted via HHGS using controllable molecular alignment, laser wavelength and intensity [2,3,4].
Methods of molecular alignment are not, however, available for the vast majority of polyatomic
molecules and we must seek alternatives to maximise the information that can be extracted from HHGS.
We demonstrate a HHGS multidimensional method where we measure just harmonic spectra as a function
of laser intensity (figure 1 (a)) that allows robust retrieval of the dynamical factors through the chirp
encoding in the HHG spectrum. This is suitable for application to a much larger set of polyatomic
molecules. Using this for substituted benzenes, along with standard analysis procedures, we have
retrieved the nuclear autocorrelation function in the benzene cation (decay time ~ 3 fs) (figure 1(b)) and
the nuclear autocorrelation function and relative phase of a superposition of electronic states created by
strong field ionization by an 1800 nm field in the fluorobenzene cation.

Figure 1(a) Harmonic spectrum vs intensity

Figure 1(b) Retrieval of nuclear dynamics in benzene
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Imaging and controlling an electronic wave function is one of the major aims for the study of ultra-fast
dynamics in atoms and molecules. For complete characterization of the wave function, both the amplitude
and phase distribution over the position or momentum is required. Recently, we have observed an almost
pure f-wave ionized from neon by an attosecond pulse train consisting of odd-number harmonics (XUV
pulse) and an IR laser pulse1. Fig. 1(a) shows the observed photoelectron momentum distribution. A clear
six-fold structure was observed and identified as an f-wave with a magnetic quantum number (m) of 0.
The isolation of m=0 is unusual since in general removing one electron from the outermost 2p-electron of
neon can produce three states with different magnetic quantum numbers. We have proposed as
mechanism where the dominant production of the f-wave with m=0 results from a two-color (XUV+IR)
two-photon resonant ionization process through a Stark-shifted 3d-level of neon.
Next, we resolve the phase of the photoelectron wave by adding a one-photon, XUV-one ionization
process using even high-harmonics to the afore-mentioned two-photon process. The one-photon process
can produce an s-wave (and/or a d-wave) in the ionization continuum. In our case, an s-wave is
predominantly generated and the coherent overlap between the s-wave and the f-wave resolves the phase
of the f-wave (Fig. 1 (b)). Changing the delay between the XUV and the IR highlights another set of
lobes. By measuring the photoelectron distribution as a function of the XUV-IR delay and comparing
them to a model calculation, we have obtained a complete characterization of the amplitude and phase of
the partial waves involved in the ionization process.
Our method allows us to measure the relationship between the phase and the momentum of the ejected
photoelectron. In future, it will be extended to other atoms or electronic states where fast electron
dynamics can occur.

Fig.1. (a) Measured photoelectron momentum distributions for neon. (b) Phase-resolved image of the (almost pure) f-wave at
different XUV and IR delay times (T). The polarization direction of the XUV and IR laser pulses is vertical in the figure.
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Few-cycle Ti:Sapphire lasers centered at 800 nm have been working horses for attosecond pulse
generation for the last 17 years. The spectral range of isolated attosecond pulses with sufficient photon
flux for time-resolved pump-probe experiments has been limited to extreme ultraviolet (10 to 150 eV). It
was demonstrated in 2001 that the cutoff photon energy of high harmonic spectrum could be extended by
increasing the center wavelength of driving lasers [1], as predicted by the three-step model.
In recent years, mJ level, two-cycle, carrier-envelope phase stabilized lasers at 1.6 to 2.1 micron have
been developed by compressing pulses from Optical Parametric Amplifiers with gas-filled hollow-core
fibers or by implementing Optical Parametric Chirped Pulse Amplification (OPCPA) techniques. When a
3 mJ, 12 fs laser at 1.7 m laser was used to implement polarization gating, isolated soft X-rays in the
water window (280-530 eV) were generated in our laboratory. The number of X-ray photons in the 120–
400 eV range per laser shot is comparable to that generated with Ti:Sapphire lasers in the 50 to 150 eV
range [2].
When the width of the polarization gate was set to less than one-half of the laser cycle, a soft X-ray
supercontinuum was generated. Isolated X-ray pulses with 53 as duration were characterized by
attosecond streaking measurements [3]. Such ultrabroadband light sources are now being used in timeresolved X-ray absorption near edge structure measurements for studying charge dynamics in atoms and
molecules. High power mid-infrared lasers centered at even longer wavelengths, 2.5 m and 8 m are
being developed in our laboratory to push the attosecond X-rays into the keV photon energy range [4].
This work has been supported Army Research Office (W911NF-14-1-0383, W911NF-15-1-0336); Air
Force Office of Scientific Research (FA9550-15-1-0037, FA9550-16-1-0013, FA9550-17-1- 0499); the
DARPA PULSE program by a grant from AMRDEC (W31P4Q1310017). This material is also based
upon work supported by the National Science Foundation under Grant Number (NSF Grant Number
1506345).
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Novel methods in time-resolved electron microscopy, diffraction and spectroscopy promise
unprecedented insight into the dynamics of structural, electronic and magnetic processes on the
nanoscale. A key to the realization of such technologies is the generation of high-quality beams of
ultrashort electron pulses. In this talk, our recent development of imaging and spectroscopy using
localized electron emitters will be discussed. Specifically, two approaches employing high-coherence
electron pulses from nanotips will be presented, namely Ultrafast Low-Energy Electron Diffraction
(ULEED) and Ultrafast Transmission Electron Microscopy (UTEM). ULEED allows for the study of
structural dynamics with high temporal resolution and ultimate surface sensitivity [1-2], while UTEM
combines femtosecond [3-6] and even attosecond [7] resolution with the imaging and spectroscopy
capabilities of an electron microscope.
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Figure: Two complementary approaches to the study of ultrafast dynamics in solids, at surfaces and nanostructures: Ultrafast
Low-energy electron diffraction (ULEED, left) probes structural dynamics at surfaces with electron pulses at kinetic energies of
20-200 eV. Ultrafast transmission electron microscopy (UTEM, right) allows for ultrafast imaging, diffraction and spectroscopy
of thin films and nanostructures using high-energy electron pulses (100-200 keV).
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Since their invention, scanning electron microscopes (SEMs) have advanced in a number of aspects, such
as increasing their resolution, improving their usability through digitization and miniaturization, and
adding detection schemes such as energy- or wavelength-dispersive X-ray spectrometry. The data
acquisition rates of SEMs, though, while maintaining both nanometer resolution and high signal-to-noise
ratio (SNR), have not seen huge improvements.
The maximum scan speed of any conventional SEM is limited by the electron dose per pixel required to
generate a desired minimal SNR at a given spot size: (i) reducing dwell time per pixel while retaining
SNR requires increasing the beam current, which leads to increased Coulomb interactions between the
electrons, thereby blurring the electron beam, and (ii) efficient detectors for secondary electrons in an
SEM cannot be operated at arbitrarily high rates.
Multiple beam SEMs circumvent these two restrictions, as they (i) distribute the charge over a large
volume, thus reducing Coulomb effects, and (ii) use one detector for each beam, yielding a much higher
total detector bandwidth at relatively low detector rates per beam. The details of our setup have been
described elsewhere [1]. Figure 1 summarizes the basic principle of operation.

Figure 1. Visualization of the basic principle of operation. Multiple primary electron beams (blue) within a single column are
scanned in parallel over a sample. One dedicated detector per secondary electron beam (green) enables parallel detection of the
signals from all beams. For simplicity, only 7 beams are shown in this sketch. A video of the operation principle is available on
the internet at https://p.widencdn.net/fvzxio/principle_MultiSEM.

We will give a synopsis on multiple beam scanning electron microscopy approaches, demonstrate the
single column, multiple beam technology and its scalability, and present an overview of its latest
application results.
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Femtosecond lasers have been employed to expand the boundary of experimental methods, such as
ultrafast dynamics, optical clocks and other precise measurements [1-3]. However, femtosecond modelocked pulses evolve from diverse initial conditions, like long pulses, noises and continuous waves. The
underlying physics picture has not been clearly outlined because conventional optical equipment is not
suitable for resolving such fast, non-repetitive and transient events.
Recently, real time single-shot measurements such as dispersion Fourier transform (DFT) have enriched
ultrafast characterization [4-6]. Dispersion elements are utilized to separate different optical frequency
components with different group delays, which is a technique we nickname as Photonic Chromatography
with the inspiration from Paul Corkum. The spectrum is then mapped onto the temporal waveform, and
then the high speed temporal optical detection enables the possibility to observe transient events,
including the start-up of mode-locking [5].
Here, with photonic chromatography, we present our characterization on the build-up dynamics of
femtosecond fiber lasers. We hope this observation will help people to understand the start-up mechanism
of mode-locking and to build mode-locked lasers with better stability.

Fig.1 Repetition signals obtained with fast photo diode(a); Spectra obtained with Photonic Chromatography by roundtrips (b);
Experiment setup of our Photonic Chromatography measurement (c).
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Nanometallic structures are essential to the conversion of light to surface plasmon-polaritons (SPPs)
localized to ultra-small volumes. Such structures can provide highly enhanced fields, strong confinement
and high surface sensitivity, so they are of interest in many applications, including plasmon-enhanced
nonlinear optics [1-5], which is of interest in this paper. Fig. 1 (Left) gives a sketch of a structure of
interest [1]. The device comprises an array of rectangular Au nanoantennas of length l, width w and
thickness t, on graphene on SiO2/Si. The antennas are arranged over the surface following pitch p and q.

Fig. 1. (Left) Sketch of a plasmonic antenna array comprising Au nanorods of thickness t, width w and length l, on a graphene
layer on SiO /Si. (Centre) SEM image of a fabricated array. (Right) Normalised reflectance response of arrays of nanoantennas of
differing length.
2

Fabrication is achieved via e-beam lithography, evaporation and lift-off on CVD grown graphene [1]. The
structures are shown in the SEM image of Fig. 1 (centre). Nanoantenna arrays such as these are very
useful to enhance light-graphene interaction, as can be surmised from the strong resonances observed
from reflectance measurements obtained for nanoantennas on graphene, shown in Fig. 1 (right) [4].
Plasmon-enhanced nonlinear processes of interest in this system include Raman scattering [1-3], where
the nanoantennas are spectrally-aligned with a Stokes wavelength of graphene; under this scenario,
single-antenna enhancement factors of over 100× have been observed. Also of interest is plasmonenhanced high-harmonic generation via re-collision radiation, as recently observed in Si [5].
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Coherent beam combining (CBC) refers to the process of generating a bright output beam by merging
independent input beams with locked relative phases. This technique allows to extend the power scaling
of fibre amplifier systems beyond the current limitations caused by thermal mode instabilities [1, 2], but
can also be considered for quantum-limited coherent input beams. The noise profile of the combined
beam depends crucially on the relative optical phases in the combining step, where the precision of phase
locking is fundamentally limited by quantum uncertainty. We report the first quantum mechanical noise
limit calculations for coherent beam combining, and we compare our results to the performance of a
quantum-limited amplifier.
Ideally, the output power in CBC is the sum of the powers of the individual input beams and thus an
integer multiple of the single beam power. In this respect CBC can be seen as a kind of amplifier with
discrete steps in the gain factor. The signal-to-noise ratio of a quantum-limited linear amplifier operating
in the high gain regime is reduced by at least 3dB due to the underlying quantum uncertainties [3], and the
excess noise variance is proportional to the gain factor. The noise scaling in CBC is fundamentally
different. In adding up multiple input beams, the individual phase fluctuations, stemming from the limited
phase-locking accuracy, are progressively averaged out. With increasing number of combined beams the
excess noise variance is approaching an asymptotic value such that the ratio between the noise variance
and the mean intensity is continuously decreasing. This can serve as a basis to extend the power range of
nearly shot noise limited bright beams. So far such light sources are only available in the domain of a few
Watts, restricting, e.g., the precision of quantum-limited metrology and the efficiency of coherent
parametric processes.
The phase space sketches to the right illustrate the
different noise scaling for coherent input states. In
coherent beam combining (left) the noise contributions
from the independent inputs are progressively averaged
out. The noise profile of the quantum-limited linear
amplifier (right) is lower bounded by the 3dB limit (for
high gain) which yields a significantly higher noise
footprint.
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The average output power of the most advanced femtosecond lasers has increased beyond the 100-W
level and may soon reach kilowatts. At the same time, ultrafast laser technology is maturing for the shortwave or even mid-IR spectral regions. Accordingly, high harmonics with flux previously only known
from synchrotrons can be generated in the silicon transmission window and in the near future at even
shorter wavelengths.
Concerning imaging, high harmonics have two distinct advantages: First, they are almost perfectly
coherent. This means that modern lensless imaging techniques like coherent diffraction imaging or
ptychography can be applied, thus bypassing a central problem of XUV microscopy, namely the lack of
lenses. First successes have been demonstrated by several groups in recent years and resolutions on the
order of a few 10 nm have been achieved. Second, high harmonics inherit ultra-short duration from the
lasers producing them or are even shorter due to spectral coherence. This implies the promise of ultrafast
nanoscale imaging with a potential that has yet to be explored and exploited.
A challenge for nanoscale XUV imaging with high harmonics
is their broad bandwidth. In order to use coherent diffraction
imaging or ptychography, the harmonic radiation needs to be
monochromatized whereby a very substantial fraction of the
total flux will be lost. Coherence tomography, in contrast,
takes advantage of broadband light sources and enables noninvasive cross-sectional imaging. Recently, my group has
demonstrated XUV coherence tomography (XCT) with high
harmonics. An axial (depth) resolution of 20 nm and a
sensitivity exceeding the one of transmission electron
microscopes has been demonstrated. Lateral resolution, on the
other hand, is limited by the numeric aperture.
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Photoionization probed via High Harmonic Generation
Interferometry
Nirit Dudovich
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Single-photon ionization is one of the most fundamental light matter interactions in nature, serving as a
universal probe of the quantum state of matter. By probing the emitted electron, one can decode the full
dynamics of the interaction. When photo-ionization is evolving in the presence of a strong laser field, the
fundamental properties of the mechanism can be significantly altered. In the talk I will describe two
approaches to probe the photoionization process. The first approach is based on XUV initiated high
harmonic generation, combining the universality provided by single-photon ionization with the high
resolution provided by the recollision self-probing mechanism. Such a measurement enables us to fully
reconstruct the photoionization dynamics in the presence of the strong laser field. Our study reveals the
rich, multiple quantum path nature of the underlying mechanism, demonstrating that it opens a new route
in attosecond time-resolved spectroscopy. In the second approach we reveal the photoionization spectral
phase by measuring the time-reversed process, photo-recombination. Using a state of the art XUV
interferometer, perform an interferometric measurement between two XUV sources, allowing for their
independent control with attosecond precision. We present a direct differential measurement of the partial
wave phase shifts of helium and neon atoms, confirming the notion of scattering states, over a large
spectral range. Our study bears the prospect of linear interferometric measurements of molecular orbitals
as well as probing of electron correlations through resonances exposed to a strong-field environment.
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Attosecond photoemission delay in molecules
around giant resonances
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Ionization delays provide important information on the electronic structure of matter. Attosecond
experiments have revealed that the photoionization of electrons occurs with measurable delays in atomic
gases and solids [1]. For molecules, such experiments can shed light on many-particle correlations, and
help to develop and validate theoretical models (see e.g. [2]).
Only recently, Huppert et al. [3] have employed RABBITT (attosecond beating by interference of twophoton transitions) measurements to determine ionization delays in two molecules for a range of photon
energies. They found delays up to 160 as for N2O caused
by a shape resonance. In our work, we go beyond single
electron excitations and focus on giant dipole/plasmon
resonances.
We have employed attosecond streaking to determine
photoemission delays from ethyliodide molecules versus
neon at photon energies around the giant I(4d) dipole
resonance (see Fig. 1) near 100 eV. The collective electron
dynamics have been predicted to result in negative
photoionization delays in iodine and xenon [4], in sharp
contrast to another recent theoretical study [5]. Our work
aims to resolve this dispute. We compare the experimental
results to predictions from quantum scattering theory and
mixed quantum-classical simulations.

Figure 1 Streaking spectrograms recorded for
ethyliodide and neon at 80 eV photon energy.

We also studied the photoemission delay in C60 near the
giant plasmon resonance around 20 eV. Here, attosecond
photoemission delays may provide insight into screening
and anti-screening of electrons in plasmonic fields [6]. To
illuminate this aspect, we model the experimental results
with mixed quantum-classical simulations.
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Clocking electrons in strong-field ionization
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We have used phase-shaped strong laser fields to learn about the delays and advances that accompany
strong-field ionization and recollision in atoms and molecules. This paper will concentrate on recent
work, but also consider how the results inform problems from atomic tunnel ionization to future
opportunities for vacuum tunnel ionization.
References
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Laser-induced Coulomb explosion of molecules:
Structure, dynamics, alignment
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I was introduced to femtosecond laser-induced Coulomb explosion during my post doc time in Paul
Corkum’s research group in the mid-nineties. In collaboration with Eric Constant, a PhD student with
Paul Corkum and Andre Bandrauk at that time, we applied Coulomb explosion to image dissociative
vibrational wave packets in iodine molecules [1].
Since then I have used Coulomb explosion to explore structure, dynamics and alignment / orientation of
many different molecules.
In this talk I will describe some of these studies including fs time-resolved imaging of how a chiral
molecules twists [2,3], identification of isomers of an aromatic molecule [4], characterization of how
molecules – isolated as well as in a dissipative environment – are turned in space [5,6], and structure
determination of weakly bonded molecular complexes inside helium nanodroplets [7].
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The phenomena of High Harmonic Generation (HHG) relies on the extreme-nonlinear optical phenomena
of tunneling, and on electron recollision. Here we show theoretically how attosecond pulses of electrons
and photons could be generated in the regime of linear optics. We utilize electron interference
phenomena, initiated by an extreme ultra violet (XUV) laser field shined on atoms, in the presence of an
infra-red (IR) laser field. As a result, attosecond electron pulses are generated, which are accompanied, as
usual, by the emission of attosecond optical pulses, composed of high-order harmonics of the IR field.
Both the electron and optical attosecond pulses are generated by the release of electrons, not by their
recolliison. This recollision-less HHG process has a potential to bypass one of the biggest limitations
accompanying the usual HHG scheme: low conversion efficiency due to the lateral spreading of the
recolliding electronic wavepacket.
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Electrons at the end of the tunnel
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We will discuss new experiments on the momentum and the spin of the electron upon exit of the tunnel.
References
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Virtual Detector Theory for Strong-Field Atomic Ionization
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A virtual detector (VD) is an imaginary device located at a fixed position in space that extracts
information from the wave packet passing through it. By recording the particle momentum and the
corresponding probability current at each time, the VDs can accumulate and build the differential
momentum distribution of the particle, in a way that resembles real experiments. In addition to being a
tool for reducing the computational load, VDs have also been found useful in interpreting the ultrafast
strong-field ionization process, especially the controversial quantum tunneling process.
Normally differential momentum distributions are obtained by first integrating the wave function till the
end of the laser pulse, then Fourier transforming it. A large numerical grid is thus needed to keep the
wave function, which may spread to hundreds to thousands of atomic units in space driven by the strong
laser field, making the computational load heavy. The original goal of the VD method, as proposed by
Feuerstein and Thumm [1], was to provide an alternative and more economical way of calculating the
momentum distributions (parallel attempts include a surface flux method [2] and an R-matrix method
[3]). Later developments along this line include a hybrid quantum mechanical and classical trajectory
approach by Wang et al. that takes full account of the long-range Coulomb potential [4]. A mathematical
proof for the equivalence of the momentum distribution obtained from the VD method and from Fourier
transformation has been given recently [5].
In addition to being a tool for reducing the computational load, the VD method was also found useful in
helping to interpret and characterize the tunneling ionization process, which is known to be controversial.
For example, Teeny et al. [6,7] and Ni et al. [8,9] use the VD method to extract tunneling-ionizationrelated information such as tunneling time, tunneling rate, position of tunneling exit, etc. Tian et al. [10]
use it to solve an apparent controversy of electron longitudinal momentum at the tunneling exit [11-13].
Since quantum tunneling is the first step of the recollision picture, clear interpretation and precise
characterization of the tunneling process is important.
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Controlling electron-electron correlation in frustrated double
ionization of molecules with orthogonally polarized two-color
laser fields
Agapi Emmanouilidou
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We demonstrate the control of electron-electron correlation in frustrated double ionization (FDI) of the
two-electron triatomic molecule D3+ when driven by two orthogonally polarized two-color laser fields.
We employ a three-dimensional semi-classical model that fully accounts for the electron and nuclear
motion in strong fields. We analyze the FDI probability and the distribution of the momentum of the
escaping electron along the polarization direction of the longer wavelength and more intense laser field.
These observables when considered in conjunction bear clear signatures of the prevalence or absence of
electron-electron correlation in FDI, depending on the time-delay between the two laser pulses.
References
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The 3-step recollision process in laser driven solids
C. McDonald and T. Brabec
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The recent demonstration of HHG in solids has opened the door for an expansion of strong field physics
from atomic and molecular gases to the condensed matter phase. HHG in semiconductors was found to be
very similar to the 3-step process driving HHG in atomic gases. First, an electron hole pair is generated by
ionization. Second, the electron is accelerated in the laser field. Third, upon recollision between electron
and hole a harmonic photon is generated.
In this talk, a range of topics related to HHG in solids will be discussed: the 3-step process of HHG in
Bloch and in Wannier basis; 3-step process for HHG from impurities; what kind of structural information
can be extracted from HHG in solids; and finally HHG in lower dimensional solids.
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High-Harmonic Generation is the Sound of the 80s
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High-harmonic generation (HHG) is a nonlinear optical process where a wide plateau of harmonics are
generated when intense laser fields interact with atoms, molecules, and solids (Fig.1a). The Yamaha DX7
was revolutionary electronic music synthesizer released in 1983 that quickly dominated the 80s pop music
sound (Fig.1b). This contribution explores the overlap between the strong-field recollision physics
leading to HHG and electronic music synthesis as implemented in the DX7.

a)

b)

Fig.1: Panel a) depicts typical characteristics of recollision-based high-harmonic generation (from Wikipedia). Panel b) shows
the Yamaha DX7 music synthesizer (from Google Image Search).
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Attosecond Probing of Core-Level Dynamics in Solids
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The seemingly simple act of the transfer of charge from one atom to another in a solid incorporates many
of the fundamental problems facing attosecond scientists, including the need to develop a better
understanding of the extremely fast processes of core-level screening and broadening, as well as electron
rearrangements. In -Fe2O3, hematite, optical excitation initiates a transfer of an electron from an oxygen
atom in the lattice to an Fe3+ ion, in a highly localized fashion, causing Fe3+ to become Fe2+. With
attosecond transient absorption measurements [1], a nearly instantaneous broadening of the Fe3+ transition
lineshape is observed, coincident with the optical excitation. However, the changes in overall electron
configuration that cause the Fe3+ lineshape to decay and the Fe2+ lineshape to form are delayed by several
femtoseconds. On a longer 100 fs timescale, the nuclei rearrange to isolate a small polaron in the
lattice [2]. The implications of these short time dynamics will be considered.
Metal dichalcogenide bulk materials exhibit remarkable new characteristics when subdivided to achieve
single layers. Indirect gap materials become direct gap, optical excitons are more strongly bound, and
screening properties significantly depend on the substrate for the single layer materials. Core-level
excitons in the extreme ultraviolet, which would normally be difficult to observe because of relatively
small shifts from the conduction band edge can also exhibit new properties in such single layer materials.
In MoS2, a large red shift of approximately 4 eV is observed for the absorption edge of the Mo N2,3
transition at 32-35 eV in the extreme ultraviolet as the material is subdivided, compared to the bulk
material, resulting in a narrow and strong absorption feature attributed to the observation of a core-level
exciton. The lifetime of the core-level exciton is measured to be approximately 4 fs by attosecond
transient absorption. Additionally, transient Stark shifts, electronic coherences, and population transfer
are observed among the core-level states. The results provide a new probe for the electronic
characterization of two-dimensional materials and core-level states.
References
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So-called Pump & Probe measurements are today commonly identified with Two-pulse Laser Pump & Probe methods where the
very short time delay Δt between the two pulses can be well adjusted by two different geometrical path ways yielding a time
resolution in the atto-second range. But a kind of "Pump & Probe" measurements with time-delay determination have been
performed already 100 years ago, e.g. by Stern and Volmer (1), when they measured the decay time of photon-excited J2
molecules using the thermal motion of the molecules as a fast clock. They obtained already 2 nano-second time resolution.
Applying this method to fast ion beams ("beam foil technique" (2)) decay times could be measured with pico-second precision.
By measuring the quantum beat structure in the spectra of quasi-molecular x-ray emission in fast ion-atom collisions Schuch et
al. (3) have obtained for selected hydrogen-like heavy ion projectiles even a time resolution of about 10 zepto-seconds.
Furthermore the method of "Pumping & Probing" should not be restricted to measurements where the time delay Δt is
measureable. Even if Δt is not precisely measureable, one can measure in coincidence the momenta of many fragments (electrons
and nuclei) emitted in the same reaction. These data provide also information on the entangled dynamics of these fragments. In
multi-fragmentation processes commonly a cascade of Auger is emitted, where from the kinetic energies of these electrons the
chronological sequence of the Auger electrons is known, one detects even multiple probing steps and has thus access to other
fundamental aspects of many-particle dynamics in atomic physics (4).
Intra-atomic and intra-molecular dynamics can take place even on the lower zepto-second level (10-20 second), i.e. about 5 orders
of magnitude shorter than the presently available Laser pulses. In such a short time interval light travels only a distance of 0,03
Angström. To visualize this ultra-fast dynamics one needs clock-systems sensitive to ultra-fast time dependent processes. It may
be a more philosophical issue whether such ultra-short time scales below one atto-second may be of any relevance in atomic
physics. Such a time resolution allows the investigation of possible processes in molecules proceeding faster than speed of light,
e.g whether the so-called collapse of a wave function is a non-local process instantaneously present everywhere in a molecule.
Such ultra-short time delays can be measured and controlled by using projectiles (e.g. ions) moving with relativistic speed.
Detecting interactions of the same ion at two different positions in an atom or a molecule (1. the “pump” position and 2. the
“probe” position), from this relative distance and the velocity of the moving object the time delay between the two interactions
can be deduced.
Examples for ultra-short delay measurements are presented (3). E.G., if one bombards a hydrogen-like Cl16+ projectile ion on an
Ar atom thus a 1sσ vacancy is already present on the incoming part of the collision and identical x rays can be emitted on the way
into the collision (-t values) and on the way out of the collision (+t values). Since the transition amplitudes on the first half (way
into the collision) interfere with those of the second half of the collision) like in a double slit experiment (see also Ramseys
atomic-clock (5) separated-oscillating-field method) one can observe sub-atto-second characteristic quantum beat structures in
the spectra of during the collision emitted x-rays (see figure 1).
Figure 1: Measured x-ray spectra for the 2pπ-1sσ quasimolecular transition in Cl 16+-Ar collisions (3). The x-rays are
directly measured with a Si(Li)-detector in coincidence with
scattered ions. The x-ray energy can be transferred into an internuclear distance R via a correlation diagram. From the internuclear distance R and the ion velocity the time scale can be
calibrated.
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Both femtosecond laser filamentation and high voltage corona discharge could induce precipitation in a
diffusion cloud chamber in which a temperature gradient was maintained. The principal mechanism
seems to be the air motion induced by filamentation and corona discharge. Such air motion would mix up
the moist air with a temperature gradient resulting in a super-saturation state. Precipitation would
follow [1,2].
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The Life It Brings: Molecules in Laser Fields
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I began my scientific interactions with Paul Corkum nearly thirty years ago, in 1988. Over this period,
Paul’s thoughts, intuition and historical perspective influenced my thinking in many ways. My
innumerable discussions with Paul often reminded me of why I wanted to be a scientist in the first place:
it simply was fun. Hence my title which borrows from a 1934 letter that Oppenheimer wrote to his
younger brother, praising “physics and the obvious excellences of the life it brings”. In my talk, I will
summarize progress and future directions for understanding polyatomic molecular dynamics in laser
fields both weak and strong.
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On subtle difference between left and right: inducing and
probing ultrafast chiral dynamics
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We describe a new technique of chiral recognition, based on the excitation of coherent helical motion of
bound electrons in valence shells of a chiral molecule [1]. Unlike the helix of light, traditionally used for
chiral recognition in neutral molecules, the helical motion of the electrons has the right size to explore
molecular chirality, leading to strong ultrafast chiral response.
The most established technique of probing chiral interactions, the photoabsorption circular dichroism,
relies on interaction with circularly polarized light. Distinguishing right-handed from left-handed
molecules relies on the molecule sensing the chiral nature of the circular light. The helix of the light-wave
is given by its wavelength. Hence, for optical fields, it exceeds the size of a molecule by several orders of
magnitude. As a consequence, the related chiral effect – the photoabsorption circular dichroism – is very
small. Formally, to feel the pitch of the lightwave, one needs to look beyond the dipole approximation,
relying on the magnetic component of the laser field. Small value of the chiral signal makes ultrafast
measurements of chiral dynamics very challenging.
One possible way of increasing chiral response is to avoid the reliance on magnetic field effects and
therefore perform chiral measurements without chiral light. We describe the concept underlying such
measurements. We present a unified description of several methods of chiral discrimination based on
electric-dipole interactions. We show that, in spite of the fact that the physics underlying the appearance
of chiral response is very different in all these methods, the chiral observable in all cases has a unique
form. It is a polar vector given by the product of the molecular pseudoscalar and the field pseudovector.
The latter is specified by configurations of the electromagnetic fields interacting with an isotropic
ensemble of chiral molecules. The molecular pseudoscalar is a rotationally invariant property, which is
composed from different molecule-specific vectors and, in the simplest case, is a triple product of such
vectors. The key property that enables the chiral response is the non-coplanarity of the vectors forming
such triple product. The key property that enables chiral detection without using chiral electromagnetic
fields is the vectorial nature of the enantio-sensitive observable.
Finally, we will discuss geometrical and topological origins of chiral response. Handedness is a purely
geometrical degree of freedom. In analogy with solids, where geometry and topology play important role
in electronic response, we show that one can introduce chiral fields and chiral charges of geometrical
origin that drive one-photon chiral response and are somewhat reminiscent of Berry curvature and Chern
number in solids.
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Strong field physics relies on large and expensive Ti:sapphire lasers with multiple amplifiers and
nonlinear conversion. Fiber lasers can directly produce femtosecond pulses in the near-infrared at high
repetition rate, but with lower pulse energy. Thulium fiber lasers at 2 μm are already near the intensity
needed for high harmonic generation in solids [1]. To bring fiber lasers into the strong-field regime, we
present a method for scaling pulse energy, a new coherent combination interferometer design. We
combine eight pulses while only needing one stabilize actuator, and with unidirectional propagation in the
amplifiers.
We call our interferometer design the DeReStacker. It takes each pulse, destacks it into many pulses,
passes it to amplifiers, and then accepts the amplified pulses for restacking into a single strong pulse. The
basic 2 pulse × 2 amplifier DeReStacker is shown in Figure 1 with retroreflectors drawn where the
amplifiers would be. Each pulse icon represents a unit of pulse energy with a particular relative phase and
timing. The π phase from reflection at the beam splitter when in air, and the choice of phase from
adjusting the group delay of the two arms is used to force pulses that entered by the long path to leave by
the short path and vice versa, resulting in the same total travel time for all pulses.

Figure 1. Schematic of the basic DeReStacker. Phases are chosen to force all pulses to take different paths when entering and
leaving the DeReStacker, ensuring that they all leave at the same time.

We have successfully implemented a 4×2 pulse DeReStacker with nonlinear compression in two fiber
amplifiers, combining eight 81 fs pulses for 351 mW average power and 122 MHz repetition rate. With
further power scaling, fiber lasers will provide the compact sources needed for future applications of
strong-field physics and high harmonic generation.
References
[1] Kevin F. Lee et al., “Harmonic generation in solids with direct fiber laser pumping,” Opt. Lett. 42, 1113 (2017).
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The imaging and ultimate control of electrons in matter requires laser pulse durations on a time scale
associated with the atomic unit of time - 24 attoseconds (1 asec=10-18 s), the time for the 1s electron in the
H atom to cross the Bohr radius, a0 = 0.0529 nm. Attosecond pulses at photon energies corresponding to
the fundamental edge of matter, the soft XRay region above 200 eV permit the probing, imaging of
electronic dynamics in matter. A soft XRay pulse duration of 43 asec has recently been achieved using
intense linear polarization driving pulses[1].The main source of current linear polarization attosecond
light pulses is high order harmonic generation, HHG in atoms and MHOHG in molecules. It is a highly
nonlinear nonperturbative response of electrons in matter to ultrashort, femtosecond (1 fs = 10-15s) intense
(I>1014 W/cm2) mid-IR laser pulses. The highly nonlinear radiative emission is modelled now as a
recollision process after tunnel ionization in linear polarization, called the Corkum model, giving a cutoff, ie, maximum photon energy at Ip+3.17Up[2], where Ip is the ionization potential, Up=E2/4mw2 at
maximum field amplitude E and frequency w. Recollision is suppressed with circularly polarized pulses
whereas as shown as early as 1995 multiple frequency linear polarisation pulses [3] or a combination of
co- or counter-rotating bichromatic circular polarization pulses with frequencies n1/n2 for integer
n [4-5] induce recollision and copious harmonics of circular polarization [6-8] which are produced
efficiently with counter rotating circular polarization pulses by recollision. The circular bichromatic pulse
induced circular polarized HHG has been shown to be universal with a maximum intensity at photon
energies Ip+2Up and also a maximum energy cut-off Ip+3.17Up but with Up calculated with the average
frequency . Furthermore simulations based on molecular TDSE, s (Time-Dependent
Schroedinger Equations) show that circularly polarised HHG and attosecond pulses are generated
efficiently when the total counter-rotating bicircular electric field rotational symmetry Cn is the same as
the symmetry of a target molecule [7-8]. The compatibility of net electric field and molecular symmetries
allows also to create coherent electron currents, sources of intense attosecond magnetic field pulses [8-9].
References
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In recent years, high-energy mid-infrared (MIR) femtosecond laser sources attract a lot of attentions
owing to their potential applications for generating a tabletop ultrafast sub-keV to keV soft x-ray light,
creating high-energy attosecond pulses, and investigating high-field laser physics. To obtain an intense
MIR femtosecond laser pulses, optical parametric amplification (OPA) has been adopted widely. A
standard ultrafast OPA which utilizes fs pump and seed can generate up to 10 mJ level pulses. Further
energy scaling up is restricted by limited size and damage threshold of nonlinear crystals. To obtain
TW-class MIR femtosecond laser pulses, a dual-chirped optical parametric amplification (DC-OPA) has
been proposed theoretically [1] and demonstrated in experiment [2,3] by our group. In the DC-OPA
scheme, a broadband laser of which pulse duration tunable from fs to 100 ps or longer is used as a pump
for an OPA. An excellent energy scaling ability which is not restricted by crystal has been revealed. Also,
DC-OPA can scale up energy without losing its spectrum bandwidth.
Our strong MIR fs laser pulses produced by DC-OPA is extremely useful for creating intense attosecond
light bullets with several promising advantages: 1) the reduced chirp of attosecond pulse is very helpful
for creating short duration even without compensation; 2) the long driving wavelength is significantly
helpful to extend photon energy of attosecond pulse to sub-keV region; 3) high energy of the MIR pulse
is promising for energy scaling up (photon flux) of attosecond pulse even though the highly nonlinear
generation process is intrinsically low efficiency. Our model simulation shows the high-order harmonic
spectrum generated by high energy two channel MIR waveform synthesizer (1.95 μm + 1.4 μm) will
produce a supercontinuum spectrum in “water window” region, which supports a 50 as attosecond pulse
even without chirp compensation.
References
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Molecular frame angular distribution of tunnel ionization
probability from molecular orbitals: HCl and ethanol cases
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Strong field ionization of atoms/molecules in a linearly-polarized laser field can be followed by electron
recollision [1], which induces high harmonic generation, non-sequential double ionization, etc. However,
the ionization in a circularly-polarized laser field cannot lead to the following recollision process because
the freed electron drifts away from the parent ion [2]. Instead, the electron gives us information of the
initial tunneling direction, which reflects the structure of the molecular orbital (MO) the electron tunnels
from. For dissociative ionization of molecules induced by circularly-polarized laser field, molecular frame
photoelectron angular distribution (MFPAD) can be determined by measuring the tunneled electron and a
fragment ion in coincidence. The ejected electron drifts in the direction perpendicular to the laser electric
field direction at the moment of ionization [2,3]. The recoil direction of the fragment ion reflects the
orientation of the parent molecule. We can derive MFPAD from the angle between their recoil vectors.
By identifying a fragment ion, we possibly isolate the contribution of single MO from the total ionization
events. In this presentation, I would like to present MFPADs derived for two molecules, HCl [4] and
ethanol (CH3CD2OH) [5].
First, we discuss MFPADs derived for H+ and Cl+ ions produced from HCl molecule [4]. Bond softening
of HCl allows us to select the tunnel ionization from the HOMO-1, one orbital below the highest
occupied molecular orbital (HOMO), because HCl+ (X 2Π) ion produced by tunnel ionization from the
HOMO is stable in an infrared laser field whereas the HCl+ (A 2Σ+) dissociates and produces the H+ or Cl+
ions through the bond-softening process. The observed MFPADs are almost identical, and are
qualitatively similar to the structure of the HOMO-1. Thus, the MFPADs unambiguously identify the
HOMO-1. Our results are the first identification of tunnel ionization from an orbital lower than HOMO.
Then, we share with you MFPADs for CD2OH+ and CH3CD2+ production channels of CH3CD2OH [5].
The MFPAD for CD2OH+ channel shows preferential electron ejection in the direction of the CH3 side of
CH3CD2OH, whereas the MFPAD of the CH3CD2+ channel is almost isotropic. The previous
measurement using He(I) suggested that CD2OH+ is produced from the first electronically excited state of
the parent CH3CD2OH+ ion, and CH3CD2+ is produced from the second excited state of CH3CD2OH+.
Hence, the MFPADs of the CD2OH+ and CH3CD2+ channels correspond to the electron ejection from
HOMO-1 and HOMO-2, respectively.
References
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The scaling of strong field interactions with wavelength has been a topic in ultrafast physics for some
time. In this talk I will cover the topic of electronic excitation in solids and its dependence with
wavelength. In addition, I will mention recent optics developments on the generation of intense
femtosecond pulses in the long wavelength infrared.
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With the advent of the Thin Film Compression [1-4], high energy single cycled laser pulses have become
an eminent path to the new high field science future. An existing CPA high power laser pulse such as a
commercially available PW laser may be readily converted into a single cycled laser pulse in the 10PW
regime without losing much energy through the compression. We examine some of the scientific
applications of this, such as the laser ion accelerator called SCLA [5] and bow wake electron acceleration.
Further, such a single cycled laser pulse may be readily converted by the relativistic compression into a
single cycled X-ray laser pulse [6]. We see that this is the quickest and very innovative way to ascend to
the EW (Exawatt) and zs (zeptosecond) science and technology. We suggest that such X-ray laser pulses
have a broad and new horizon of applications. We have begun exploring the X-ray crystal (or
nanostructured) wakefield accelerator [8] and its broad and new applications into gamma rays. Here we
make a brief sketch of our survey of this vista of the new developments.
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Strong field spectroscopy of electron dynamics: from laser
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Interaction of intense infrared laser light with matter, be it gases or solids, leads to rich and highly
nonlinear electron dynamics. This talk will cover two very different examples.
The first deals with gases, the second with strongly correlated solids. In atoms, unusual states can be
created by light fields with strengths comparable to the Coulomb field that binds valence electrons in
atoms. One would expect that such fields would easily set a valence electron free, perhaps within a single
laser cycle. Yet, since late 1980s, theorists have speculated that atomic states become more stable when
the strength of the laser field substantially exceeds the Coulomb attraction to the ionic core. The electron
becomes nearly but not completely free: rapidly oscillating in the laser field, it still feels residual
attraction to the core, which keeps it bound. I will describe a combination of experimental and theoretical
results which show that these states arise not only in isolated atoms, but also in gases at and above
atmospheric pressure, where they can act as a gain medium during laser filamentation. Using properly
shaped laser pulses, gain in these states can be achieved within just a few cycles of the guided field,
leading to amplified emission in the visible, at lines peculiar to the laser-dressed atom. Our work suggests
that these unusual states of neutral atoms can be exploited to create a general ultrafast gain mechanism
during laser filamentation.
The second brings together two topics that, until very recently, have been the focus of intense but nonoverlapping research efforts. The first concerns high harmonic generation in solids, which occurs when
intense light field excites highly non-equilibrium electronic response in a semiconductor or a dielectric.
The second concerns many-body dynamics in strongly correlated systems such as the Mott insulator.
Using theorist’s model of a strongly correlated solid: the Hubbard model, we show that high harmonic
generation can be used to time-resolve ultrafast many-body dynamics associated with optically driven
phase transition, with accuracy far exceeding one cycle of the driving light field. These results pave the
way for time-resolving highly non-equilibrium many body dynamics in strongly correlated systems, with
few femtosecond accuracy.
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1. Radiation from Atoms Falling into a Black Hole [1]
We show that atoms falling from outside through a cavity into a
black hole (BH) emit acceleration radiation which to a distant
observer looks much like Hawking BH radiation. In particular,
we find the entropy of the acceleration radiation via a simple
laser-like analysis.

2. Two-Photon Infrared Resonance Can Enhance Coherent Raman Scattering [2]
We present a new technique for attaining efficient lowbackground coherent Raman scattering where Raman coherence
is mediated by a tunable infrared laser in two-photon resonance
with a vibrational transition.
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Born around the turn of the new millennium, attosecond metrology has permitted the observation of
atomic-scale electron dynamics in real time. Until recently, this capability has relied on attosecond
extreme ultraviolet pulses, generated and measured in complex vacuum systems. Attosecond metrology
2.0 is now about to change this state of matters profoundly. Sub-femtosecond current injection into widegap materials can directly probe ultrafast electron phenomena in condensed matter systems and also be
used for sampling the electric field of light up to ultraviolet frequencies. Petahertz field sampling draws
on a robust solid-state circuitry and routine few-cycle laser technology, opening the door for complete
characterization of classical fields all the way from the far infrared to the vacuum ultraviolet. These fields,
with accurately measured temporal evolution, serve as unique probe for the dynamic (polarization)
response of matter. Field-resolved spectroscopy will access (valence) electronic as well as nuclear
motions in all forms of matter and constitutes a generalization of pump-probe approaches. Its
implementation with a solid-state instrumentation opens the door for real-world applications, such as
early cancer detection by measuring miniscule changes of the molecular composition of blood (liquid
biopsy) via field-resolved vibrational molecular fingerprinting.
About the author
Ferenc Krausz (*1962 in Mór/Hungary) earned his degree in Electrical Engineering at the Technical
University Budapest (1985). He completed his doctorate in Laser Physics at the Technische Universität
(TU) Vienna (1991) where he habilitated in the same research field in 1993, took up assistant
professorship in 1998 and full professorship in 1999.
In 2003, Ferenc Krausz was appointed Director of the Max-Planck-Institute of Quantum Optics (MPQ) in
Garching. In October 2004, he became professor at the Faculty of Physics of Ludwig-MaximiliansUniversität (LMU) Munich and since then holds the Chair of Experimental Physics – Laser Physics.
In a series of experiments performed between 2001 and 2004, Ferenc Krausz and his team succeeded in
producing, measuring and using attosecond light pulses for tracing atomic-scale electronic motions. Since
then, Ferenc Krausz is considered to be – together with Paul Corkum - founder of the field of Attosecond
Physics, a field devoted to real-time observation and control of electron phenomena, as also
acknowledged by their selection as 2015 Thomson Reuters Citation Laureates.

69

Fr34

Looking forward after 25 years of re-collision
Paul B. Corkum
Joint Attosecond Science Laboratory, National Research Council and University of Ottawa
100 Sussex Drive, Ottawa ON K1A 0R6 Canada
pcorkum@uottawa.ca

The idea of re-collision was transferred to atomic physics from plasma physics where electron-ion
collisions are of critical importance. In my work, re-collision appeared in 1988-89 when we considered
the lateral expansion of the electron wavefunction by connecting Reiss’s model of ATI with a semiclassical model. Stimulated by a set of experiments and calculations published between 1989 and 1992, it
took another four years to integrate re-collision into a more complete model of extreme nonlinear optics.
This new model rapidly led to new concepts such as attosecond pulse generation, the attosecond streaking
and self-imaging.
Recently, experiments are again forcing us to extend the horizon of extreme nonlinear optics. In solids, as
in gases, it appears that, following their creation, electron-hole dynamics leads to high harmonics. Recollision seems responsible in silicon, the most important semiconductors. But new experiments hint even
broader applications of extreme nonlinear optics. For example, graphene and other mono-layered
materials confirm that only a single atomic layer is required for a measurable signal. This suggests that it
will be possible to use extreme nonlinear optics to study surface chemistry. In addition, in some cases,
large molecules are not so different than solids and so, perhaps, extreme nonlinear optics may offer
insight into their structure and chemistry – with carbon nanotubes already under study.
There are still other exciting new frontiers to be explored and it is not impossible that, 25 years from now,
re-collision will have permeated fields of science beyond physics.
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Photoelectron spectroscopy is a powerful method that provides insight into the electronic structure of a
wide range of systems. Interferometric studies of photoelectrons are now able to access the spectroscopic
information encoded in the electronic wavefunction and reveal attosecond time delays as the electrons
emerge from atoms or molecules [1,2]. The time-reversed process of photo-ionization – photorecombination – encodes identical information, yet extracting it requires an interferometric measurement.
Here we demonstrate all-optical XUV interferometry of two independent phase-locked attosecond pulse
trains, encoding two recombination events with a temporal resolution of about 5as. By performing
differential measurements, we gain a direct access to the absolute phase shifts between two different
electronic wavefunctions associated with neon and helium atoms over a large energy range. In particular,
our results provide a direct measurement of the species-resolved partial wave phase shift of the electronic
wavefunction in the continuum. In the next step, we applied our scheme to probe the argon atom, where
we demonstrated a direct measurement of its complex dipole phase. The strong-field induced spatial
confinement allowed us to follow the rapid variation of the dipole phase over the energy range of the
Cooper minimum, visualizing the functionality of the angular momentum propensity rule in the vicinity
of an atomic structure. Our study bears the prospect of linear interferometric measurements for probing
molecular orbitals as well as probing of electron correlations through resonances exposed to a strong-field
environment.
References
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Bolts and nuts are amongst the most common chiral objects in our macroscopic world. Their chiral nature
is used to convert rotation to directional translation: rotating the nut on a bolt induces its translation
forward or backward, depending on the rotation direction. A very similar effect occurs in the microscopic
world when enantiopure chiral molecules are photoionized by circularly polarized radiation. The ejected
photoelectrons tend to go forward or backward relative to the light propagation axis, depending on the
helicity of the ionizing light and the handedness of the molecules. As a result, the photoelectron angular
distribution shows an asymmetry, called photoelectron circular dichroism (PECD). This asymmetry is one
of the most sensitive probes of static and dynamical molecular chirality. It originates from subtle
modifications of the outgoing electron scattering in the chiral molecular potential. PECD emerges in all
ionization regimes: in single photon, multiphoton, above threshold and tunneling ionization.
In this talk, we will focus on the use of attosecond (as) photoelectron interferometry to capture the
ultrafast dynamics of chiral photoionization. Using this technique, we have measured the angularlyresolved photoionization dynamics with a precision on the order of few-attoseconds. For non-resonant
photoionization, we measured delays of sub-20 as between electrons emitted forward and backward.
These delays change sign upon switching the enantiomer or helicity of the electric field. Moreover, we
have measured the photoelectron wavepacket spectral amplitude and phase around a near-threshold
autoionizing resonance. This allows reconstructing the angularly-resolved temporal profile of the resonant
photoelectron wavepacket. It shows complex temporal structures, reflecting the interference between
direct and indirect ionization pathways. This temporal structure presents strong forward/backward
asymmetry, revealing the chiral character of the autoionizing process [8]. In conclusion, our results show
that using circularly polarized photons to drive photoionization of chiral molecules induces asymmetric
delays in the photoemission, on both femtosecond and attosecond timescales.
References
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We study the combined intensity and carrier-envelope phase (CEP)-dependence of the longitudinal
momentum distribution of photoelectrons produced via above-threshold ionization of argon by a fewcycle laser pulse with a center wavelength of 750 nm. Our measurements are carried out using a
systematic intensity and CEP scanning method. We observe a prominent maximum in the CEP-dependent
left-right asymmetry at photoelectron energies of twice the ponderomotive potential (U P), which is
persistent over the entire intensity range of our study [1].

Fig. 1. Position of the asymmetry maximum, Em, versus intensity. The experimental data, which were obtained in two separate
experiments with different focal conditions, are compared to results obtained from the numerical solution of the threedimensional time-dependent Schrödinger equation (TDSE). The TDSE results were averaged over different focal geometries. The
inset shows the measured and calculated intensity dependence of Em in units of the ponderomotive potential UP.

Fig. 1 shows that the position of the asymmetry maximum, Em, agrees with 2UP within a 10% margin. The
robustness of Em allows for a simple, reliable and accurate determination of the laser intensity on target,
when CEP-stable or CEP-tagged few-cycle pulses are used.
In addition to the 2 Up maximum we observe further asymmetry maxima at 0.3Up and 0.8Up whose
positions (in multiples of Up) are also intensity independent. Based on TDSE and semi-classical
simulations we attribute these maxima to intra-cycle interferences [2,3]. We discuss how our method
could be used to benchmark model potentials for complex atoms.
References
[1] M. Kübel, Mathias Arbeiter, et al., (submitted to J. Phys. B special issue).
[2] G. F. Gribakin and M. Yu. Kuchiev, “Multiphoton detachment of electrons from negative ions,” Phys. Rev. A, 55(5), 3760 (1997).
[3] B. Bergues, Z. Ansari, et al., “Photodetachment in a strong laser field: An experimental test of Keldysh-like theories,” Phys. Rev. A, 75(6)
063415 (2007).

74

Tuesday

Probing the Phase Transition in VO 2 Using Few-Cycle 1.8 μm
Pulses
M.R. Bionta1,*, V. Wanie1, V. Gruson1,2, J. Chaillou1, N. Émond1, D. Lepage1, P. Lassonde1,
M. Chaker1, and F. Légaré1
1

Centre Énergie Matériaux et Télécommunications, Institut National de la Recherche Scientifique, 1650 Boulevard
Lionel-Boulet, Varennes, Quebec, Canada J3X 1S2
2
Department of Physics, The Ohio State University, 191 West Woodruff Avenue, Columbus, Ohio 43210, USA
mina.bionta@emt.inrs.ca

We observe a nearly instantaneous triggering of the phase transition in VO2 using transient, time-resolved
absorption techniques from few-cycle, infrared (1.8 μm) laser pulses. The results are in agreement with
the Mott-Hubbard insulator model, characterized by electronic holon-doublon pair creation that initiates
the insulator-to-metal phase transition within the material. The spectral resolution provided by this
technique can be exploited to measure the chirp of the probe pulses. Effects from probing above and
below the band gap of the material are also discussed.
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The precise knowledge of electromagnetic field distributions under conditions of extreme focusing is
useful for various applications. Exploiting the characteristics of nonparaxial focusing systems has proven
to be crucial to enhance optical performances in many areas [1,2]. Therefore, the development of an
efficient inversion method where the ideal field distribution at focus defines the beam incident on the
focusing system is of interest. Using the Richards-Wolf nonparaxial formalism [3], schemes addressing
the inverse problem have been reported [4]. In this presentation, we revisit analytic inversion methods
involving radially-polarized beams focused by axisymmetric nonparaxial systems without any restriction
on the nature of the system or the field distribution. Our approach is based on mathematical
considerations exploiting known transforms. We have fixed a criterion to conclude on the validity of the
plane wave spectrum of the obtained incident illumination. Numerical implementation of the method
leads to results in good agreement with the targeted fields. We are able to extend the proposed method to
treat the inversion of transverse field distributions for other polarization states.

Figure 1. Results from the inversion method aiming to produce a longitudinally-polarized field with a
radial profile Ez (0, r) = sinc(2πr/λ) at the focus of a parabolic mirror. In (a), the gray dotted lines indicate
the limits of the plane wave spectrum required to obtain the targeted field distribution (in units of 1/ λ). In
b) the computed illumination pattern is shown to cover the full domain of incidence angles on the
parabola (from 0 to π). In c) and d), we show that the computed field has essentially the profile of the
targeted field distribution and, in e), the profile of associated radial field component is presented.
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Blurring the distinction between solid-state physics and molecular physics, C60 is an ideal system for the
study of multi-electron dynamics using ultrashort laser pulses. The generation of highly charged ions of
C60 using infrared pulses has been reported and this has been demonstrated to be more efficient with
shorter pulse durations [1]. An inherent limit, however, arises as the pulse duration decreases. As pulse
durations approach single-cycle timescales, electrons which are accelerated away from the ion after tunnel
ionization repel the remaining bound electrons, suppressing further ionization. Here, we report an
experiment which measured the ionization yield from C60 for four pulse durations, ranging from fewcycle (12 fs FWHM) to many-cycle (79 fs FWHM) pulse durations, over a broad range of intensities. The
experimental setup consisted of an infrared beam of wavelength 1.8 µm generated by an optical
parametric amplifier pumped with a Ti:Sapphire laser, passed through a hollow-core fibre filled with
Argon gas. The maximum pulse energy used in the experiment was 490 µJ. These pulses were focused
into an ion time-of-flight mass spectrometer, in which a C60 vapor was generated using a resistive-heating
oven at a temperature of 500 K. The peak intensity of the pulses was scaled using a polarizing filter and
half-wave plate. The ionization rates for higher charge states relative to the rate of single and double
ionization was observed to decrease for shorter pulse durations.
Theoretical calculations to supplement the experiment were done using a real-time and real-space timedependent density functional theory (TD-DFT) [2] which treats the C60 molecule as a jellium shell with
azimuthal symmetry using the Lanczos time-propagation algorithm [3]. Calculations for various pulse
durations were done and these calculations elucidate two features present for C60: (i) as the pulse duration
increases, there is a suppression of ionization for higher charge states which is attributable to the
Coulomb repulsion between freed and bound electrons; (ii) after tunneling into the continuum, the wavepacket diffusion of the ionized electrons is rapid when compared with that of an atom of similar
ionization potential. This rapid diffusion can be attributed to the geometry of the molecule and the large
angular momenta of the valence electrons. These two effects also explain the significantly broader
ellipticity dependence of recollision in C60 observed in [4]. Additionally, the response of the excitation of
the giant surface plasmon [5] resonance with an attosecond pulse and a subsequent infrared pulse was
investigated with the TD-DFT model. A significant increase in ionization yield due to an infrared pulse is
observed after excitation of the surface plasmon resonance.
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The chirped pulse amplifier (CPA) has been widely used for amplifying ultrashort optical pulses in highpower femtosecond laser systems [1,2]. To design a CPA, phase shifts caused by dispersion and selfphase modulation (SPM) as well as the gain saturation effect should be considered simultaneously,
making a straightforward calculation intricate. Here, we show that the time lens imaging theory can help
to simplify the process of designing a CPA.
A time lens imaging system usually consists of a delay line introducing a group delay dispersion (GDD)
of D1, an element (time lens) introducing a quadratic temporal phase of exp(iτ2 / 2Df), and another delay
line introducing a GDD of D2. Analogous to the spatial lens imaging, if the imaging condition
1/D1 + 1/D2 = 1/Df is satisfied, the output pulse will keep the same shape as the input with a pulse width
magnification of |M| = |D2 / D1| [3]. Obviously, most CPAs can be viewed as a special temporal imaging
system, where the stretcher, the gain medium and the compressor can be characterized by D1, Df, and D2,
respectively. If a CPA is designed according to the imaging condition 1/D1 + 1/D2 = 1/Df, the output
pulse will keep undistorted and its duration can be easily estimated. Moreover, short pulse durations can
be obtained with a reasonably small magnification (|M|) by such a time lens.
We have designed a fibre-based CPA satisfying the temporal imaging condition, and the measured output
pulse duration agreed well with the value predicted by |M|, which conformed that a CPA can be really
treated as a time lens imaging system. Besides, it was usually thought that the time lens approximation
was true only when D1 >> τ02 [3], where τ0 is the input pulse duration. However, our experiments
confirmed that the CPA could still be viewed as a time lens imaging system even when D1 = 1.6τ02.
Furthermore, we also tried to optimize the stretching fibre length to obtain the shortest pulse duration. The
best length was found to be very close to the designed length. It was not surprising because our
calculations had confirmed that the output pulse was nearly transformed-limited if the time lens
approximation was valid.
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Due to its high technological potential in bioimaging [1], optimizing HHG yield for photons with energy
in the water window is a topic of extensive research. Here, we demonstrate that self-guided propagation
of high energy infrared pulses [2] in a high-pressure gas cell provide ideal conditions to achieve a bright,
collimated x-ray beam with a cut-off energy closing the water window.

Figure 1 : Water window harmonic spectra and beam profile. Shown are the different absorption edges of metallic and polymer
foils. The beam profile shows a 3.0mm FWHM, corresponding to a 2mrad divergence (full angle).

The spectra presented in figure 1 show the carbon K-edge and titanium L2,3-edge. We measured a flux of
1.0x105 photons/shot in the entire water window. The total energy in the harmonic pulse is calculated to
be 16 pJ, i.e. a conversion efficiency of 2.1x10-9. This efficiency is comparable to HHG in a capillary [3].
A systematic study of the parameters critical for efficient HHG leads us to the conclusion that intensity
clamping is occurring in the gas cell due to an ionization steady state. 3D wave equations confirmed the
creation of this channel. The simulations reproduce a number of observed features, e.g. the optimal cell to
geometrical focus distance (4 mm), the fixed cut-off with increasing helium pressure or cell length and
the maximum clamped intensity limiting the HHG cut-off near the oxygen K-edge.
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The development of ultrashort laser technology has enabled ultrafast phenomena to be studied with an
unprecedented temporal resolution. The temporal characterization of ultrashort laser pulses is particularly
important to understand the ultrafast light-matter interactions. There are many techniques in which the
response of a nonlinear medium is utilized. These are techniques known as FROG [1], SPIDER [2] and
D-scan [3]. They can be conveniently applied in many applications [4], but the applicable bandwidth is
limited due to the phase matching and damage issues. There are other approaches in which an ultrafast
temporal gate such as an attosecond XUV pulse [5] or an electron trajectory in the process of high
harmonic generation [6], [7] is utilized. Although these techniques completely measure the electric field
of the laser pulse, they require complicated x-ray generation and detection equipment. Recently, a new
temporal characterization called tunneling ionization with a perturbation for the time-domain observation
of electric-field (TIPTOE) has been introduced [8]. The TIPTOE method utilizes the extreme nonlinearity
of ionization of air molecules. Here, we demonstrate that the TIPTOE method can be applied for multicycle laser pulses. The numerical calculations obtained by using the ADK ionization model and by
solving the time-dependent Schrodinger equation are discussed. The experimental results obtained using
the TIPTOE and FROG techniques are compared. These theoretical and experimental results confirm the
validity and accuracy of the TIPTOE method for the multi-cycle laser pulses in UV, visible and IR
wavelength ranges regardless of the duration of the laser pulse.
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We triply ionize the van der Waals bound carbon monoxide dimer with intense ultrashort pulses and study
the breakup channel (CO)23+→C++O++CO+. The fragments are recorded in a cold target recoil ion
momentum spectrometer. We observe a fast CO2+ dissociation channel in the dimer, which does not exist
for the monomer. We found that a nearby charge breaks the symmetry of a X 3Π state of CO2+ and induces
an avoided crossing that allows a fast dissociation. Calculation on the full dimer complex shows the
coupling of different charge states, as predicted from excimer theory, gives rise to electronic state
components not present in the monomer, thereby enabling fast dissociation with higher kinetic energy
release. These results demonstrate that the electronic structure of molecular cluster complexes can give
rise to dynamics that is qualitatively different from that observed in the component monomers.

Figure 1. Newton diagram for all events in the channel (CO)23+ → C+ + O+ + CO+.
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A counter-intuitive consequence of using very high laser field strengths to study atoms is that the
ionization rate can actually decrease with intensity. This may be explained by considering the motion of
the electron in its reference frame - it is bound in the so called Kramers-Henneberger potential. These
stable electrons are left in high lying Rydberg states post-pulse [1].
The first strong experimental evidence supporting the existence of Kramers-Henneberger stabilization
was demonstrated in 2009 [2], and showed that neutral atoms in these states are also heavily accelerated
by the ponderomotive force of the laser pulse.
The existence of atoms stable under high field strengths can also be seen and studied in COLTRIMS
experiments [3]. I will present the most recent results from our lab regarding Kramers-Henneberger
stabilization and the acceleration of neutral atoms in a COLTRIMS apparatus.
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Active Fiber Systems GmbH (AFS) founded in 2009 is a spin-off from the Institute of Applied Physics in
Jena and the Fraunhofer IOF Jena. The mission of AFS is to transfer groundbreaking experimental results
to reliable turn-key laser systems suitable for scientific and industrial applications. Compact dimensions,
considerably reduced production costs as well as flexible and outstanding laser parameters are among the
extraordinary features of the fiber lasers from AFS.
Based on unique technologies such as ytterbium-doped large-pitch fibers and multi-channel amplification
in combination with coherent combination (see for example Fig. 1), AFS is able to offer femtosecond
laser systems with up to 10 mJ of pulse energy and 1.4 kW of average power.

Fig. 1: High-power fiber-laser system with 6fs, 1mJ pulses at 100kHz repetition rate.

Even the most demanding applications can be addressed with additional options such as fewcycle pulse generation, CEP-stability and high-repetition-rate high-harmonic-generation (HHG).
Resulting from the large average powers of the driving fiber laser, these table-top HHG sources
(see Fig. 2) are able to offer highest photon fluxes beyond 1014 photons/s in a single harmonic.

Fig. 2: Fiber-based laser setup with pulse-compression stage and HHG chamber.
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High-harmonic generation (HHG) has been used for decades as an ultrafast tool to understand electron
dynamics in atoms and molecules. Recent experiments have extended HHG in condensed matter. A clear
similarity between the generation process of HHG in atoms and solids was found [1]. However, an
important difference between the two processes is the delocalization of the electron. In atomic HHG, the
electron must recombine with its parent ion, while in solids the delocalized nature of the electron in the
conduction band allows it to recombine at a different lattice site from the one at which it was ionized.
Usually, HHG in solids is described by solving the semiconductor Bloch equations in the basis of fieldfree Bloch states. Because these sates are the eigenstates of an infinite crystal, they are completely
delocalized and hinder the understanding of the electron’s motion. We propose to use a localized basis of
Wannier states to explore the role of different lattice recombination in HHG. Bloch states, ϕ𝑛, 𝑘(𝑥), and are
characterized by the quantum numbers 𝑛 and 𝑘 representing the band and the quasi-crystal momentum
respectively. We use these Bloch states to build the Wannier states as a coherent sum of the former with a
linear phase 𝑘𝑙𝑎0 [2]:
𝜓𝛼,𝑙 (𝑥) =

∫1BZ𝑑𝑘𝜙𝛼,𝑘 (𝑥)exp(𝑖𝑘𝑙𝑎0)

(1)

They are characterized by the quantum number 𝑛 and 𝑙 and localized on lattice site 𝑙, at 𝑥 = 𝑙𝑎0, with a0
the lattice constant. We use this basis on a two-band system with an energy gap of 4 eV driven at 3 μm.
The resulting harmonic spectrum can be decomposed into contributions from recombination across
different numbers of lattice sites, ∆𝑙, as shown in Figure 1.

Figure 1: a) Wannier instantaneous energy levels as a function of different lattice position. The electric field bends the energy
level into a ladder. Grey arrows represent recombination 5 lattices away. b) Sliding Fourier analysis of the high harmonic
spectrum for the recombination 5 lattice away. The dashed line represents our semi-classical calculation.
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With the advent of attosecond extreme ultraviolet (XUV) pulse generation techniques, the timescales of
processes governed by electronic dynamics can now be measured directly in the time domain. These
measurements are often complicated by overlapping spectral effects, impeding the quantitative retrieval
of lifetimes associated with ultrafast processes [1]. By extending highly selective nonlinear wave mixing
techniques developed in infrared and optical spectroscopies to the XUV regime [2], background-free
lifetime measurements of krypton’s (2P1/2)nd autoionizing states can be obtained. A noncollinear beam
geometry between the XUV and near infrared (NIR) pulses capitalizes on the phase matching conditions
inherent in wave mixing processes to isolate emission signals originating from the NIR-mediated
coupling of XUV-generated autoionizing states to themselves through one photon dipole forbidden
(2P3/2)6p states. Examining these emission features as a function of XUV-NIR delay reveals dynamics
associated with the XUV-initiated electronic wavepacket (coherence) in the (2P1/2)nd autoionizing states.
Due to the dominance of the degenerate, ac Stark-like pathway relative to other non-degenerate V-type
coupling pathways, the 37±5 and 50±5 fs emission feature lifetimes measured at the energetic position of
the (2P1/2)7d and (2P1/2)8d autoionizing states are comparable to those calculated from linewidth
measurements of the (2P1/2)7d and (2P1/2)8d states [3]. This work represents a crucial step toward the
development of a truly multidimensional XUV spectroscopy capable of assessing ultrafast dynamics in
spectrally congested systems with unparalleled time resolution and specificity.

Figure 1: Four-wave mixing emission signals exhibit a complex time dependence indicative of the coherence
generated in the (2P1/2)nd states. The degenerate wave mixing pathway (left) results in the observed lifetime trend.
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Applications of Laser Induced Forward Transfer (LIFT) are attractive and known in many fields, from
laser printing of microelectronics to medical diagnostics. An ultrashort pulse (typically on the order of
femtoseconds) can deposit energy locally leading to different types of modifications such as electrical,
optical, chemical and physical. In particular attention to medical diagnostics, a cell/an organelle is
required to be desorbed without being destroyed, to then perform medical diagnostics on that cell. Direct
interaction of the cell/organelle with ultrafast laser may change its properties and hence, a buffer layer (or
dynamic release layer) is placed in between the substrate and transfer material.
Herein, we report our results on LIFTing a gold thin film to demonstrate the usefulness of the technique,
which can then be integrated with a homebuilt mass spectrometer. We also show our results on the
structural dynamics of a laser-modified dynamic release layer (polyimide). The laser causes intact
protrusions to form in the polymer, which then thrust the material from the substrate during LIFT. The
use of a femtosecond laser allows for nonlinear absorption of a pulse in the polymer, which can result in
feature sizes under a wavelength.

Figure 1 – image of LIFTed gold thin film, for a fixed pulse energy of 300 nJ and varying position of the focusing optic, a 10x
0.2NA microscope objective. z=0 µm corresponds to precise focus of the laser on the dynamic release layer, and increasing z
corresponds to retreating the focus from the dynamic release layer.
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Recently, Frequency domain Optical Parametric Amplification (FOPA, [1, 2]) appeared as a new
ultrabroadband amplification scheme. Here, we extend its capability to amplify a 1.2 mJ, 14 fs, 1.8 µm
source up to 30 mJ while conserving its properties [3]. Figure 1 (a) shows the layout of the developed
FOPA, while Figure 1 (b) and (c) show the temporal characterization, before and after amplification, with
the reconstructed pulse showing that the temporal properties are conserved after amplification.

Fig.1. (a) FOPA layout. The seed pulses enter the FOPA from the left side. Angular dispersion is applied through the grating G1,
giving rise to a horizontal spatial separation of the different spectral components. Next, the spectrally separated components are
collimated after reflection on a cylindrical mirror (M1, f=+60 cm), focusing only in the horizontal direction of the Fourier Plane
(FP) to generate narrowband pulses of 2.5 ps duration. Here, broadband phase-matching from 1.4 to 2.2 μm can be achieved
using two BBO crystals of 6 mm thickness. The FP is pumped by 240 mJ, 0.8 μm, 2.5 ps pulses at 10Hz. The pump has a spatial
top-hat shape to ensure homogeneous amplification across the FP. The amplified beam is then recombined by refocusing using an
identical cylindrical mirror M2 and by applying an opposite angular dispersion using grating G2. (b-c) Temporal characterization.
SHG-FROG Traces obtained (b) before and (c) after amplification, with their respective reconstructed pulses, showing a pulse
duration of 12fs FWHM.

To conclude, FOPA provides an efficient and robust approach for scaling few-cycle IR source to few TW
peak power. Furthermore, the currently used BBO crystals (20×15 mm) are not the largest commercially
available, more than two could be used, thus paving the route for scaling FOPA to >10 TW peak power.
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Nowadays, femtosecond laser micromachining of transparent materials are widely applied in consumer
electronics [1], and it is very hard to find a stocked femtosecond laser in China in the first quarter of this
year. For femtosecond laser micromachining, energy is absorbed by the free carriers in solids in a process
that is much faster than the process of energy being transferred via heating, thus resulted in better
machining qualities. Furthermore, because of the nonlinear nature of the multiphoton absorption,
femtosecond laser micromachining is a relatively deterministic process, which makes the machining
qualities stable and consistent [2].
However, when a single femtosecond pulses being used, high precision and small feature size are
incompatible with large throughout fabrication during the process of micromachining. On the spatial
front, the smallest feature is determined by the diffraction limit of the femtosecond laser. On the energy
front, the energy that can be deposited is limited by nonlinear absorption [3]. Attempts to deposit more
energy by simply increasing pulse intensities will degrade the spatial resolution rather than enhance the
machining efficiency.
Based on the dilemma above, Paul Corkum proposed double-pulse method [4], which provides the
freedom to control the spatial resolution and deposited energy density independently. Besides, adjustable
pulse duration, wavelength, energy, polarization and the time delay between the two pulses allow control
of energy deposition via wide parameter space. Meanwhile, the obtained results are of fundamental
relevance to many applications where tightly focused femtosecond laser pulses are used.

Fig.1 Experiment setup.
Fig.2 Transmission of the driving pulse as a function of energy for different pulse durations
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We demonstrate amplification from the visible to the infrared (0.5 to >2 µm) by seeding the modulation
instability in a single Y3Al5O12 (YAG) crystal. By pumping with femtosecond near-infrared pulses we are
able to achieve gain factors >1000 – up to 1 TW/cm2 – while maintaining the seed temporal and beam
profiles, ideal for studying strong-field processes in condensed matter. Kerr instability amplification
avoids constraints of doping and phase matching, opening a path to far-infrared amplification.
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Where Do They Go? Proton Migration in Hydrocarbons
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The role of mass differences and slight changes in molecular geometry will be discussed based on the
comparison of isomerization dynamics in the small hydrocarbon molecule acetylene (C2H2 and C2D2) as
well as ethylene (C2H4). How does doubling the mass of the moving atom influences isomerization time
and yield when exchanging H+ by D+? What is the role of the conical intersection? The uncommon
excitation regime of strong field multi-photon ionization allows us to study these dynamics in a table-top
setup, taking advantage of rather high repetition rates and temporal resolution. The dynamics is imaged
based on two- or three-body correlations of fragments obtained with the Coulomb Explosion Imaging
technique. Especially the ethylene molecule reveals rich ultrafast dynamics in its various breakup
channels – the symmetric as well as the asymmetric ones.

Figure 1: Scheme of cation isomerization dynamics initiated by strong field multi-photon ionization (4 photons at 266nm). Linear
molecular structure appears on the left hand side, y-shaped structure on the right hand side and the transition state is located at the
region of the conical intersection.
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We demonstrated holographic measurement of attosecond high harmonic pulses and a femtosecond laser
pulses in order to characterize time-dependent optical fields. To achieve this, we introduced a weak laser
field into the harmonic generation medium together with the strong driving laser field [1,2]. The weak
laser field perturbed the trajectories of ionized electrons periodically, which are exquisite for generating
high harmonics. Since the periodic modulation in the near-field dipole emissions implies cross-correlation
of the attosecond pulse and the perturbing laser pulse, we could achieve temporal characterization by
measuring the diffracted high harmonic radiations at far field.
We superposed a reference X-ray beam generated from another source because the far-field intensity
distribution is insensitive to the near-field dipole emissions [3]. The spectrally resolved harmonic image
showed dense fringes due to the two-source interference. These fringes hold the phase information of the
high harmonic radiations, which enabled us to reconstruct the near-field dipole emissions in time [4].
Therefore, we characterized the attosecond pulses, showing a pulse duration of 390 as, and the timedependent electric field of the perturbing laser pulse from the retrieved near-field image [5]. The duration
of the perturbing pulse that we obtained was consistent with the result achieved by a conventional second
harmonic FROG measurement.
The holographic pulse measurement is a fast and effective way to monitor attosecond pulses in soft X-ray
region. Eventually, it will be a new method to probe ultrafast strong-field dynamics in many materials.
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Interactions between intense laser electric fields and atoms induce plethora of unique phenomena such as
non-sequential double ionization and high-harmonic generation [1]. Recent attosecond experiments
demonstrated that few-cycle intense laser pulses create electronic coherence in ionic valence states of
rare-gas atoms [2]. Here we perform attosecond transient-absorption spectroscopy on xenon atoms and
investigate coherent electron dynamics in the multiple-ionization intensity regime.
Experimentally, 3.5-fs NIR pulses with a peak intensity at 7x1014 W/cm2 ionize electrons from the 5p
valence shell, and subsequent 200-as XUV pulses probe the valence dynamics by 4d-5p core-to-valence
excitation. Delay-dependent transient-absorption spectra are shown in Fig. 1(a). Quantum beats with 4.1fs oscillation period are observed in the Xe2+ signals, indicating an electronic coherence formed in the
ions. Absorption spectra are simulated using a density-matrix based method [3], and the observed
coherence is assigned to be between 3P20-3P00 of Xe2+ at a degree of coherence g = 0.4. Ionization delays
between Xe+ and Xe2+ are also evaluated based on the rise of the spectral lineouts (Figs 1(b)-(d)). The
ionization delays for 3P2, 3P0, 3P1 of Xe2+, with respect to 2P3/2 of Xe+, are 0.85 fs, 0.64 fs, and 0.75 fs,
respectively. The measured delays are shorter than half of the optical cycle, indicating a major
contribution of double ionization within one laser half-cycle.
Strong-field double ionization is simulated using an uncorrelated electron-emission model. The simulated
results predict multiple coherences to be observed in Xe+ and Xe2+ in contrast to the selective result of the
experiments. Ionization delays are predicted to be almost equal to half of the laser optical cycle. The
contrast between the experiments and simulations suggests a larger role of electron correlation in strongfield double ionization.

Figure 1 (a) Delay-dependent transient-absorption spectra. (b) State-resolved spectral lineouts of Xe+
and Xe2+. Measured ionization delays are denoted below the state labels.
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The attosecond streak camera has permitted deep insights into the ultrafast dynamics of electrons in atoms
[1], molecules [2] and solids [3] using weak-field photoionization. Here, we introduce a streak camera for
strong-field ionization [4] that I call STIER (= Subcycle Tracing of Ionization Enabled by infraRed). The
method relies on ionization by an intense visible few-cycle pulse, and deflection of the generated
photoelectrons by a phase-stable mid-infrared field of moderate intensity. Figure 1 shows an exemplary
STIER trace.

Fig. 1. STIER trace recorded for Neon ions generated by an intense few-cycle pulse (735 nm, 7×1014 Wcm-2, 5 fs) in the presence
of a phase-stable IR field (2215 nm, 3×1013 Wcm-2). The solid (dashed) black line show the relative ionization yields measured
for CEP stable visible pulses with ϕ = 0 (ϕ = π).

We will show that STIER can image the individual ionization bursts produced at the peaks of the electric
field of a phase-stable few-cycle laser pulse. This capability enables insights into sub-cycle dynamics of
ionization, where significant forward scattering of low-energy electrons is observed. STIER may further
provide answers to questions regarding strong-field ionization time delays, tunneling momentum
distributions, and frustrated ionization.
Tuning the polarizations, phases, and amplitudes of the optical laser fields used in STIER, opens up a
large number of applications in strong-field (attosecond) physics of atoms, molecules and solids. We will
present unpublished experimental results on imaging and controlling strong-field ionization of atoms, 4D
imaging of an oscillating valence electron density, and coherent control of molecular dissociation using
STIER.
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Interaction of light with matter is a topic of long history. In the era of modern science, owing to the
development and evolution of laser, controlling characteristics of material by means of light has been
under intensive investigation. In particular, inducing electric current in dielectric medium using state-ofthe-art waveform-controllable laser field has recently been demonstrated [1]. It has substantially impacted
as it is not only intriguing to scientists but also possesses potential for application in information
technology [2].
Here I present the response of dielectric crystals to intense optical field. Under the strong laser field,
insulating media undergo semi-metallization, which allows electric current to flow through. Since the
directionality of the light-induced current is in accordance with that of the impinging laser field, the
instantaneous field of the laser is responsible for the current. By measuring the temporal profile of the
current, the timescale for the transition from insulator to semimetal is verified to be sub-femtosecond.
Different species of crystals, quartz, sapphire and calcium fluoride, are comparatively studied. Despite the
dissimilarities among them, qualitatively alike behavior is exhibited. The resemblance is interpreted as a
consequence of Wannier-Stark localization, by which the electrons in periodic lattice subjected to strong
electric field are imprisoned within a unit cell. This prevents the electrons from ‘feeling’ crystallographic
nature of each material, leading to indistinguishability.
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We investigate the lasing dynamics of the molecular nitrogen cation ("air lasing") induced by strong field
laser pulses. The mechanism behind the N2+ air laser is still under debate and recollision has been
proposed as the dominant mechanism[1]. To study the role of recollision, we measure the ellipticity
dependence of the gain in two media. We start by focusing femtosecond laser pulses in ambient air to
study the gain in an air filament. We then employ a pump-probe scheme and focus in a supersonic gas jet
in a vacuum, with the width of the jet chosen such that the B-integral is small, thus removing the
complexity of filamentation.
We observe an enhancement of the gain with nonzero ellipticity in air filamentation for the transitions ν =
0 → ν = 0 (391 nm) and ν = 0 → ν = 1 (428 nm) between the B and X states, as previously reported [1].
We find that the ellipticity dependence of the gain still shows an enhancement with nonzero ellipticity
after accounting for the ellipticity dependence of the continuum around the emission lines (see Figure 1
(a)). This is evidence that the ellipticity dependence is intrinsic to the gain mechanism and not just the
seed.
We make similar measurements under more controlled conditions in a gas jet in a vacuum chamber. This
setup enables a direct connection to high harmonic generation, where recollision dominates. We observe a
similar enhancement with nonzero pump ellipticity for both the 391 nm and 428 nm gain, and significant
gain for a circular pump polarization. The measured intensity of the high harmonics generated by the
pump beam shows a rapid decrease with increasing ellipticity. Figure 1 (b) shows a comparison of the
gain in N2+ and the generated harmonics. Significant gain is measured while recollision is suppressed by
ellipticity; therefore, we conclude that recollision does not play a significant role in the gain dynamics of
the N2+ air laser.

Figure 1: (a) Ellipticity dependence of the gain at 428 nm, the continuum next to the gain, and the 428 nm intensity divided by
the continuum next to the emission. (b) Normalized gain at 391 and 428 nm as a function of ellipticity and the high harmonics
(H11-H21) also as a function of ellipticity.
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When considering nonlinear processes with ultrashort laser pulses, the medium response depends on the
temporal intensity distribution. A consequence is that the out coming field is problematic to control since
it highly depends on the spectral phase distribution of the incoming field. In this paper, we demonstrate an
original scheme of nonlinear interaction enabling to decouple frequencies, amplitude and phase and
giving a high level of control over the field resulting from a nonlinear interaction. In a similar manner,
optical Fourier transformation was employed to facilitate parametric amplification of few-cycle pulses in
the frequency domain, instead of the time domain [1]. Here, we expand on this strategy and introduce a
generalized view on performing nonlinear optics in the frequency domain [2]. By Fourier transforming an
ultrashort laser pulse, we were able to decouple the spectral amplitude and phase coupling that is inherent
to nonlinear processes performed in time domain. In this manner, frequency domain nonlinear optics
enables the generation of new light fields with properties previously inaccessible by time domain
interactions. By using this scheme, we were able to perform pulse shaping in the deep UV at 207 nm by
direct spectral phase transfer from the fundamental to the fourth-harmonic field.
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Spatial properties of high harmonic beams from plasma mirrors
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A scheme is developed to retrieve the spatial amplitude and phase profiles of high order harmonics generated on
plasma mirrors directly in the target plane. It is used to validate analytical models of laser-plasma interaction.
When focusing an ultra-intense femtosecond laser pulse (I > 1016 W/cm2) onto a solid target, this target is ionized at
the very beginning of the laser pulse. The resulting dense plasma reflects the laser in the specular direction: it is
called a plasma mirror. The ultra-intense laser field can accelerate electrons within the plasma at relativistic speeds
at each optical cycle resulting in periodic Extreme UltraViolet radiation. Those trains of attosecond pulses,
generated in the specular direction, are associated with the generation of high-order harmonics of the laser pulsation.
Two main HHG processes on solid targets have been observed for different interaction conditions. At moderate laser
intensities (I < 1018 W/cm2), Brunel electrons are accelerated into the target, exciting plasma oscillations on their
way in the high density plasma gradient, which radiate at the local plasma frequency. It is the Coherent Wake
Emission (CWE) process. At ultra-high intensities (I > 1018 W/cm2), the electron density of the plasma oscillates
normally to the target with a relativistic velocity under the effect of the incoming laser field. It changes the shape of
the reflected field by a periodic Doppler effect: this is the Relativistic Oscillating Mirror (ROM) process.
Those two processes carry rich information on the laser-plasma interaction. For instance, as shown by PIC
simulations on the fig. 1, the spatial curvature of each emitted attosecond pulse directly results from the interaction
properties: the spatial curvature of the plasma oscillations into the plasma gradient for the CWE process, and the
spatial curvature of the plasma surface under radiation pressure for the ROM process.
However, measuring the harmonic spatial curvature directly in the target plane is very challenging: due to the
extreme physical condition in the interaction region, the detection can only be done at macroscopic distances from
target. It was made possible by adapting a technique of coherent diffraction imaging, named ptychography, which
consists in measuring diffraction patterns resulting from a probe beam diffracted on an object for different relative
positions of one to the other [1]. This technique was transposed to HHG on solid target by spatially microstructuring
the target with a pre-pulse which ionizes the target typically few picoseconds before the main pulse driving HHG.
Harmonic fields in the target plane are then reconstructed spatially in amplitude and phase [2].
This new technique is used to study of the harmonic spatial properties in different interaction conditions for the two
HHG processes. Thanks to this parametric study, previously developed analytical models of the interaction in the
non-relativistic and relativistic regimes are experimentally validated [3]. Its accuracy is also used to test different
numerical schemes of Maxwell’s equations solvers in PIC simulations.
Fig 1 – PIC simulations of the interaction of an
intense laser beam with a plasma mirror. The
electron density is shown in grey scale and the
attosecond pulses emitted in purple scale. a - CWE
case : a0=0.4, L=λ/30; b - ROM case, a0=3, L=λ/10.
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The discovery of the ultrafast optical demagnetization by Beaurepaire et al. [1], in 1996, has paved the
way to faster data manipulation [2]. The rapidity of the magnetization reversal induced by short laser
pulses could push the limits of magnetic spin switching to femtosecond timescales and allow for highdensity magnetic data storage devices driven by optical methods [2]. This has since been a motivation for
extensive investigation of ultrafast demagnetization. It is understood that the process consists of three
steps of thermalization. The electrons are first heated by the optical pulse and then successively
thermalize with the spin system, the lattice and the surrounding metals. However, the underlaying
mechanisms of the energy transfer in the first steps are still being debated. It is therefore essential to
design new experimental schemes to probe this phenomenon in unique ways. These time-resolved and
element-specific experiments require access to a femtosecond XUV or soft X-ray source, which can be
provided by free-electron lasers [3], synchrotron radiation femtoslicing [4] or high-order harmonic
generation (HHG). The latter offers the advantages of being a table-top source with high temporal
resolution. Furthermore, both the pump and the probe can come from the same laser source, producing a
jitter free experiment.
We make use of the HHG source of the Advanced Laser Light Source (ALLS) laboratory to probe
ultrafast optical demagnetization at the M-edge of cobalt (around 60 eV) by resonant magnetic X-ray
scattering (RMXS) [5]. The sample studied is a [Co/Pt] multilayer film in which the magnetic domains
present out-of-plane magnetization vectors. When a XUV source tuned to 60 eV is transmitted through
the sample, light scattering occurs on the magnetic centers. The intensity of the resulting diffraction peaks
is related to the magnetization vector's amplitude. Demagnetization curves are obtained with an infrared
pump - XUV probe scheme. RMXS is preferred to other techniques since it doesn’t require circularly
polarized harmonics, which means it can be scaled to probe more energetic edges as harmonic sources
improve. This scheme was also used in Vienna, where Prof. Baltuska and his group developed a harmonic
source driven by an Yb laser that can reach the N-edge of rare-earths, making it possible to probe ultrafast
demagnetization in Terbium (155 eV). With the high availability and versatility of table-top sources, we
will be able to engineer many experiments to further investigate this phenomenon in the future.
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Attosecond transient-absorption spectroscopy (ATAS) allows simultaneous observation of timedependent dynamics of both bound and continuum states. Recently this method has been applied to study
molecular systems [1–6]. In this work, we show how light-induced transitions in N2 molecules can
efficiently be controlled by impulsive alignment. A short intense laser pulse is used to create rotational
wave packet of N2 molecules. After the extinction of the field, the periodic rephasing and dephasing of
the rotational eigenstates leads to a temporal revival structure of molecular alignment and antialignment.
A time delayed broadband (13-24 eV) XUV pulse is used to study transient absorption spectroscopy. The
measured absorption spectrum shows modulation when we change the time delay. Parallel
(perpendicular) transitions show modulation in (out of) phase with alignment degree.

Fig. 1 (a) Calculated alignment degree <cos2θ>(t) versus the pump probe delay, (b) Transient XUV absorption spectrum of N2,
(c) Static absorption of N2, positions of vibrational levels of the valence b’1Σu+, b1Πu states and Rydberg c1Πu, c’1Σu+, o1Πu states
are indicated, ionization potential of ionic X 2Σg+, A2Πu, B2Σu+, C2Σu+ states are indicated by vertical lines, // means parallel
transition to ground state of N2, ┴ means perpendicular transition to ground state of N2.
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The longitudinal electric field component of intense, few-cycle, radially-polarized laser beams can
generate and accelerate electron pulses suitable for ultrafast electron diffraction [1-2]. However, after
acceleration, the electron pulse duration increases during propagation to a target due to velocity
dispersion. In this presentation, we describe how intense terahertz waves can be used to recompress
femtosecond electron pulses. This approach may be an alternative to the scheme based on radio frequency
cavity often used for electron pulse compression. To compress a stretched electron pulse, the electrons
trailing at the end of the pulse must be accelerated and/or those at the front of the pulse must be slowed
down. Using numerical simulations, we show that this velocity inversion can be achieved using strongly
focused terahertz waves in the LP01 mode [3]. The terahertz field is a standing wave along the z-axis while
the electrons propagate along the x-axis; its wavelength is 300 μm and it is focused to a spot size of ~1 λ.
Space charge effects are neglected. As initial condition in our simulations, we consider a typical electron
pulse produced by direct-field acceleration with 230-keV energy and a FWHM width along the x-axis of
4.16 μm, corresponding to a 2-fs duration [2]. After propagating over 0.8 mm, the electron pulse duration
has increased to 46 fs. By synchronizing the terahertz wave with the electron pulse at this position, the
terahertz electric field accelerates the electrons at the tail of the pulse. A few picoseconds later, the
electron pulse duration is reduced to 8 fs when the electric field amplitude is 10 GV/m. Using the same
terahertz wave but with a weaker electric field (1 GV/m), a 40-keV, 330-fs electron pulse can be
compressed to 120 fs. Other examples of electron pulse compression will be presented.

Figure 1. Dispersion of a 2 fs electron pulse and its compression to a width of 8 fs using a terahertz wave.
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IR Peak Power & Average Power scaling via (FOPA)
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One important application of Fourier domain nonlinear optics [1] is
the optical parametric amplification of few-cycle pulses with FOPA
[2]. It enables simultaneous upscaling of pulse energy and
bandwidth while this denotes a trade-off for its time domain
counterparts like OPCPA. Another grand challenge in contemporary
laser science is average power scaling. We will discuss our progress
on both FOPA design for high energy operation and the average
power boosting based on an Yb Innoslab pump laser. We will
present experimental results for high peak power IR pulses in the
2-cycle regime at 1.8 µm wavelength carrying 30 mJ of pulse
energy (> 2 TW). Furthermore, we present a 500 W average power
Yb pump laser with 50 mJ pulse energy at 10 kHz repetition rate
and 1.5 ps pulse duration.
The peak power scaling of few-cycle pulses is largely facilitated by
the separation ansatz of FOPA which allows one to break down a
big task into smaller sub-problems. Due to frequencies’s spatial
Fig. 1: a) & b) Far field beam properties of the
separation in the Fourier plane (FP) of a 4f setup the amplifier
2.3 TW FOPA at 1.8 µm wavelength. c) & d) SHGoutput properties are not restricted by the performance of a single
FROG trace and autocorrelation of the 2-cycle
crystal but by the number of different individually optimized
FOPA output at 1.8µm wavelength at maximum
crystals. Figure 1 summarizes results obtained from a two-crystal
amplification.
FOPA pumped by a ps TiSa beam carrying 250 mJ of energy. It was
stretched to about 2.5 ps to match the duration of the seed in the FP. From figures 1 (a) & (b) show that the spatial and
temporal properties are maintained after amplification up to 2.3 TW at 1.8 µm wavelength. We will present first HHG
results with the new high power beam line at the attosecond conference.
To achieve average power scaling, we moved from the TiSa pumping to an Yb Innoslab laser (Amphos GmbH) because of
the superior thermal properties of the crystal host material. The main advantages of this type of pump laser are the high
gain obtained with a compact multi-pass design and the excellent properties at 500 W output. Both, energy and pointing
stability are at the level of one percent RMS fluctuations or below. Furthermore, the beam is of remarkable spatial quality,
the M2 of the compressed 500 W output is 1.1 in both directions. A high stability is essential since we split off a small
fraction of the Yb beam at an early stage for seed generation via white light generation in a YAG plate. A total of only
16 m beam path through amplifier & compressor will enable to use the same oscillator pulse for self-seeding and final
pumping. Since we aim to derive 2-cycle IR pulses directly from the ps pump laser, first experimental results of 100 fold
VIS pulse compression (10 fs @ 700 nm) and subsequent difference frequency generation (DFG) will be presented. The
spectrum achieved via DFG supports 2-cycle duration at 2 µm wavelength.
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High Harmonic Generation in Tailored Solids
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Over the past three decades, high harmonic generation has enabled a new branch of science at attosecond
timescales with powerful applications for extreme-ultraviolet and soft X-ray spectroscopy [1]. In that
time, the generation of high harmonics has taken place almost exclusively in gas-phase targets. A great
leap forward has gotten underway in the last few years, since harmonic generation was demonstrated in
the solid-state [2]. In this study, we have explored new opportunities to tailor the emission of high
harmonics from nanofabricated semiconductor targets, by controlling the structure and local composition
of the generating medium [3].
Structured targets have an important influence on the driving field. Micron-scale wedges and cones
confine and enhance the infrared driver, leading to up to a 1000-fold increase in harmonic emission from
confined hotspots. Equally importantly, anisotropic structures exhibit an effective birefringence. Since
high harmonic generation is sensitive to driving ellipticity, engineering the birefringence of the generating
medium provides an important way to control the emission of high-order harmonics. In a second
approach, we demonstrate an integrated Fresnel-zone-plate pattern that is ion-implanted in a silicon
wafer. In this configuration, the solid target acts as a source for coherent ultraviolet radiation which is
self-focused to diffraction-limited spot sizes. This indicates the possibility to bridge high-harmonic
technology with silicon photonics, by demonstrating that the intensity distribution as well as the emission
phase and polarization of the harmonic wave field can be controlled during the generation process in the
tailored solid target. Structured and modified solid targets can allow complex states of extreme-ultraviolet
light, similar to what is already possible in the visible or infrared spectral range [4]. High-harmonic
generation is additionally sensitive to electric fields, which opens the door for optoelectronic devices. The
introduction of solid-state fabrication techniques to this field may lead to a new class of devices for
tailored high harmonic wave fields.
The tools of nanofabrication can be used to precisely tailor the structure and composition of solid-state
high harmonic targets. Utilizing these approaches to control and enhance high harmonic emission has the
potential to enable a new generation of high harmonic devices. As a first example, we have demonstrated
a Fresnel-zone target which focuses the emitted harmonics. Other applications of these techniques will
ultimately open the door to high harmonic optoelectronics, and other applications for extreme-ultraviolet
photonics.
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[4] X. Cai et al., “Integrated compact optical vortex beam emitters” Science 338, 363-366 (2012).

104

Wednesday

Strong-Field-Induced Vibronic Coupling
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Strong laser fields can significantly distort the electronic wave functions of atoms and molecules. When
the field-free molecule possesses symmetries, the laser-induced spatial distortion of the electronic wave
functions couples field-free electronic states of different symmetries. It is shown in this talk that this
symmetry mixing gives rise to strong-field-induced vibronic couplings (i.e. derivative and scalar nonBorn-Oppenheimer couplings) that would have been zero by symmetry in the field-free case. Formally,
these couplings are the non-Born-Oppenheimer components of the polarizability interaction. A new fielddependent coupling term, similar in origin to the Stark-shift term, is derived that allows one to
conveniently include the field-induced vibronic effects into time-dependent Schrödinger equation (TDSE)
simulations. Using N2+ as a test case it is shown that, when active, these strong-field-induced vibronic
couplings can be comparable in strength to multiphoton transitions caused by the standard laser-induced
dipole couplings.
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Is there a gauge-independent formulation of interband and
intraband currents in solids?
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As part of the search for an underlying physical picture of the harmonic generation process in solids,
much attention has been focused on the question of interband and intraband processes. This conceptual
separation is appealing in part because the interband picture bears a strong similarity to the wellunderstood gas-phase model [1,2], while the intraband picture is qualitatively different and unique to the
solid state. Experiments have access to the emitted harmonics – their spectral intensity and phase – which
reflect both the interband and intraband contributions, whatever their relative weight may be [3,4]. For
now, a clean separation is only possible in calculations. Recently, however, it was shown that this
separation may be gauge-dependent [5]. That is, a different choice of the gauge (which should leave all
physical quantities unchanged) leads to different values for the intraband and interband currents. The total
current, which relates to the experimentally observable harmonic spectrum, however, is not gaugedependent. This raises the question of whether this conceptual decomposition of the current is welldefined. Is the interband current an observable?
Other quantities may also be easy to calculate, but hard to access in experiments. An example is the
instantaneous band population. We will show that the instantaneous populations can be gauge-dependent
in precisely the same way as the separation of currents into their inter- and intra-band components. This
raises the question of the significance of the instantaneous band populations.
This poster will explore the definitions of these quantities. We ask whether or not it is possible to define
the instantaneous band populations, and the interband and intraband currents, in a gauge-independent
way. Such a definition would remove any ambiguity with respect to the choice of gauge.
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15 W, few-cycle and ultra-stable mid-IR OPCPA
Nicolas Thiré1, Raman Maksimenka1, Balint Kiss2, Sebastian Jarosch3, Clément Ferchaud1,
Pierre Bizouard1, Vittorio di Pietro1, Eric Cormier2, Karoly Osvay2, and Nicolas Forget1
1

Fastlite, 1900 route des crêtes 06560 Valbonne, Sophia Antipolis, France
2
ELI-HU Non-Profit Ltd, Dugonics tér 1, 6720 Szeged, Hungary
3
Imperial College London, South Kensington Campus, London SW7 2AZ, United Kingdom
nicolas.thire@fastlite.com

The extension of High order Harmonic Generation (HHG) towards XUV and up to soft-x-rays arises from
the up-to-date development of driving sources with specific properties: mid-infrared wavelength, fewcycle pulses, high peak intensity, carrier-envelope phase stability and control, high energy and/or highrepetition.

Figure 1. Measured CEP drift over 8h. Average CEP drift is 0 mrad with an RMS value of 65 mrad over 8h (single-shot, 10 kHz).
Inset: near field beam profile

During the conference we will present experimental results of the system recently installed at the ELIALPS facility in Szeged (Hungary). It is a supercontinuum-seeded optical parametric chirped-pulse
amplifier (OPCPA) generating few cycle pulses around 3.2 µm and optimized for long-term CEP-stability
(cf. Fig. 1). This source now delivers 152-µJ, 39-fs pulses at 100 kHz repetition rate, which corresponds
to a peak power of ~1 GW, an average power of 15.2 W and a pulse duration slightly under four optical
cycles [1, 2].
The novelties of the system are: (i) Self-seeded OPCPA pumped with a diode-pumped solid-state laser
delivering 1-ps pulses at 100 kHz, (ii) Bulk dispersion management through chirp-reversal by a 100-kHz
acousto-optic pulse shaper, (iii) Record pulse duration of 39 fs at ~3.2 µm without post-compression stage
at this average power (15.2 W, rms=0.7 % over 12h), (iv) Record non-averaged CEP stability with a
phase noise as low as 65 mrad rms over more than 2.88 billion pulses (8 h at 100 kHz). To date this is the
best recorded non-averaged CEP stability for an amplified system, independently of the wavelength, pulse
duration or repetition rate [3], see Figure 1.
Additional measurements have been performed, such as spatial quality (Strehl Ratio = 0.82, M 2=1.4, near
and far field beam profile – see inset of Fig1.), energy, pulse duration and spectrum pulse to pulse
stability, that will be presented during the conference.
References
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Visualization of multiple bands structures in solids
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High-harmonic generation in bulk crystal is attributed to the sub-cycle electronic motion driven by an
intense laser field. Measuring HHG in crystals provides a unique insight into both sub-cycle electrons
dynamics as well as the band structure of the solid. We study the internal dynamics in MgO crystal by
generating high harmonics using 1300 nm laser field and its second harmonic field. Our measurement
reveals multiple band excitations, probing the internal dynamics with attosecond precision. Furthermore,
we find a direct link between the band structure and the spectral shape of the harmonics. This
measurement establishes a new approach to visualize multiple band structure via high harmonic
spectroscopy.
References
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Disentangling Intracycle Interferences in Photoelectron
Momentum Distributions Using Orthogonal Two-Color Laser
Fields
Tian Wang2, Xinhua Xie1, ShaoGang Yu3, XuanYang Lai3, Stefan Roither1, Daniil Kartashov1,
Andrius Baltuška1, XiaoJun Liu3*, Andre Staudte2†, and Markus Kitzler1‡
1

Photonics Institute, Technische Universität Wien, 1040 Vienna, Austria
Joint Laboratory for Attosecond Science of the National Research Council and the University of Ottawa,
Ottawa, Ontario K1A 0R6, Canada
3
State Key Laboratory of Magnetic Resonance and Atomic and Molecular Physics, Wuhan Institute of Physics and
Mathematics, Chinese Academy of Sciences, Wuhan 430071, China
*xjliu@wipm.ac.cn
†andre.staudte@nrc-cnrc.gc.ca
‡markus.kitzler@tuwien.ac.at
2

We use orthogonally polarized two-color (OTC) laser pulses to separate quantum paths in the multiphoton
ionization of Ar atoms. Our OTC pulses consist of 400 and 800 nm light at a relative intensity ratio of
10:1. We find a hitherto unobserved interference in the photoelectron momentum distribution, which
exhibits a strong dependence on the relative phase of the OTC pulse. Analysis of model calculations
reveals that the interference is caused by quantum pathways from nonadjacent quarter cycles.
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We developed an attosecond beamline combining XUV-attosecond and few-femtosecond ultraviolet
pulses. The UV spectral range is of significant importance for a number of conjugated systems including
biomolecules, for which ultrafast electronic dynamics have barely been explored [1]. We aim to study
UV-induced electron dynamics in resonantly excited DNA/RNA building blocks using covariance
spectroscopy. For this purpose a new reflectron-type mass spectrometer has been designed to provide a
high-resolution for heavy ions and will be combined with a velocity map imaging spectrometer for
covariance measurements [2]. A compact in-line XUV spectrometer is also integrated into the beamline.
The ultraviolet light is obtained from the third harmonic generation (THG) of a 1 kHz Ti:Sapphire laser
system post-compressed to 5 fs using an hollow-core fiber setup. We use a highly pressurized glass cell
with a 400 m diameter in combination with a three stages differential pumping system and obtain up to
~200 nJ of UV light from 250 uJ of NIR. Fig. 1(a) shows the obtained spectrum and corresponding
transform limit (b) of 1.1 fs (FWHM). Cross correlation measurements between the NIR and UV pulses
indicate a pulse duration below 10 fs. A few combinations of gases, focusing optics and cell length have
been investigated. Fig.1 (c) illustrates an example of the UV energy scaling with gas pressure. A
recirculation system has been built in order to recycle the important amount of gas consumed for the
generation.

Figure 1: (a) Spectrum from the Ti:Sapphire third harmonic generation supporting a 1.1 fs (FWHM) transform limited pulse
duration (b). (c) Energy scaling for the THG with a ƒ = −50 cm mirror using argon and neon as generating media.
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found in the laser sources of most major femtosecond OEM manufacturers. Our optics portfolio features: Ultrabroadband mirrors for pulse compression down to our hollow core fiber compressor combines optimum fiber coupling
in an ultra-stable setup with our unique PC70 chirped mirrors for best available pulse compression results, making it a
versatile tool for applications ranging from attosecond pulse generation to OPCPA seeding and 2D electronic
spectroscopy. The hollow core fiber compressor is ideal to generate intense few-cycle pulses with ultrabroad
bandwidth from the output of Ti:Sa amplifiers. The output pulse duration of laser amplifiers is limited by gain narrowing
to about 20 fs, and shorter pulses can only be reached with additional spectral broadening. Our hollow core fiber
compressor couples the laser output with high efficiency into a noble-gas filled glass capillary, where nonlinear
interaction broadens the input pulses. With our optimized design extreme spectral broadening to a coverage of up to
270-1000 nm. Pulses after the fiber are compressed with our PC70 ultra-broadband chirped mirrors featuring our
proprietary double-angle technology for the best available pulse-compression performance. As extensions to the
hollow core fiber compressor we can provide an input beam stabilization module, a gas and vacuum handling system,
and variable GDD management.
Combining the reliability of spectrally resolved detection with an ultrabroad spectral coverage of up to 250-2100 nm
makes our White Light Interferometer the ideal instrument for ultrafast optics characterization and quality control. Our
White Light Interferometer uses spectrally resolved interferometry to accurately measure the Group Delay Dispersion
(GDD) of multi-layer ultrafast optics. The device has been developed at the Max-Planck Institute for Quantum Optics
(Garching, Germany) to characterize and refine some of the most advanced coatings to date. Combining spectral
with temporal information and the possibility to accumulate multiple passes over the same optic ensures reliable
results with unique spectral coverage of up to 250-1100 nm (UV/vis/NIR version) and 900-2100 nm (IR version).
Spectrally resolved detection makes reference lasers together with any related test sample restrictions on specific
reflection or transmission bands obsolete. This opens the full spectral range to characterize even ultra-broadband or
advanced narrowband coatings. The flexible optical setup can measure mirrors and transparent samples under angles
of incidence variable between 0 and 70 degrees. Our reflectometer uses the extreme sensitivity of cavity ring-down
spectroscopy to quantify the losses of advanced optical coatings at the limits of current fabrication methods.
Conventional absorption and reflection measurements are not sufficiently sensitive to quantify today´s super-reflective
mirror coatings and are typically limited to the > 1000 ppm range (corresponding to < 99.9 % reflectivity). Our device
increases measurement sensitivity by incorporating the test sample into an optical cavity and measures losses as an
intensity ring-down in time domain. With this technique the device quantifies losses down to 5 ppm and thus makes for
example characterization of ultra-high reflective mirrors with up to 99.9995 % reflectivity possible.
We also provide specialized diagnostic and instrumentation for ultrafast applications. Our extreme ultraviolet grazingincidence flat field spectrometer features a unique modular design that allows to cover a full spectral range of 5-80 nm
with a single grating. The spectrograph uses aberration-corrected flat-field imaging in combination with a CCD or
MCP detector to record full spectra without the need for wavelength scanning. Its grazing incidence geometry
maximizes efficiency in this delicate spectral region. In conventional spectrograph designs the entrance slit is a
bottleneck limiting light flux and flexibility. Our spectrograph goes one step further and can be used also without any
entrance slit, directly imaging the XUV or VUV light source for a variety of source distances. Its modular design is able
to match different experimental geometries and configurations. It features an integrated slit holder, gate valve and
filter insertion unit, as well as motorized grating positioning along 3 axes. The XUV spectrograph covers a spectral
range of up to 1-80 nm (1240-15.5 eV). The VUV spectrograph provides a complementary coverage of 70-200 nm
(17.7-6.2 eV).
Our third-order autocorrelator measures laser pulse contrast with the highest commercially available dynamic range of
up to 12 orders of magnitude. This extreme level of sensitivity allows to identify even lowest background signals and
trace tiniest pre- and post-pulse replica for high-field experiments and plasma physics. Its sequential scheme with allreflective optics ensures measurements without the typical ghost-pulse artefacts. The Tundra reaches its spectacular
sensitivity already at 100-200 µJ input energy, making it possible for complex laser systems to search the sources of
background contamination already in low-energy stages. The autocorrelator is available for 800 nm and 1030 nm, for
a huge range of pulse durations from <20 fs to several picoseconds. With its unique delay range of up to 4 ns the
Tundra can find even strongly displaced pre-pulses rising in laser amplification stages from components like Pockels
cells or the like.
UltraFast Innovations GmbH
Dr. Hans Koop
Am Coulombwall 1
85748 Garching
Email. info@ultrafast-innovations.com
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