
Workshop onSuper-Intense Laser-Atom PhysicsThe Fields Institute for Research in Mathematical SciencesToronto, Ontario CanadaDecember 11-13, 2018SILAP 2018 
https://silap2018.physics.utoronto.ca/



Thanks from the Co-Chairs 
 

Many thanks to all those who have contributed to hosting SILAP for 2018!  

For the last eight months, the committee has made invaluable contributions in advising and 
making decisions: 

• Martin Centurion, University of Nebraska, USA 
• Nam Chang Hee, Gwangju Institute of Science & Technology (GIST), KOREA 
• Eric Constant, Institut Lumière Matière, Université Lyon, FRANCE 
• Paul Corkum, University of Ottawa, CANADA 
• Joseph H. Eberly, University of Rochester, USA 
• George Gibson, University of Connecticut, USA 
• Gianluca Gregori, University of Oxford, UK 
• Misha Ivanov, Max Born Institute, Berlin, GERMANY 
• Miroslav Kolesik, University of Arizona, USA 
• François Légaré, INRS-EMT, CANADA 
• Robert Levis, Temple University, USA 
• Ruxin Li, Shangai Institute of Optics and Fine Mechanics, CHINA 
• Gérard Mourou, Ecole Polytechnique, FRANCE 
• Frédéric Pérez, Ecole Polytechnique, FRANCE 
• Boyd, Robert, University of Rochester, USA 
• Olga Smirnova, Max Born Institute, Berlin, GERMANY 
• Sam Vinko, University of Oxford, UK 

June Rockwell, Bryan Eelhart, and Esther Berzunza from the Fields Institute have very ably 
provided almost all the logistics for the workshop, including registration and abstract-submission 
support, coordinating catering for breaks, advising and facilitating both the reception and the 
dinner.  Thanks very much too to the Fields Institute itself for its policy of furnishing all the 
meeting support including provision of our meeting spaces. 

Joane Magnaye, University of Toronto Physics, has given many hours of administrative support, 
which will continue through reimbursement of travel subsidies for some of the earliest-career 
participants at the workshop. Thanks to Raul Cunha in Physics for graphic design and printing. 

Many thanks to Jules Parent of Amplitude, and to Chris Ebert and John Miles of Coherent, for 
their generous funding to the workshop, which has gone towards subsidy of student travel. 

Last but certainly not least, thanks to all the speakers and attendees of SILAP2018, who bring 
their science and who will create the actual workshop. 

Robin Marjoribanks 
Howard Milchberg 
Co-Chairs SILAP 2018 
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Tuesday,	11	December	2018

8:15	–	9:00 REGISTRATION	DESK	PACKAGE	PICKUP June	Rockwell	/	Joane	Magnaye

Presenting	Author Affiliation

9:00	–	9:30 Welcome,	Opening	Remarks,	and	Orientation Co-Chairs

High	Harmonics	and	XUV	generation Chair	–	Paul	Corkum

9:30	–	10:00 Optic-less	focusing	and	spectral	filtering	of	XUV	high	order	harmonics Mével,	Eric Université	de	Bordeaux,	CNRS,	CEA,	Centre	Lasers	Intenses	et	ApplicationsInvited

10:00	–	10:30 High	harmonic	generation	source	for	table-top	ultrafast	magnetic	imaging Légaré,	Francois Institut	national	de	la	recherche	scientifique Invited

10:30	–	10:50 COFFEE	BREAK

10:50	–	11:10 Phase-matched	extreme-ultraviolet	frequency-comb	generation Porat,	Gil University	of	Alberta Contributed

11:10	–	11:40 Giant	chiral	macroscopic	response	in	high	harmonic	generation Ayuso,	David Max-Born-Institut Invited

11:40	–	12:00 Enhancing	the	Brilliance	of	Harmonic	XUV	Radiation	with	Tailored	Driver	Beams Treacher,	Daniel University	of	Oxford Contributed

12:00	–	13:30 LUNCH	–	Nearby	Restaurants,	e.g.,	see	Fields	List

Electron	Dynamics	&	Ionization Chair	–	Robin	Marjoribanks

13:30	–	14:00 Time-resolving	electron	dynamics	in	molecules	using	strong	laser	fields:	coherent	probes	of	charge	migrationMauger,	Francois Louisiana	State	University Invited

14:00	–	14:20 Longitudinal	momentum	of	the	electron	at	the	tunnelling	exit Wang,	Xu Graduate	School	of	China	Academy	of	Engineering	Physics Contributed

14:20	–	14:40 Characterization	of	electron	wavepackets	from	strong-field	ionization	 Liu,	Yunquan Peking	University Contributed

14:40	–	15:00 Nondipole	effects	in	atomic	dynamic	interference	 Wang,	Mu-Xue Peking	University Contributed

15:00	–	15:20 COFFEE	BREAK

Relativistically	Driven	Electron	Dynamics Chair	–	Francois	Legare

15:20	–	15:50 Polarization-Resolved	Nonlinear	Thomson	Scattering	from	Laser-Driven	Electrons Peatross,	Justin Brigham	Young	University Invited

15:50	–	16:20 Magnetic	field	generation,	dynamics	and	reconnection	driven	by	relativistic	intensity	laser	pulses	 Willingale,	Louise University	of	Michigan Invited

16:20	–	16:50 Relativistic	electron	dynamics	in	laser-driven	nanowire	targets Marjoribanks,	Robin University	of	Toronto Invited

18:00	–	19:30 Reception	–	PreNup	Pub
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8:40	–	9:00 REGISTRATION	DESK	PACKAGE	PICKUP June	Rockwell	/	Joane	Magnaye

Presenting	Author Affiliation

9:00	–	9:10 Updates	and	Comments Co-Chairs

Novel	Drive	and	Source-Control	Physics Chair	–	David	Ayuso

9:10	–	9:40 Topological	strong	field	physics	on	sub-laser	cycle	timescale Jiménez-Galán,	AlvaroMax	Born	Institut Invited

9:40	–	10:10 Spatio-temporal	optical	vortices	(STOVs):	experiments	and	simulations Milchberg,	Howard University	of	Maryland Invited

10:10	–	10:30 Nondipole	and	ellipticity	effects	in	the	strong-field	ionization	physics Daněk,	Jiří Max-Planck-Institut	für	Kernphysik Contributed

10:30	–	10:50 COFFEE	BREAK

Atom/Molecule	Control	Physics	&	Characterization Chair	–	Howard	Milchberg

10:50	–	11:20 Unexpected	coherent	extreme	ultraviolet	radiation	from	He	atoms	exposed	to	a	strong	laser	field Kim,	Kyung	Taec	 Gwangju	Institute	of	Science	and	Technology Invited

11:20	–	11:50 Strong	field	physics	and	high	harmonic	generation	with	structured	light	beams	 Corkum,	Paul University	of	Ottawa Invited

11:50	–	12:20 Resonantly	enhanced	inner-orbital	ionization	in	molecular	iodine Gibson,	George University	of	Connecticut Invited

12:30	–	14:00 LUNCH	–	Nearby	Restaurants,	e.g.,	see	Fields	List

Electron	Dynamics	&	Ionization	–	II Chair	–	Justin	Peatross

14:00	–	14:30 Photoionization	dynamics:	Transition	and	scattering	delays Taiëb,	Richard Sorbone	Université Invited

14:30	–	15:00 Time-dependent	multiconfiguration	and	coupled-cluster	methods	for	intense-laser	driven	multielectron	dynamicsSato,	Takeshi University	of	Tokyo Invited

15:00	–	15:20 Hollow	core	fiber	pulse	compression	using	molecular	gases Haddad,	Elissa INRS,	Centre	Énergie	Matériaux	et	Télécommunications Contributed

15:30	–	18:00 POSTER	SESSION	-	McLennan	Physical	Laboratories	North	Wing

Snacks,	Beer,	Wine	
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8:40	–	9:00 REGISTRATION	DESK	PACKAGE	PICKUP June	Rockwell	/	Joane	Magnaye

Presenting	Author Affiliation

9:00	–	9:10 Updates	and	Comments Co-Chairs

Atomic	and	Optical	Dynamics	in	Filaments	 Chair	–	Siegfried	Glenzer

9:10	–	9:40 Spectral	interference	in	shortwave-	and	mid-infrared	laser	filaments	in	gases Polynkin,	Pavel University	of	Arizona Invited

9:40	–	10:00 Light	amplification	by	nearly	free	electrons	in	a	laser	filament Richter,	Maria Max-Born-Institut Contributed

10:00	–	10:20 Optical	lasing	during	laser	filamentation	in	the	Nitrogen	molecular	ion:	ro-vibrational	inversion Morales,	Felipe Max-Born-Institut Contributed

10:20	–	10:40 COFFEE	BREAK

Intense	Optical	Lasers	and	Free-Electron	Lasers Chair	–	George	Gibson

10:40	–	11:10 Exploring	matter	in	extreme	conditions	with	free	elctron	lasers Glenzer,	Siegfried SLAC	National	Accelerator	Laboratory Invited

11:10	–	11:30 Transform-limited	hard-x-ray	lasers	pumped	by	x-ray	free-electron	lasers	 Lyu,	Chunhai Max	Planck	Institute	for	Nuclear	Physics Contributed

11:30	–	12:00 Identification	of	coupling	mechanisms	between	ultraintense	laser	light	and	dense	plasmas Leblanc,	Adrien Université	Paris-Saclay,	CEA	Saclay Invited

12:00	–	12:20 Wakefield	acceleration	and	betatron	radiation	driven	by	linearly	polarized	Laguerre-Gaussian	orbital	angular	momentum	laser	pulsesLongman,	Andrew University	of	Alberta Contributed

12:30	–	14:00 LUNCH	–	Nearby	Restaurants,	e.g.,	see	Fields	List

High-Harmonic	Spectroscopy	and	Ionization	Dynamics Chair	–	Éric	Mével

14:00	–	14:20 High-harmonic	spectroscopy	of	electron-hole	dynamics	induced	by	strong-field	ionization	 Zhao,	Jing National	University	of	Defense	Technology Contributed

14:20	–	14:40 Coherent	multichannel	dynamics	of	aligned	molecules	resolved	by	two	dimensional	high-harmonic	and	terahertz	spectroscopy	Wang,	Xiaowei	 National	University	of	Defense	Technology Contributed

14:40	–	15:00 Temporal	characterization	of	a	two-color	laser	field	using	the	tunneling	ionization	method Shin,	Jeong-uk	 Gwangju	Institute	of	Science	and	Technology Contributed

15:00	–	15:20 COFFEE	BREAK

Control	and	Analysis	Using	Strong	Laser	Fields Chair	–	Pavel	Polynkin

15:20	–	15:40 Ignatovsky	Diffraction:	Calculating	Vector	Fields	in	an	Arbitrarily	Tight	Laser	Focus Ware,	Michael Brigham	Young	University Contributed

15:40	–	16:00 Coupling	cryogenic	low-Z	jets	with	ultra-intense	lasers	to	observe	novel	effects	induced	by	relativistic	transparencyCurry,	Chandra SLAC	National	Accelerator	Laboratory Contributed

16:00	–	16:20 Space-Time	Resolved	Analysis	of	Electron	Repulsion Glasgow,	Scott Brigham	Young	University Contributed

16:20	–	16:40 Remote	detection	of	radioactive	material	using	mid-IR	laser-driven	electron	avalanche Schwartz,	Robert University	of	Maryland Contributed

19:00-22:00 Dinner	at	Ristorante	EVOO Co-Chairs	host
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Zeil, U. Schramm, B. M. Hegelich, ‡, F. Fiuza, and S. H. Glenzer (Contributed) 
SLAC National Accelerator Laboratory, USA 
Coupling cryogenic low-Z jets with ultra-intense lasers to observe novel 
effects induced by relativistic transparency. 

         Session continues… 

12:30 – 14:00 LUNCH – Nearby Restaurants, e.g., see Fields List 

15:00 – 15:20 COFFEE BREAK 



16:00 – 16:20 Scott Glasgow, and M.J. Ware (Contributed) 
Brigham Young University, USA 
Space-Time Resolved Analysis of Electron Repulsion  

16:20 – 16:40 Robert Schwartz, D. Woodbury, J. Isaacs, P. Sprangle, and H.M. Milchberg 
(Contributed) University of Maryland, USA 
Remote detection of radioactive material using mid-IR laser-driven electron 
avalanche 

 

 

18:00 - 22:00 Dinner at Ristorante EVOO  Co-Chairs host 

 138 Avenue Rd, Toronto, ON M5R 2H6 | (647) 560-0381 



	

	

	

	

	

	

	

	

Contributed	and	Invited	

Oral	Presentations	

	 	



Optic-less focusing and spectral filtering of XUV high order harmonics  
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Abstract 
We demonstrate a proper control of the harmonic generation process leading to converging XUV beams without using any optics.  The 
divergence properties vary with the harmonic order. They are controlled by moving a thin gas jet position along a tailored TW IR beam. A 
Gaussian analytical model reproduces this effect that is predicted to be significant since the XUV foci can be shifted by up to 10 laser 
Rayleigh ranges as compared to IR focus position. It opens new route for optimizing broadband XUV intensities or selecting a specific 
XUV range without a set of dispersive and/or low reflectivity optics. 
 

Context 
A major challenge in attoscience is to produce 

XUV intensities high enough to perform attosecond 
XUV/XUV pump/probe experiments. Joint 
optimization of both generation efficiency and XUV 
beam mode is therefore crucial. Additionally, proper 
XUV spectral selection must be achieved without 
temporal spreading and/or significant attenuation 
while filtering out the strong IR driving field. Finally, 
a broad spectrum must be focused at a same position 
in order to permit a homogeneous temporal resolution 
across the studied target. 

Experimental results 
We show here that one can address those concerns 

by directly producing high order harmonics as  
converging beams without any optics [1]. Such an 
effect occurs when the gas jet is placed upstream the 
laser focus where the IR converging wave front 
transferred to the harmonic wavefront dominates on 
the diverging contribution due to the transverse 
gradient of the harmonic phase. Experimental 
evidence are obtained by using a thin gas jet and our 
corrected wavefront-and thus nearly perfect Gaussian 
(M2=1.04)-TW ECLIPSE Ti:Sapph. Laser in CELIA. 
The divergence properties of harmonics have been 
studied as a function of the jet position and of the 
harmonic order. By introducing a spatial chirp in the 
IR beam, one was also able to distinguish converging 
and diverging harmonics since the direction of the 
XUV chirp observed in the far field is reversed or 
preserved respectively (see Fig. 1). 

Simulations 
A simple Gaussian analytical model allows us to 

nicely reproduces the measured XUV far field sizes 
and their evolution with the jet position and thus to 
identify key control parameters. SFA based numerical 
simulations corroborates the findings.  

First applications and conclusions 
By placing a 140 µm pinhole 37 cm after the IR 

focus, it was possible to tune the transmitted XUV 
spectra by varying the jet position. Transmittance can 
reach up to 80 % with a 9:1 contrast and an estimated 
IR attenuation larger than 99%. Recent SWORD [2] 
measurement has been performed to determine the 
position and the size of the harmonic foci. It confirms 
and quantifies the control of the self-focused 
harmonics.  

Those experiments open new perspectives to 
select XUV spectra and obtain high XUV intensities 
without or with less optics or metallic filters. More 
advanced IR beam shaping are foreseen to achieve 
optimized broadband optic-less focusing compatible 
with homogeneous attosecond resolution. 

 

 
 
Fig. 1. Far field spatially resolved high-order harmonic 
spectra obtained with a spatially chirped IR beam. The 
neon jet is located at various longitudinal positions (a) 25 
mm after IR focus, (b) at IR focus and (c) 50 mm before IR 
focus. The tilt of the harmonic beams is the signature of a 
spatial chirp in the XUV beams 
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Abstract 

We generate harmonics in neon, reaching the cobalt M-edge absorption resonance. A pump-probe scheme then allows us to retrieve 
demagnetization curves by observing resonant X-ray magnetic scattering on a multilayer cobalt/platinum sample. Using this setup, we are 
investigating the underlying physics of ultrafast demagnetization by changing the pump wavelength and its pulse duration. 
 
 

The discovery of the ultrafast optical demagnetization 
by Beaurepaire et al. [1], in 1996, has opened the way 
to faster data manipulation by optical means. This has 
been a motivation for extensive investigation of the 
ultrafast optical demagnetization phenomena, yet the 
mechanisms behind it are still being debated. In the 
work presented here, we make use of the HHG source 
of the Advanced Laser Light Source laboratory 
(ALLS) to probe ultrafast optical demagnetization at 
the M-edge of cobalt by resonant magnetic X-ray 
scattering (RXMS). This scheme has been presented 
for the first time by Vodungbo et al. [2], and we have 
implemented this approach to investigate the 
fundamental temporal limit of ultrafast magnetization 
dynamics and its dependence on pump laser 
wavelength. The sample studied in this work is a 
[Co/Pt] multilayer film in which the magnetic domains 
present out-of-plane magnetization vectors. The inset 
of figure 1 shows a magnetic force microscope image 
of the sample's magnetic domains. When placed at the 
focus of a soft X-ray source tuned to the magnetic edge 

energy of the sample, light scattering occurs on the 
magnetic centers. The diffraction peaks have a width 
and angular distribution dependent on the size and 
orientation of the magnetic domains, and an intensity 
dependent on the magnetization vector's amplitude [3]. 
Through a pump-probe measurements of the diffracted 
signal, ultrafast magnetization dynamics is tracked as a 
function of laser parameters, i.e. the pump pulse 
duration and its wavelength. Premilinary results are 
under analysed and will be presented at the meeting. 
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Figure 1 - Layout of the experimental setup for probing ultrafast magnetization dynamics. The sample is positioned with its 
domains aligned diagonally so that the peaks appear in the corners of the image on the camera. A magnetic force 
microscope image of the sample is presented in the inset, showing domains with a periodicity of ~145 nm. The scale bar 
represents 1 µm. 
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Abstract 

High-harmonic generation (HHG) in gases is widely used to obtain extreme ultraviolet (XUV) laser radiation. Typically, such lasers 
operate at low pulse repetition rates (<100 kHz), where phase-matching facilitates efficient HHG. However, high repetition rates (>10 
MHz) are necessary where high counting statistics or frequency-comb precision are required. Unfortunately, at high repetition rates, 
plasma accumulates in the generation volume and prevents phase-matching. We use high-temperature gas mixtures to increase the gas 
translational velocity and reduce plasma accumulation. We achieve phase-matched HHG at repetition rate of 77 MHz, and generate 
record power of ~2 mW at 97 nm and ~0.9 mW at 67 nm. 
 

Infrared laser-driven HHG in gases is a well-
established method for generating coherent XUV 
radiation. It is typically achieved using low repetition 
rate (<100 kHz) laser systems. However, many 
applications require high repetition rates, e.g., for 
high counting statistics. Most notably, frequency 
stabilization for precision XUV frequency comb 
spectroscopy requires repetition rates >>10 MHz. 

Efficient HHG requires matching the phase 
velocities of the driving infrared wave and the 
generated XUV wave. XUV radiation is then 
generated in-phase along the generation gas and adds 
up constructively. This is known as phase-matching. 

Phase-matched HHG is commonly achieved at 
low repetition rates, where different contributions to 
dispersion can be balanced against each other [1]. 
When the repetition rate exceeds ~10 MHz, phase-
matching becomes very challenging. The reason is 
that the high laser intensities required for HHG (~1014 
W/cm2) result in plasma generation. At high 
repetition rates the plasma generated by one pulse 
does not have time to clear the generation volume 
before the next pulse arrives and generates more 
plasma. Therefore, a high-density steady-state 
accumulation of plasma is formed in the generation 
volume [2] (see Fig. 1). This high-density plasma is 
highly dispersive and prevents phase-matching. 

We address the steady-state plasma problem by 
adding a light carrier gas (helium) to the heavy 
generation gas (xenon). In addition, we heat up the 
generation gas to ~550°C. Both methods contribute to 
increasing the gas jet forward velocity, thus reducing 
the number of consecutive laser pulses that interact 
with the same atom/ion. The effective gas jet speed is 
controlled by adjusting the relative amounts of helium 
and xenon as well as the gas temperature. Note that 
our laser intensity is too low to ionize helium, so 
HHG takes place only in xenon. 

We applied this method to our XUV comb system, 
which consists of a 80 W, 77 MHz repetition-rate 
Yb:fiber frequency comb at a wavelength of 1070 
nm, locked to a passive enhancement cavity. Using a 
9:1 He:Xe gas mixture, with a backing pressure of 
~100 bar applied to a heated quartz nozzle with 50 
ȝP RUiIiFH GiaPHWHU, we were able to generate ~2 mW 
and ~0.9 mW at 97 nm and 67 nm, respectively [3]. 
To the best of our knowledge, this is the highest 
average power achieved in this wavelength range 
with a HHG-based source. 

 

 
 
Fig. 1. High-repetition-rate high-harmonic generation 
inside a gas jet. At high repetition rates (>10 MHz) the 
interval between consecutive pulses becomes shorter than 
the plasma transit time through the generation volume, 
resulting in plasma accumulation, which prevents phase-
matching [2]. Heated gas mixes speed up the plasma 
motion, clearing it between pulses. This facilitates phase-
matching and thus much higher efficiency [3]. 
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Abstract 
High harmonic generation records the electronic response of matter to light with sub-femtosecond temporal resolution. Since the XIX-th 
century, chiral response has been thought to require the interplay of the electric and magnetic components of the light field. Here we show 
that chiral response in high harmonic generation from randomly oriented chiral molecules can be triggered exclusively by the electric 
field, with efficiency surpassing the accepted standards by orders of magnitude. The microscopic chiral response can be mapped into a 
giant background free macroscopic chiral signal, discriminating between left-handed and right-handed molecules at the level of 200% of 
chiral dichroism. 
 

General Information  
Chirality is an ubiquitous property of matter, from 

its elementary constituents to molecules, solids and 
biological species. Chiral molecules appear in pairs of 
enantiomers, two virtually identical versions in which 
their nuclei arrangements present non-superimposable 
mirror images of each other. Separated only by a 
mirror, left and right objects are readily distinguished 
in everyday life, but not in the micro-world. Standard 
chiroptical techniques [1] rely on the interplay of the 
electronic response to both the electric and magnetic 
FRPSRnHnWV RI WKH OiJKW ¿HOG, i�H� Rn WKH FKiral 
molecule “feeling” the helix of the light wave. 
However, the pitch of this light helix is usually too 
OaUJH, UHVXOWinJ in ZHak FKiUaO UHVSRnVH anG a MXVWi¿HG 
impression that chiral discrimination is hard, 
especially on ultrafast time scale. The electric-dipole 
“revolution” [2-6] is changing this perception. 
Photoelectron circular dichroism (PECD) was the 
first optical method to achieve chiral discrimination 
driven by purely electric dipole interactions [2, 3]. 
Chiral response in PECD can reach values of few tens 
of percent, numbers unheard of in chiral 
discrimination. 

High harmonic generation (HHG) has been 
demonstrated to be a powerful technique for chiral 
recognition, chiral discrimination and for ultrafast 
imaging of molecular chirality [7-12]. However, 
chiral response in HHG still relies on weak magnetic 
interactions. Here I will show how to bring the dipole 
revolution to chiral HHG [13,14]. 

I will start presenting a quantitative model of high 
harmonic response in the chiral molecule propylene 
oxide, and the result of applying it to the 
experimental conditions of [7], with excellent 
agreement. Then, I will show that the use of a simple 
optical setup that involves two non-collinear laser 

beams can drive a giant chiral macroscopic response 
in a medium of randomly oriented chiral molecules, 
in the dipole approximation. This chiral signal 
vanishes in achiral media, and it is completely 
separated from the non-chiral optical response in 
frequency, polarization and space. Furthermore, our 
work shows that one can achieve complete 
discrimination between left-handed and right-handed 
molecules, providing macroscopic background-free 
chiral signal present in one molecular enantiomer and 
absent in the other [14]. Which of the two 
enantiomers exhibits this signal remains under 
complete control. 

The possibility of selectively suppressing the 
harmonic response in a selected enantiomer while 
enhancing emission from its mirror image using a 
simple non-collinear setup allows us to reach the 
ultimate goal in chiral discrimination: 200% of chiral 
dichroism. The mechanisms responsible for this giant 
chiral optical response are general to chiral media in 
the gas, liquid and condensed phases, thus bringing 
new opportunities to measure enantiosensitive 
intensity of optical signals in matter with the ultimate 
efficiency and with ultrafast time resolution. 
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Abstract 
We report on a method that increases the brilliance of higher harmonic radiation by approximately an order of magnitude. A spatial light 
modulator is used to simultaneously manipulate the size and shape of the focal spot of the driver laser in an HHG setup for a fixed f-
number and peak intensity. As the spot size increases the total harmonic flux increases and divergence decreases, thus improving the 
harmonic brilliance. These results offer an alternative approach for achieving high flux, low divergence, table-top sources of short 
wavelength radiation with applications in ultrafast imaging. 
 

General Information  
High harmonic generation (HHG) is an established 

method for producing highly coherent radiation in the 
vacuum ultraviolet and soft x-ray spectral regions 
with femtosecond and attosecond pulse durations [1]. 
HHG has applications ranging from seeding free 
electron lasers, to lensless imaging [2]. 

The extreme nonlinear interactions which occur 
during the HHG process mean that small variations in 
the parameters of the driving laser can have a 
dramatic influence on the spatial properties and 
conversion efficiency of the resulting harmonic beam. 

Typically the size of the HHG interaction region is 
controlled by either adjusting the f/# of the focussing 
geometry or by altering the longitudinal location of 
the generating medium relative to the driver focus. 

For applications such as lensless imaging with 
harmonics, loose focussing arrangements have been 
used to satisfy the demand for high flux and low 
divergence [3]. However, in many situations, the 
route toward brighter sources is hindered by the 
spatial limitations in laboratories for long focal length 
lenses. Typical focal lengths may exceed 1 m, limited 
by the maximum experimental footprint. 

By introducing a liquid-crystal-on-silicon phase-
only spatial light modulator (SLM), the spatial profile 
of the driver beam at focus can be manipulated [4]. 
Here we use a binary phase mask to transform the 
focal spot from Gaussian into a supergaussian profile 
whilst preserving a flat phase front at focus. 

This method preserves the f/# and hence footprint 
of the set-up while increasing the radius of the focal 
spot, w0. If the peak intensity is held constant, this 
enlarges the harmonic source size and hence increases 
the harmonic flux. 

We define the supergaussian intensity distribution 

as 𝐼(𝑟) =  𝐼0𝑒−| 𝑟
𝑤0

|
𝑝

, where I0, r, and p are the peak 
intensity, radial coordinate and supergaussian power, 
or ‘p value’, respectively. In this study we consider 2 
≲ p ≲ 3.5, above which the shaping achieved in our 
driver focus degrades due to the operation of the 

binary phase mask and size of the SLM chip. 
We quantify the average brilliance as 𝐵 =

𝑁
∆𝑡∙𝑑𝛺∙𝑤0∙(∆𝜈 𝜈⁄ ), where for small divergence angles, 

𝑑𝛺 ≈ 𝜋𝑤(𝑧)2

𝑧2  [5]. Here, N, Δt, dΩ, Δν/ν, 𝑤(𝑧) and z 
represent the number of photons, time interval, solid 
angle, fraction of bandwidth, beam radius and source 
to detector distance respectively. 

For increasing p, it was observed that N and dΩ 
increase and decrease respectively. We record a 5-
fold increase in the photon flux for the optimal value 
of p. This increase is commensurate with an 
approximately 5-fold increase in the source size. 

With further refinement of the shaping, we 
anticipate even larger improvements in the harmonic 
brilliance. Such scaling has only previously been 
achieved at the expense of a far larger experimental 
footprint. Thus our work opens a new route for 
producing bright table-top sources of soft x-rays. 
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Fig.1. Measured brilliance enhancement (blue 
asterisks) and integrated photon flux (red circles) for 
the 25th harmonic as a function of the 800 nm driver 
beam size. A fixed focal length of 0.5 m was used. 
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Abstract 
Probing the electronic structure and dynamics of molecules on the attosecond time scale is a formidable challenge that requires state-of-
the-art experimental setups and new theoretical tools and models. In this presentation, I will discuss results of a collaborative effort 
between Louisiana State University, the Ohio State University, and University of Virginia to build such experimental and theoretical 
probes to observe the earliest stages of electron-mediated structural rearrangement – charge migration, which typically takes place on a 
sub-femtosecond time scale. 
 

 
Fig. 1. Snapshots of the electron-hole density in 
nitrosobenzene following the sudden removal of a core 
electron on the nitrogen site, computed with TDDFT [1].  

When forced out of equilibrium, electrons in 
matter can respond exceedingly fast, on time-scales 
approaching the attosecond (see Fig. 1). At this time 
scale, the dynamics are inherently quantum, and they 
are not yet impacted by the weaker coupling to a 
system “bath” that involves large numbers of 
additional degrees of freedom. This potentially 
complex quantum evolution can expose correlations 
between electrons and holes that are otherwise hidden 
in the static properties of the system. 

Probing the electronic structure and dynamics of 
molecules on the attosecond time scale is a 
formidable challenge that requires state-of-the-art 
experimental setups and new theoretical tools and 
models. In this contribution, we discuss time-
resolving electron molecular structure using strong 
laser fields. We present a picture of charge migration 
that combines strong-field dynamics [2, 3] with the 
quantum-chemistry-derived electronic structure of 
complex molecules [4], backed up by direct 
numerical simulations [5, 6]. Using a related set of 
molecules as examples, we compare experimental 
measurements with the results of our theoretical 
models and associated numerical simulations to 
unveil the time-dependent electronic structure [7-10]. 

More generally, we report results of a 
collaborative effort between Louisiana State 
University (LSU), the Ohio State University (OSU), 

and University of Virginia (UVa) to build 
experimental and theoretical approaches [1-10] to 
observe the earliest stages of electron-mediated 
structural rearrangement – charge migration, which 
typically takes place on a sub-femtosecond time scale 
(see Fig. 2). 

 
Fig. 2. Illustration of the integrated theory-experiments 
collaborative effort between LSU, OSU and UVa, with 
recent results on OCS molecules: (top) Calculations of 
charge migration modes [5], (right) measurements of the 
amplitude and phase of harmonics from aligned OCS [9], 
and (left) measurements and calculations of ionization 
from aligned OCS. [7].  
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Abstract 
The longitudinal tunnelling-exit momentum of the electron in strong-field tunnelling ionization is shown to be nonzero even in the static or 
the adiabatic limit. This nonzero momentum is a purely quantum mechanical effect determined by the shape of the wave function in the 
vicinity of the tunnelling-exit point. Nonadiabaticity or finite wavelength may increase this momentum substantially, and the detailed value 
depends on both the atomic and the laser parameters. 
 

Introduction  
The longitudinal momentum of the electron at the 

tunnelling exit is a useful quantity to make sense of the 
tunnelling ionization process. It was usually assumed 
to be zero from a classical argument, but recent 
experiments show that it must be nonzero in order to 
explain the measured electron momentum 
distributions [1-3]. 

The following questions arise from the theoretical 
point of view: In quantum mechanics what is the 
definition of electron momentum at specified positions 
(e.g., the tunnelling exit)? That is, what momentum are 
we exactly talking about quantum mechanically? How 
can the electron momentum be nonzero at a point with 
zero kinetic energy (by definition)? What determines 
the value of the longitudinal momentum at the 
tunnelling exit? 

The flow momentum of the probability fluid 
The flow momentum of the probability fluid [4] is 

a sensible quantum mechanical definition for 
tunnelling-exit momentum. The time evolution of a 
wave function can be viewed as a dynamic flow of the 
probability fluid in real space. A wave function can be 
written as 

Ψ(𝑥𝑥, 𝑡𝑡) = 𝐴𝐴(𝑥𝑥, 𝑡𝑡)𝑒𝑒𝑖𝑖𝑖𝑖(𝑥𝑥,𝑡𝑡) 
with 𝐴𝐴(𝑥𝑥, 𝑡𝑡) ≥ 0 the amplitude and 𝜙𝜙(𝑥𝑥, 𝑡𝑡) the phase 
function, both of which are real. 

The probability current can be obtained (in a.u.) 

𝑗𝑗(𝑥𝑥, 𝑡𝑡) = 𝑖𝑖
2 �Ψ(𝑥𝑥, 𝑡𝑡) 𝜕𝜕

𝜕𝜕𝑥𝑥 Ψ
∗(𝑥𝑥, 𝑡𝑡) − 𝑐𝑐. 𝑐𝑐. � = 𝜌𝜌(𝑥𝑥, 𝑡𝑡)𝜕𝜕𝜙𝜙(𝑥𝑥, 𝑡𝑡)

𝜕𝜕𝑥𝑥  

where 𝜌𝜌(𝑥𝑥, 𝑡𝑡) is the probability density. In analogy to 
the classical fluid equation 𝑗𝑗(𝑥𝑥, 𝑡𝑡) = 𝜌𝜌(𝑥𝑥, 𝑡𝑡)𝑣𝑣(𝑥𝑥, 𝑡𝑡) , 
one sees that the flow velocity or momentum is the 
spatial derivative of the phase function 

𝑝𝑝(𝑥𝑥, 𝑡𝑡) = 𝜕𝜕𝜙𝜙(𝑥𝑥, 𝑡𝑡)
𝜕𝜕𝑥𝑥  

     We emphasize that the flow momentum is legally 
defined at each position. 

We numerically solve the time-dependent 
Schrödinger equation to get the 3D wave function 

𝑖𝑖 𝜕𝜕𝜕𝜕𝑡𝑡 Ψ(𝑟𝑟, 𝑡𝑡) = �𝐻𝐻�0 + 𝐻𝐻�𝐼𝐼�Ψ(𝑟𝑟, 𝑡𝑡) 

with 𝐻𝐻�0 = −1
2
𝑑𝑑2
𝑑𝑑𝑟𝑟2 + 𝐿𝐿�2

2𝑟𝑟2 + 𝑉𝑉(𝑟𝑟) the field-free atomic 
Hamiltonian and 𝐻𝐻�𝐼𝐼 = 𝐹𝐹(𝑡𝑡)𝑟𝑟𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟  the laser-atom 
interaction. 𝑉𝑉(𝑟𝑟)  is the Green-Sellin-Zachor (GSZ) 
model potential [5] based on a single-active-electron 
approximation. 

Numerical results 

 
Fig. 1. Tunneling-exit longitudinal momentum for six 
model atoms, each with three wavelengths. Even with 
𝜆𝜆 = 10 𝜇𝜇m where the static/adiabatic limit is expected 
to hold, 𝑝𝑝∥ is not zero, but has values around 0.2 a.u. 
for all the six model atoms. Shorter wavelengths 
introduce nonadiabatic effects, and in general lead to 
larger  𝑝𝑝∥ values [6]. 
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  We will present the study on the nonadiabatic effect of strong-field ionization and the experimental 
characterization of electron wavepackets form strong-field ionization. 

 
In the presentation, I will talk about our recent 

works on the characterization of electron 
wavepackets from strong-field ionization of 
atoms. In theory, we have develop a subcycle 
nonadiabatic strong-field tunneling theory and 
have derived the position of tunnel exit, the 
transverse and longitudinal momentum 
distributions at the tunnel exit, and the ionization 
rate in an instantaneous laser field. These 
tunneling coordinates are shown to 
nonadiabatically couple with each other in an 
instantaneous laser field when the electron tunnels 
through the Coulomb barrier. We have further 
incorporated the nonadiabatic tunneling theory 
with the quantum-trajectory Monte Carlo 
approach to investigate the nonadiabatic effect on 
the photoelectron angular distributions. The 
simulated photoelectron angular distributions 
with the nonadiabatic corrections have been 
validated by comparison with the ab initio results 
through numerically solving the time-dependent 
Schrödinger equation [1,2]. Eperimentally, we 
have perfermed the elliticity-dependent 
measurement on electron monmentum 
distributions and have verified the nonadibatic 
effect [3].  

 
Fig. 1 Non-adiabatic tunneling coordinates of Ar atoms in 
elliptically polarized laser fields. (a), The distribution of 
the tunnel exit with respect to the ionization time. (b) and 
(c) show the initial transverse momentum and the initial 
longitudinal momentum distribution at the tunnel exit with 
respect to the ionization time, respectively. The red curves 
show the laser field along the major axis (z direction) in 
arbitrary units. The ionization probability is color-coded 
from red (high) to blue (low).  (d), the half-cycle-averaged 
initial longitudinal momentum distribution and initial 
transverse momentum distribution at the tunnel exit. The 

intensity is 1.2×1014 W/cm2 and the ellipticity is 
0.6H  .  

 
Beside characterization of momentum 

distributions of electron wavepackets, we have 
also tried to understand the sub-barrier phase of 
electron wavepackets by strong-field ionization 
using the orthorgal polarized fields [4]. In order to 
measure the phase structure, we recently used the 
two-color co-rotating circularly polarized fields to 
probe the phase and amplitude of electron 
wavepackets [5]. Along the line, the position of 
tunneling exit, momentum distributions and the 
initial phase structure of electron wavapackets 
have been studied.  
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Abstract 
Nondipole effects in the atomic dynamic interference are investigated by numerically solving the time-dependent Schrödinger equation of 
hydrogen. Momentum shifts of photoelectrons in the opposite direction of the laser propagation are founded. The origin of such momentum 
shifts is attributed to the nondipole phase difference between the two electron wave packets ejected in the rising and falling edge of the laser 
pulse, which will interfere with each other and result in the final fringe pattern. One consequence of such momentum shifts is that they can 
smooth out the peak splitting induced by the dynamic interference in the photoelectron energy spectrum. 
 
 
 

 
 
Fig. 1. The photoelectron energy distribution for the 1s state 
of hydrogen exposed to linearly polarized Gaussian-shaped 
SXOVHV ZiWK a FaUUiHU IUHTXHnF\ RI Ȧ   ���� H9 and FWHM 
of 7 cycles at four different laser intensities. 
 

Nondipole effects in dynamic interference become 
obvious as the pulse intensity increases in results of 
photoelectron energy spectra in Fig. 1. The peak 
splitting’s being smoothed out in Fig. 1(d) is related to 
the nondipole momentum shifts in Fig. 2. Through an 
analytic expression, the origin of such momentum 
shifts is attributed to the nondipole phase difference 
between the two electron wave packets ejected in the 
rising edge and the falling edge of the laser pulse, 
which will interfere with each other and result in the 
final fringe pattern. 

 
 
Fig. 2. The 2D photoelectron momentum distributions in 
the laser-polarization-propagation plane at the same laser 
intensity in Fig. 1(d) for: (a) the dipole TDSE calculation, 
(b)-(c) the nondipole TDSE calculation, and (d) the 
semi-analytical model results. 
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Abstract 
We outline an experiment for measuring polarization-resolved fundamental, second, and third harmonic photons scattered from low-
density electrons in a Ti:sapphire laser focus, at intensities above 1018 W/cm2.  Different components of the well-known figure-8 electron 
motion may be associated with orthogonal polarization components of the scattered light. 
 

Introduction  
In their landmark analysis nearly a half-century 

ago, Sarachick and Schappert described trajectories of 
and radiation from classical electrons in an intense 
laser field.[1] In the average rest frame, an electron 
oscillates along a well-known figure-8 path, owing to 
both the electric and magnetic forces of the laser  
field.  At relativistic intensities, electrons scatter both 
odd and even harmonics into the far field. This 
relativistic nonlinear Thomson scattering was first 
observed by the Umstadter group in a 1-atm plasma 
in the 1990’s.[2] They measured second and third 
harmonics scattering in directions perpendicular to 
the focus. To our knowledge, the polarization of this 
scattered light has not previously been analyzed, 
either experimentally or theoretically.  

Laser&
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(a)& (b)&

(c)& (d)&

Laser&
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Fig. 1. (a) Azimuthal and (b) longitudinal polarization 
components of second-harmonic Thomson scattering emitted in 
all directions.  Repeated in (c) and (d) for the third harmonic.  
  

Figure 1 shows polarization components of the 
emission patterns for second and third harmonic light, 
resolved along ‘latitude’ and ‘longitude’ lines. The 
free electrons are stimulated by linearly polarized 800 
nm laser light at 1.5 × 1018 W/cm2. The added 

dimension of polarization gives insight into different 
aspects of the figure-8 electron motion. 

Experiment 
We describe ongoing experiments on low-density 

targets (i.e. <10-4 Torr), where we count fundamental, 
second, and third-harmonic photons scattered by free 
electrons in an intense laser focus. Figure 2 shows the 
expected polarization-resolved angular distribution of 
the emission in a plane perpendicular to the laser 
beam (same parameters as Fig. 1). Plot 2(b) shows the 
spatial distribution of total emission (previously 
measured), and plots (c) and (d) show the resolved 
polarization components that we are attempting to 
measure.  Acknowledgement: NSF 1708185. 

 
 
Fig. 2. (a) Schematic of nonlinear Thomson-scattering 
measurements. (b) Total light emission as a function of detector 
angle for N=1,2,3 harmonics. Zoomed in (c) azimuthal and (d) 
longitudinal polarization-resolved emission.  
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Abstract 

Relativistic intensity laser pulses are used to heat a relativistic electron population that can drive a magnetic reconnection geometry under 
unique conditions. The dynamics of these fields is observed experimental using proton radiography. Measurements of the emitted x-rays 
(spatial, spectral and temporal), as well as non-thermal electron spectra, provide evidence for magnetic reconnection. Three-dimensional 
particle-in-cell modelling shows good agreement with the observations and shows the magnetic energy density within the surface plasma 
can exceed the rest mass energy density. 
 
The chirped pulse amplification (CPA) technique can 
produce light pulses focused to intensities where the 
electric field oscillates electrons at relativistic 
velocities. The currents due to the relativistic 
electrons can generate huge, dynamic fields within a 
laboratory plasma. Plasma dynamics in astrophysical 
plasmas are strongly impacted by magnetic field 
topology. However, direct measurements of the outer 
space plasma and field conditions are challenging, so 
laboratory studies of magnetic dynamics and 
reconnection provide an important platform for 
testing theories and characterizing different regimes. 
The extremely energetic class of astrophysical 
phenomena – including high-energy pulsar winds, 
gamma ray bursts, and jets from galactic nuclei – 
have plasma conditions where the energy density of 
the magnetic fields exceeds the rest mass energy 
density. This defines the cold magnetization 
parameter, ıcold = B2��ȝ0nemec2) > 1. 
 
Experimental measurements, along with numerical 
modelling, of short-pulse, high-intensity laser-plasma 
interactions that produce extremely strong magnetic 
fields (>100 T) in a plasma such that ıcold > 1. The 
generation and dynamics of these magnetic fields 
under different target conditions is studied using 
proton radiography and relativistic-intensity laser-
driven magnetic reconnection experiments are 
performed. X-ray imaging allows the observation of 
the fast electron dynamics. Evidence of magnetic 

reconnection was identified by the plasma’s X-ray 
emission patterns, changes to the electron spectrum, 
and by measuring the reconnection timescales. 
 

 
 
Fig. 1. A schematic of the experimental geometry. A 
typical KĮ  image is shown with the reconnection layer 
highlighted in the dashed box. A physical picture of the 
interaction illustrates the two azimuthal magnetic fields 
expanding into the reconnection region. Taken from [1].    
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Abstract 
Nickel nanowires present >95% optical absorption in a long ~1 µm effective skin-depth.  Partly this is due to the strong optical anisotropy 
of these oriented nanostructures: dielectric in the transverse direction and conductor along the optical axis. Under intense irradiation, and 
especially at relativistic optical intensities, nanowires can be stripped of electrons and Colomb-explode as if they were 70nm 
macromolecules. Optical absorption and free-electron dynamics are analysed in an effective-dielectric model and by particle-in-cell 
simulation, with an aim to blend descriptions. 
 

Introduction  
Since our introduction of end-standing nanowires 

as laser-plasma targets in 2000 [1], and subsequent 
description of  the dynamics of their interaction of 
ultra-intense laser pulses [2], several groups have 
shown their great relevance in high energy-density 
physics [3,4,5] even the production of thermonuclear 
neutrons [6]. Our recent experiments on the LCLS x-
ray free-electron laser have used Ni nanowires in 
order to produce volumetric heating of homogeneous 
laser-produced plasmas of controllable density and 
temperature, for precise measurements of ionization 
potential depression (IPD) in near solid-density [5].  

Much understanding of has come from 2D and 3D 
particle-in-cell (PIC) simulations. We have also used 

effective-dielectric methods to model small-signal 
absorption, and extended that with a plasma-model 
dielectric function. Our aim is to include the 
relativistic index of refraction due to strong 
oscillating electron currents, as the laser penetrates 
deep into an average density far above critical. 
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Fig. 1. Modelled absorption of very large (∼ 20µm) 
thickness layers s- and p-polarization, as a function of 
fill-fraction and angle of incidence, and for two different 
wavelengths: a) λ = 0.5 µm, b) 1 µm.  

 
Fig. 2. The refractive index and the extinction index as 
functions of the electron-ion collision rate, for different 
fill-factors in the parallel (red curves) and perpendic- 
ular (blue curves) cases, for λ = 1.0 µm (ωp > ω). Along 
the solid black curve, which represents bulk metal (f = 
1), we indicate different values of the electron-ion 
collision rate. 
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Abstract 
The topological state of matter is intimately linked with dynamics, as manifested via the chiral edge currents in topological insulators. But 
is there an inherent time scale, associated with topology?  We use unique properties of primary electronic response to strong non-resonant 
optical fields to address this question. 
 

Quantum materials encompass a rich variety of 
systems with fascinating features. One of them is the 
topological phase transition, upon which an insulator 
becomes conducting, supporting robust currents 
around the insulator's edges [1,2]. “Protected” by the 
topological invariants of the bulk, the chiral edge states 
are robust to perturbations, making them appealing for 
applications, for example in dissipationless devices or 
topologically robust semiconductors. However, and 
surprisingly, the ultrafast dynamics of non-equilibrium 
electronic response to intense optical fields in these 
materials has remained virtually unexplored. Yet, 
understanding these dynamics is not only 
fundamentally interesting. It is also crucial for light-
wave electronics in topological materials. 
 
Attosecond science has made major progress in 
understanding ultrafast electron dynamics in solids 
[3,4]. Yet, so far it has mostly focused on the role of 
the band structure. The role of the topological 
properties, such as the Berry curvature and the 
topological invariants of condensed matter systems, on 
the attosecond dynamics of electronic response has 
been hardly explored. Does the highly non-equilibrium 
electron dynamics in the bulk, driven by a strong laser 
field, encode the topological properties on the sub-
laser cycle time-scale?  How do the Berry curvature 
and the Chern number affect the first step in the 
nonlinear response – the field-driven injection of 
electrons across the bandgap? 
 
In this talk, I will answer these questions using the 
paradigmatic example of the topological insulator, the 
Haldane system [5]. I will show how the topological 
state of the system controls its attosecond, highly non-
equilibrium electronic response to strong low-
frequency laser fields, in bulk. Topological effects can 
be identified on the directionality and the attosecond 

timing of an electron current injected into the 
conduction band by the oscillating electric field of an 
intense light pulse.  
 
I will further show that the highly nonlinear optical 
response to strong fields, the high harmonic emission,  
displays topologically-dependent attosecond delays, 
and that the helicities of the emitted harmonics can 
record the phase diagram of the system and its 
topological invariants. 
 

 
 
Fig. 1. Helicity of harmonics in topological insulators. The 
helicity of the high harmonics maps the phase diagram of 
the Haldane system. The blue solid line marks the 
topological phase transition, separating the trivial phase 
(above) from the topological phase (below).    
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Abstract 

We have recently introduced the concept of spatio-temporal optical vortices (STOVs) , simulating and measuring these structures [1]. 
STOVs are fundamental to electromagnetic power flow in all self-focusing collapse and self-guiding scenarios, and conserve topological 
charge, making them robust. More recently, we have generated STOVs in nonlinear propagation in glass, measuring them in 2D (space) 
+1 (time) and, separately, we have generated them linearly. 
 

We have recently shown experimentally and 
theoretically that spatio-temporal optical vortices 
(STOVs) are fundamental to the electromagnetic 
energy flow in the nonlinear propagation of 
femtosecond filaments [1]. STOVs arise naturally and 
necessarily from self-focusing collapse arrest, which 
occurs both in air filaments, when collapse arrest is 
due to ionization [2], and in relativistic filaments in 
plasmas, where collapse arrest is due to 
ponderomotive force-driven evacuation of electron 
density from the filament core [3].  

 
Figure 1. Retrieved spatial phase (radians) and intensity 
(arbitrary units) images at the collapse location z = 165 
cm, P/Pcr = 4.4 for (i) a pre-collapse beam and (ii) and (iii) 
beams where a vortex ring is on either side of the 
reference central wavelength of O=800 nm (from ref. [1]). 
 
Figure 1 shows the transverse intensity and phase 
profiles of a femtosecond air filament measured mid-
flight at the collapse location (z=165 cm) for P/Pcr = 
4.4. The shot-to-shot fluctuations at this z-location show 
(i) no collapse, (ii) collapse and STOV slightly ahead of 
the object plane and (iii) collapse and STOV slightly 

behind the object plane. The filament ‘core’ lies inside 
the dark intensity ring � the intensity null of the STOV 
� and the ‘reservoir’ lies outside. Note the vortex-like 
2S phase shift of the core between panels (ii) and (iii). 

More recently, we have developed a method for 
controlled embedding of STOVs in ultrashort laser 
pulses without having to engineer and control the 
complex process of self-focusing collapse arrest. We 
present our recent experiments probing the nonlinear 
propagation of these unusual and unique optical 
structures � now prepared in advance � in gas and 
transparent solid samples, along with 3D simulations 
using a version of the unidirectional pulse propagation 
algorithm [4]. Figure 2 shows generation and 
measurement of a ‘line-STOV’, where the vortex axis is 
perpendicular to the propagation direction. 

 

Figure 2. Generation of a 1D STOV. Left panel: input 
pulse. Right panel: output pulse, showing field null and 
vortex axis perpendicular to the pulse propagation 
direction. 
 
Acknowledgements: This work is funded by the AFOSR 
and NSF. 

References 
[1] N.Jhajj, I. Larkin, E.W. Rosenthal, S. Zahedpour, J.K. 
Wahlstrand, and H.M. Milchberg, Phys. Rev. X 6, 031037 
(2016).  
[2] A. Couairon and A. Mysyrowicz, Phys. Rep. 441, 47 (2007). 
[3] H.M. Milchberg, plenary talk, Advanced Accelerator 
ConceptsWorkshop 2016.  
[4] A. Couairon, E. Brambilla, T. Corti, D. Majus, O. de J. 
5aPÕUH]-Gongora, and M. Kolesik, Eur. Phys. J. Special Topics 
199, 5 (2011). 

mailto:milch@umd.edu


Nondipole and ellipticity effects in the strong-field ionization physics 
J. Daněk1, M. Klaiber1, K. Z. Hatsagortsyan1, B. Willenberg2 , J. Maurer2 ,  
B. W. Mayer2 , C. R. Phillips2 , L. Gallmann2 , U. Keller2  and C. H. Keitel1 
 1 Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany 

2 Department of Physics, ETH Zurich, 8093, Zurich, Switzerland 
Corresponding author: jiri.danek@mpi-hd.mpg.de 

 
Abstract 

We investigate the role of the nondipole effects for the case of strong field ionization of atoms with linearly and elliptically polarized mid-
IR lasers and provide an intuitive picture for the interplay between the nondipole effects and the Coulomb focusing while explaining 
experimental spectra. Further, we demonstrate the important role of high-order recollisions for the final electron momenta and observed 
features in the photoelectron momentum distribution (PMD). Moreover, we show that nonzero ellipticity introduces a similar interplay as 
the nondipole effects leading to experimental separation of direct and rescattered electrons, which can be used to quantify Coulomb 
focusing and the wave-packet width.  
 

Introduction  
The recent advent of tabletop mid-IR laser 

technology brings us to the limits of our current 
theoretical understanding of strong-field ionization 
based on the dipole approximation. With the larger 
laser wavelengths the nondipole effects  increase and 
become experimentally observable.  

The most prominent experiment manifesting the 
breakdown of the dipole limit with a linearly 
polarized laser revealed a rather  counterintuitive 
negative shift of the central cusp [1], which was due 
to the interplay between the Coulomb-focusing and 
the non-dipole effects. Recently, the same interplay 
was observed in experiments with elliptically 
polarized lasers revealing a simultaneous existence of 
an outstanding ridge created only by the rescattered 
electrons on the background of the well-known lobes 
consisting of direct electrons [2] in the PMD.  

 
In order to provide an insight into electron 

dynamics and the nature of the interplay, we have 
developed a perturbative analytical model, where we 
address the Coulomb focusing effects by calculating 
the Coulomb momentum transfer at every single 
recollision along the electron’s classical trajectory.  

Within our model we are able to explain not only 
the nature of the counterintuitive bend of the central 
cusp but also its energy-dependence. For the latter the 
the high-order recollisions also play a significant role  
and even cause a decrease of the shift at low energies 
[3]. 

Further, the high-order recollisions have been 
shown to have a significant effect also in the dipole 
case and cannot be omitted for proper investigation of 
electrons final momenta in the dipole limit either [4].  

 

As the last application of our model we address 
the photoelectron spectra in the elliptically polarized 
case. Small values of ellipticity introduce a drift along 
the minor axis of polarization already in the dipole 
case, which is, in fact, similar to the magnetic drift 
acting along the laser field propagation direction of 
the nondipole case and leads therefore to a similar 
interplay responsible for a creation of the central 
ridge structure of rescattered electrons with 
characteristic deformation. The central structure and 
its shape are of similar origin as in the non-dipole 
case and the role of high-order recollisions can be 
again clearly identified [5].  

Moreover, the nondipole peak offset manifests a 
transition from negative to positive values due to this 
interplay when the polarization varies from linear to 
circular [2]. Our model led to deeper understanding of 
the interplays which allowed for extraction of values 
of the Coulomb focusing and tunneled wave-packet 
width from the experiment [2].  

 
 
 

References 
[1] A. Ludwig et al., Breakdown of the Dipole Approximation in 
Strong-Field Ionization, Phys. Rev. Lett. 113, 243001 (2014). 
[2] J. Maurer et al., Probing the ionization wave packet and 
recollision dynamics with an elliptically polarized strong laser 
field in the nondipole regime, Phys. Rev. A 97, 013404 (2018). 
>�@ J� Daněk HW aO�, Analytical approach to Coulomb focusing in 
strong-field ionization. I. Nondipole effects, Phys. Rev. A 97, 
063409 (2018). 
>�@ J� Daněk HW al., Analytical approach to Coulomb focusing in 
strong-field ionization. II. Multiple recollisions, Phys. Rev. A 97, 
063410 (2018) 
>�@ J� Daněk HW aO�, ,nWHUSOa\ EHWZHHn &RXORPE-focusing and non-
dipole effects in strong-field ionization with elliptical 
polarization, J. Phys. B: At. Mol. Opt. Phys. 51, 114001 (2018)

mailto:silap2018@physics.utoronto.ca


Unexpected coherent extreme ultraviolet radiation from He atoms 
exposed to a strong laser field 

Hyoek Yun1, Je Hoi Mun1, Sung In Hwang1, Seung Beom Park1, Igor A. Ivanov1,  
Chang Hee Nam1,2, and Kyung Taec Kim1,2 

1 Center for Relativistic Laser Science, Institute for Basic Science, Gwangju 61005, Korea  
2 Department of Physics and Photon Science, Gwangju Institute of Science and Technology, Gwangju 61005, Korea   

Corresponding author: kyungtaec@gist.ac.kr 
 
 

Abstract 
We report the observation of an unexpected coherent extreme ultraviolet (EUV) radiation from He atoms exposed to a strong laser field. 
The atoms are coherently excited through frustrated tunnelling ionization. The coherent EUV radiation is emitted from the excited atoms 
through free induction decay. The intensity of the radiation is strongly modulated depending on the carrier-envelope-phase and ellipticity 
of the driving laser pulse. The propagation direction of the radiation can be controlled using a spatially-chirped laser beam. The coherent 
EUV radiation can be used as a light source for the applications such as EUV imaging and ultrafast pump-probe spectroscopy.  
 
 

An atom can be excited when it is exposed to a 
light field. The excitation of an atom from the ground 
state to an excited state, which often requires much 
higher energy than the photon energy of a visible or 
an IR laser pulse, can be made by absorbing multiple 
photons. This multi-photon absorption has been 
considered as a main route for the excitation of an 
atom in an intense laser field. 

Recently, Nubbemeyer et al., showed that there is 
another path for the excitation of an atom [1]. In a 
strong laser field, an electron can tunnels out through 
the potential barrier of the atom, and it is accelerated 
in the laser field. When the laser field off, the electron 
can be left near the atom with an almost zero kinetic 
energy. Then, the electron can recombine to an 
excited state of the atom. This strong field excitation 
is often referred as frustrated tunnelling ionization 
(FTI) which explains the survival of a significant 
amount of neutral atoms in a strong laser field. 

In this work, we report that frustrated tunnelling 
ionization results in a coherent EUV emission which 
has not been observed so far [2]. The coherent 
property of the EUV radiation has been tested using 
an intense few-cycle laser pulse. The intensity of the 
EUV radiation showed a strong dependence on the 
carrier-envelop-phase and the ellipticity of the driving 
laser pulse. The intensity of the EUV radiation was 
strongest when the linearly polarized laser pulse is 
used. The intensity of the EUV radiation decreased as 
the ellipticity of the laser pulse increased. These 
behaviours show the coherent property of the EUV 
radiation.  

The EUV radiation emitted through FTI has been 

tested further using the attosecond lighthouse method 
in which a spatially-chirped laser beam is used. Since 
the wavelength of the laser beam is gradually 
changed across the beam, an individual atom interacts 
with the laser field at different wavelengths. The 
electron path from ionization to recombination in the 
process of FTI increases for the long wavelength 
field. The longer the wavelength is, the more the 
phase is accumulated. Therefore, the wavefront of the 
FTI radiation is tilted, resulting in the change of the 
propagation direction of the FTI radiation. The 
change of the propagation direction is a clear sign of 
the frustrated tunnelling since it shows the effect of 
the phase accumulated along the electron path after 
tunnelling.  

In summary, the coherent property of the EUV 
radiation has been tested for the laser parameters such 
as the carrier-envelop-phase and the ellipticity. The 
propagation direction of the coherent EUV radiation 
generated through FTI could be controlled using the 
attosecond lighthouse technique. The EUV radiation 
generated through FTI can be used as a light source 
for the applications such as EUV imaging and 
ultrafast pump-probe spectroscopy. 
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Abstract 

In the infrared it is possible to transform a Gaussian beam into structured light beams –beams with orbital angular momentum and “vector 
beams” (vector beams are beams with complex polarization states).  We use structured light beams for high-harmonic generation and we 
also show that, like Gaussian beams, cylindrical symmetric vector beams can be compressed in hollow core fibers.    
 
There are two general approaches to producing 
circularly polarized soft X-rays.  (1) It is possible 
to use two circularly polarized co-propagating 
beams of different handedness with one being the 
second harmonic of the other.  (2) One can also 
use either a structured fundamental beam or two 
beams with the same frequency but different 
direction of propagation.  The key challenge is to 
find which approach is optimal for reaching very 
short wavelengths.  Favoring the vector beam 
approach is the cut-off law which favors longer 
wavelength light and the scaling of the two color 
approach with long wavelength drivers.   
 
We will show that high power vector beams open 
a new pathway to creating circular polarized 
harmonics that we demonstrate experimentally 
[1].   
 
The underlying technology is to transform high 
power infrared or visible beams into structured 
beams.  We achieve this transformation using Q-
plates and we show that, once created, a 
cylindrically symmetric vector beam can be 
compressed using conventional hollow core fiber 
compression. These few cycle pulses can then be 
exploited in high intensity experiments [2].   
 
We also produce XUV beams with orbital 
angular momentum, generated by high harmonic 
conversion.  Like spin angular momentum, we 
confirm that orbital angular momentum is 
conserved during the conversion [3] (in fact total 
angular momentum is also conserved [4]) and we 
show how the conservation of angular 
momentum leads to a method for coupling a 
controlled orbital angular momentum on any 
harmonic [5].  

 
In the visible, orbital angular momentum beams 
are very important for advanced microscopy and 
for quantum optics.  Our results open a pathway 
for attosecond science with similarly structured 
light. 
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Abstract 

Many experiments have shown evidence of deep inner-orbital ionization resulting from the strong-field interaction with diatomic molecules.  
In general, these deep inner-orbitals correspond to the ones formed from the s-electrons, as opposed to the less-bound p-electrons.  In this 
talk, we present new data on the resonant enhancement of inner-orbital ionization iodine.  When the transition from the highest-occupied 
molecular orbital (HOMO) to the lowest-unoccupied molecular orbital (LUMO) is driven, we find a strong enhancement of ionization from 
the HOMO-3 and HOMO-4 orbitals. 
 

Introduction 
For atoms and light molecules in strong laser fields, 

most ionization comes from the least bound electron in 
either the outer shell for atoms or the HOMO for 
molecules [1]. The influence of inner orbitals can be 
seen in the strong-field molecular interaction, but the 
angularly averaged ionization rate from the inner 
orbitals is small (<10%) [2]. We have shown in 
previous experiments that this is not the case for 
iodine. In fact, the branching ratio for ionization of the 
inner orbitals can exceed 90%[3]. We have also 
recently observed a dramatic wavelength dependence 
to the ionization rates of the different orbitals [4].  Both 
of these results run counter to a simple tunneling model 
of strong field ionization, in that tunneling ionization 
strongly prefers the least bound electron and predicts 
no wavelength dependence [5]. 

In this talk, we report results on the single 
ionization of I2 in the vicinity of the X to B state 
UHVRnanFH in WKH nHXWUaO PROHFXOH� 6inFH WKH ;í% 
transitions involves driving an electron from the 
HOMO to the LUMO, one might expect that ionizing 
I2 at this resonance would simply enhance the 
ionization rate of the HOMO, as that electron would be 
promoted to the LUMO, where it should easily ionize. 
However, it turns out the results are significantly more 
complicated and counter-intuitive. We divide the 
ionization signal into two parts: one corresponding to 
ionization of the HOMO, the HOMO-1, and HOMO-2, 
leading to the population of the X, A, and B states of 
the molecular ion, respectively [6]. We refer to this 
part as outer-orbital ionization (OOI). The other part of 
the ionization signal corresponds to deeply bound 
inner orbitals, or inner-orbital ionization (IOI).  Both 
signals show a strong resonant behavior around the X 
to B transition, but the peaks in the two signals as a 
function of wavelength are slightly different. As a 
result, the branching ratio into the IOI channel shows 
a dispersion-type profile with the peak of the 
branching ratio exceeding 98%. At this point, the 
resonant interaction does not increase the ionization 
rate of the HOMO, but rather enhances the ionization 

rate of the inner orbital electrons. We speculate that 
driving the neutral molecule on a one-photon 
resonance creates a strong dipole that couples to the 
inner orbitals, leading to their large ionization rates, 
compared to the outer orbitals. 

Results 
Figure 1 shows VMI images around the X to B state 

resonance in I2 (530 nm).  This is a dramatic 
wavelength dependence, not often see in strong-field 
ionization.  The significance of these results will be 
discussed in the talk. 
 
Fig. 1. Four I+ VMI images at wavelengths of (a) 489 nm, 

(b) the peak in the IOI signal at 519 nm, (c) the peak in the 
OOI signal at 580 nm, and (d) 670 nm. 
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Abstract 
We review various aspects of photoemission dynamics in the case of 1 and 2-photon ionisation for atoms and molecules. Numerical 
experiments on model atoms are used to show how the group delay associated with the transition phase is actually representative of the 
early dynamics of the detected photoelectron wave packets. Then we address the question of measuring these transition delays using a 
standard interferometric technique of experimental attosecond physics, so-called RABBIT, and its implication on reconstructing time-
dependant electronic wavepackets. 
 
   Resolving electron motion in atoms and molecules 
on its natural attosecond (as) scale is way beyond the 
temporal resolution of available detection devices. 
The techniques developed to achieve such attosecond 
resolution thus rely on interferometric setups [1]. In 
fact, the reported times are actually group delays 
derived from phase measurements, involving 
coherent photoemission processes. Therefore, the 
analysis of the experimental data and the related 
theoretical development ask for rigorous and 
unambiguous definitions and interpretations of these 
phases, and of the inferred group delays [2].  
   It is now accepted that a "scattering delay" [4] 
affects the dynamics of any photoemission process. 
However, the simplicity of the underlying physics is 
not fully recognized yet. Formally, such delays are 
imprinted in the phase shifts of the photoelectron 
wave-functions, which are commonly expressed on 
the basis of incoming waves. In this framework, the 
"scattering phase" associated to photoemission 
appears as the argument of the transition amplitude, 
thus obscuring the significance of the delay - which 
may be misinterpreted for example as a transition 
duration.  
   Here, we will present the benefits of working with 
the continuum wave-functions selected by the 
transitions (scwf) [2,3], which (i) carry all the 
information related to the continuum reached by 
photoabsorption, (ii) are defined independently of the 
arbitrary basis one chooses to work with and (iii) are 
real valued for single-photon transitions. They 
provide a clear-cut interpretation of the scattering 
delays.  
   In higher order processes, the scwf comes with an 
additional complex phase, as soon as the transition is 
resonant. We will show that the group delay 
associated with that phase can now be interpreted as a 
"transition delay", and how it can be accessed 
experimentally in a straightforward reinterpretation of 
the rabbit interferometric technique, initially designed 
for the characterization of coherent xuv pulses. 

Furthemore, using an extension of the RABBIT 
method, i.e. the so-called "Rainbow-RABBIT", we 
can reconstruct in time the photoelectron wave-packet 
and follow in time how the spectrum is built in 
Helium atom [5] and in chiral molecule [6].  

 
 

 
 
Fig. 1. Reconstruction of the timeresolved buildup of the 
resonant spectrum using the time-energy. The 
photoelectron spectrum is plotted as a function of the 
accumulation time tacc used in the inverse Fourier transform 
[1].    
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Abstract 
We have developed time-dependent wavefunction-based methods such as time-dependent complete-active-space self-consistent-field 
(TD-CASSCF) method and time-dependent optimized coupled-cluster (TD-OCC) method for ab initio descriptions of intense laser-matter 
interactions. This report describes our methodology development, computer implementation, and applications to correlated electron 
dynamics in atoms and molecules.  
 

An important goal of high field physics and 
attosecond science is the direct measurement and 
control of electron dynamics in atoms and molecules. 
To theoretically investigate multielectron dynamics in 
intense laser fields, the multiconfiguration time- 
dependent Hartree-Fock (MCTDHF) method has been 
developed [1-2], which, though powerful, suffers from 
the exponential increase of the computational cost 
with respect to the number of electrons.  

To circumvent this difficulty, we have developed 
time-dependent multiconfiguration self-consistent- 
field methods such as time-dependent complete- 
active-space self-consistent-field (TD-CASSCF) [3] 
and time-dependent occupation-restricted multiple- 
active-space (TD-ORMAS) methods [4], which 
enables ab initio description, beyond mean-field 
treatments such as  time-dependent Hartree-Fock 
(TDHF) and time-dependent density functional theory 
(TDDFT), of many-electron atoms and molecules for a 
broad range of laser parameters. (See Fig. 1 and 2.) 

Furthermore, we have recently formulated a 
radically advanced theoretical method based on the 
cluster expansion of the wavefunction using 
time-dependent orbitals, called time-dependent 
optimized coupled-cluster (TD-OCC) method [5]. The 
TD-OCC is a time-dependent, orbital-optimized 
generalization of the highly-successful stationary 
coupled-cluster method in quantum chemistry. It is a 
gauge-invariant, polynomial-cost scaling, and size- 
extensive alternative to the MCTDHF method. In this 
talk, I briefly introduce theoretical background and 
computer implementations of these methods and 
report their applications to intense-laser driven 
correlated electron dynamics in atoms and molecules. 
 

 
Fig. 1. HHG spectrum of Ne exposed to a laser pulse with a 
wavelength of 800 nm, a peak intensity of 1015 W/cm2, and 
the foot-to-foot pulse duration of two optical cycles, 
obtained with TDDFT, TDHF and TD-CASSCF with 
various active spaces [3].  
 

 
Fig. 2. Single ionization probabilities, as a function of time, 
of Ar atom exposed to a laser pulse with a wavelength of 
800 nm and an intensity of 6×1014 W/cm2, computed with 
TDHF, TD-OCC, and TD-CASSCF methods. [5].  
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Abstract 

We demonstrate that hydrofluorocarbon molecular gases can be used as an alternative to atomic noble gases to efficiently compress 
relatively low energy pulses with a hollow core fiber setup. Compression of a 1030 nm, 200 µJ, 170 fs initial pulse to a sub-five-cycle 
duration of 15,6 fs is achieved. 
 

Introduction 
Pulse compression based on non-linear 

propagation in a gas-filled hollow core fiber (HCF) is 
amongst the common techniques to generate few-
cycle laser pulses [1]. Although very efficient, the 
major disadvantage of this method is the need to use 
expensive noble gases like krypton or xenon to 
compress low energy pulses [2-4]. Our latest results 
confirm that certain molecular gases, 
hydrofluorocarbons, represent an affordable and 
efficient alternative to the traditional atomic gases 
[5]. Such gases bear the potential to generalize HCF 
compression to high repetition rate, low intensity 
laser systems [6]. 

Spectral broadening of Ti:Sa pulses 
We studied the nonlinear properties of 3 molecular 

gases: 2 hydrofluorocarbons – R152a (C2H4F2) and 
R134a (C2H2F4) – and ethylene (C2H4).  The spectral 
broadening through these media in a 1-m-long HCF 
was measured as a function of pressure for different 
pulse energies. Two typically employed atomic gases, 
krypton and argon, were used as references. 

 
Fig. 1. Spectral broadening of a 120 µJ (except for argon, 
240 µJ) pulse as a function of pressure for all gases. 

Fig. 1 shows the spectral broadening for an initial 
pulse of 120 µJ (except for argon, 240 µJ) from a 
Ti:Sa laser at 800 nm with a 2.5 kHz repetition rate. 
The greater slopes for the molecular gases indicate a 
much stronger nonlinear response compared to the 
atomic ones. Although ethylene seems to efficiently 

broaden laser pulses, important ionization was 
observed compared to the other gases, which suggests 
that it might not allow proper compression. 

Pulse compression 
To demonstrate the potential of hydrofluorocarbon 

gases for compression of low intensity and high 
average power lasers, typically ytterbium-based 
systems, we compressed 1030 nm, 200 µJ, 170 fs 
pulses from a Yb:KGW laser using a folded 4f 
stretcher/compressor after propagation through a 6-m-
long HCF filled with R134a (pressure of 2000 Torr). 
Temporal characterization was achieved using 
second-harmonic generation frequency-resolved 
optical gating (SHG-FROG) and the retrieved pulse 
duration of 15.6 fs (sub-five-cycle) is shown in Fig. 2. 

 
Fig. 2. Retrieved pulse in the time domain with its phase 
after compression in R134a (E = 200 µJ, p = 2000 Torr). 

Our most recent results show that it is possible to 
compress pulses of energy as low as tens of 
microjoules using these hydrofluorocarbon gases. We 
believe this affordable and simple yet very efficient 
approach will greatly facilitate compression of very 
high repetition rate and low intensity laser systems.  
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Fig. 1. Left: Angularly-resolved spectra of white light generated through filamentation of 1.4 mJ, 11 fs, 
CEP-stable laser pulses at 1.7 Pm center wavelength in air. The images are averaged over ~1,000 laser shots. 
The top and bottom images are for the CEP values corresponding to the most dissimilar spectra. The main 
CEP-dependent feature is the appearance and disappearance of the spectral hole in the on-axis emission in 
the vicinity of the 3rd harmonic of the 1.7 Pm driver. Right: Single-shot spectra of white light generated 
through filamentation of 30 mJ, 100 fs CEP-unstable laser pulses at 3.9 Pm wavelength in air (top) and 
argon (bottom), both at 1 atm. pressure. Harmonics of up to 11th order are detected. The CEP-dependent 
spectral fringes due to the interference between 3rd and 5th harmonics are highlighted with the oval in the 
bottom image.   
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Abstract 

I will discuss experiments and computer simulations on the nonlinear self-channelling (filamentation) of shortwave-infrared and mid-
infrared, ultrashort laser pulses in air and argon. The observed spectral interference in the generated white light is found to be robust 
against pulse-energy fluctuations of the pump laser. The dependence of the interference patterns on the carrier-envelope phase (CEP) of 
the pump pulses can be used for inline, single-shot measurements of the CEP in CEP-unstable laser sources.    
 

Nonlinear self-channelling of intense, ultrashort 
laser pulses in gases, known as laser filamentation, 
has various potential applications ranging from 
remote sensing in the atmosphere to lightning control. 
In the last two decades, laser filamentation has been 
extensively investigated using ultrafast Ti:Sapphire 
laser systems operating in the near-infrared. Recent 
developments of ultrafast laser technology enable the 
extension of these studies to the shortwave-infrared 
and mid-infrared parts of the optical spectrum. There, 
filamentation physics is different due to the presence 
of windows of anomalous dispersion in molecular 
gases and a much wider spectral range over which the 
white-light supercontinuum and harmonics of the 
driver field can be generated and studied.  

In this talk, I will discuss experiments and 
computer simulations on filamentation of two state-
of-the-art laser sources: A carrier-envelope phase 
(CEP) stable, 11 fs OPCPA at 1.7 Pm wavelength at 
the University of Central Florida and a CEP-unstable, 
100 fs, mid-infrared OPCPA at 3.9 Pm wavelength at 

the Technical University of Vienna. In both cases, we 
observed CEP-dependent interference patterns in the 
spectra of white light generated through filamentation 
in air and argon. We interpret these spectral features 
as the result of interference between different 
nonlinear source terms generating white light – 
supercontinuum, harmonic generation and the Brunel 
mechanism. In spite of the highly nonlinear pulse 
dynamics, the CEP-coherence is preserved on 
propagation through the filamentation zone, due to 
the intensity clamping, which has been shown to be 
operative in few-cycle pulses. 
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Abstract 

Light can be used to modify and control properties of media, as in the case of electromagnetically induced transparency or, more recently, 
for the generation of slow light or bright coherent extreme ultraviolet and X-ray radiation. Particularly unusual quantum states can be 
created by light fields with strengths comparable to the Coulomb field which binds valence electrons in atoms: the states describe a nearly 
free electron oscillating in the laser field yet still loosely bound to the core [1,2]. Using shaped laser pulses, we demonstrate [3] that such 
states can arise not only in isolated atoms, but also in gases, at and above atmospheric pressure, guiding intense laser pulses, where they 
can act as a gain medium. The gain is created within just a few cycles of the guided field. The corresponding emission yields signatures of 
these unusual states, demonstrating a general, new, ultrafast gain mechanism during laser filamentation.  
 

Bound states of nearly free electrons 
Since the late 1980s, it has been speculated that 

when an atom or molecule interacts with an intense 
light field, whose strength substantially exceeds the 
ionic Coulomb attraction, new and surprisingly stable 
states of a hybrid quantum system, “atom + intense 
light field”, can be formed. 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 [1,2]. These exotic states 
are known as the Kramers-Henneberger (KH) states 
[4], a specific example of laser-dressed states [2]. It 
took three decades before the existence of such states 
was indirectly inferred from experiments [2], showing 
the ability of isolated neutral atoms to survive laser 
intensities as high as I~1015-1016 W/cm2.  

But are such unusual stable states really exotic? 
Can they also form in gases at ambient conditions, at 
intensities well below 1015-16 W/cm2? After all, for 
excited electronic states bound by a few eV, the laser 
field overpowers the Coulomb attraction to the core 
already at I~1013-14 W/cm2. If this is the case, would 
these exotic stable states manifest inside laser 
filaments [5]? 

The role of nearly free electrons in laser filaments 
The formation of the KH states should modify 

both real [6] and imaginary parts [7] of the refractive 
index of a laser-driven system. While their response 
is almost free-electron-like, they do form discrete 
states and lead to new resonances. Qualitatively, these 
resonances can be understood as Stark-shifted field-
free states, with stability against ionization being their 

key distinguishing feature. Crucially, at sufficiently 
high intensities theory predicts the emergence of 
population inversion in the higher Rydberg states 
relative to the lowest excited states [8]. This inversion 
reflects the increased stability of the KH states and is 
the signature of the transition into the stabilization 
regime. If the inversion were created inside a laser 
filament, it would lead to amplification of the 
filament spectrum at the transition frequencies 
between the stabilized states. 

"Nearly-free-electron lasing" inside laser filaments 
I will describe a combination of experimental and 

theoretical results [3] which show that the KH states 
arise not only in isolated atoms, but also in rare 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. 
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Abstract

Inducing and controlling lasing in the open air is an intriguing challenge. Recent experiments on laser filamentation in the air have

demonstrated generation of population inversion and lasing at the 391 nm and 428 nm lines in the nitrogen ion, which correspond to

transitions between the second excited B2Σ+
u and the ground X2Σ+

g electronic states. Importantly, lasing at these transitions appears to be a

very general effect, arising during filamentation of virtually any incident radiation, from visible to mid-infrared. We analyze the possible

mechanisms that can be responsible for the generation of the population inversion between the B2Σ+
u and X2Σ+

g states of N+
2, focusing on

the interplay between tunnel  ionization of  neutral  nitrogen to different  electronic  states  of  the ion,  ultrafast  laser  driven electronic

excitations in the ion, molecular vibrations, laser induced alignment and rotations. We show how the combined action of all of these

mechanisms can enable population inversion in B2Σ+
u.

Several  experiments  have  shown  that  a  tightly

focused laser  beam in air  produces  bright  emission

lines in the forward emission direction, in particular

at  391  nm  and  428  nm.  These  wavelengths

correspond to transitions between the second excited

(the  B2Σ
+

u state)  and  the  ground  (the  X2Σ
+

g state)

states of the N+
2 molecule [1] (see figure). 

By  now,  several  competing  explanations  of  the

underlying  process  of  this  exciting  experimental

observation  have  been  offered.  The  proposed

mechanisms  are,  however,   specific  to  the  laser-

driven  electronic  and  vibrational  dynamics  in  the

nitrogen molecular ion and seem to be dependent on a

delicate interplay of the wavelength, the intensity, and

the  duration  of  the  laser  pulse,  in  contrast  to  the

experimental observations. Moreover, the attempts to

provide a unifying physical picture, that supports the

experimental  findings  [see  e.g.  2-4],  do  not  report

sufficient  gain  to  support  spontaneous  unseeded

lasing.

Besides  being  a  fascinating  unresolved  physics

problem,  the  complete  understanding  of  this

phenomenon, and its control, is of practical relevance

as  it  offers  important  practical  applications,  e.g.,  in

the field of remote sensing.

We  propose  a  mechanism  that  explains  the

population inversion between the B2Σ
+

u state and the

X2Σ
+

g state  and is  based on the combined effect  of

several  processes:  (i)  tunnel  ionization  of  neutral

nitrogen to the different  relevant  ionic states,  using

angular-resolved  strong-field  ionization  rates

calculated numerically for the nitrogen molecule, (ii)

laser-induced  ultrafast  electronic  excitations  in  the

ion, (iii)  molecular vibrations, (iv) alignment of the

molecule induced by the strong laser pulse, and (v)

molecular rotation upon ionization. 

We find that  the strong laser  field creates  a  ro-

vibrational  `conveyor  belt'  carrying  the  population

away from the ground electronic state and enabling

population inversion in the high rotational  states of

the  excited  B2Σ
+

u state.  Our  results  show  that

population inversion is not a pre-requisite, but rather

that lasing without inversion is possible, thanks to the

coherent rotational dynamics in the cation. This new

rotational mechanism is not specific to the nitrogen

ion and should facilitate gain in other systems.  

Figure  i :  Sketch  representation  of  the  two

emission lines 
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Abstract: The Linac Coherent Light Source (LCLS) free electron laser produces the world’s 
brightest x-ray pulses to probe the physical and structural properties of matter on ultrafast time 
scales. At the Matter in Extreme Conditions (MEC) end station we combine the x-ray beam with 
high-power lasers that produce short-lived plasma states with high pressures, high temperatures or 
high densities to study some of the most violent phenomena that occur in astrophysical scenarios 
and in fusion plasma research. The first data of the collective plasmon scattering spectra from 
isochorically-heated aluminum obtained with the Linac Coherent Light Source (LCLS) have 
provided information about the electrical conductivity to temperatures up to 6 eV [1]. The plasmon 
feature shows significant broadening from which we extract the collision frequency and thus the 
conductivity. Density functional theory simulations provide excellent agreement with the measured 
spectra and compare well with the observed scaling of conductivity with temperature [2]. However, 
recent criticism was voiced regarding both the experiment and theory [3-5]. For example, 
calculations based on time-dependent theory [3] suggested lower temperatures than quoted in the 
original paper. Further, questions about the LCLS focal spot size have been raised [4], and, finally, 
confusion about comparisons with the existing data set from liquid aluminum have arisen [5].  In 
this presentation, we will 1) show experimental data from LCLS that support the choice of the 
structure factor used in our calculations, 2) provide evidence for the LCLS focal spot size, and 3) 
clarify the use of existing isobaric versus isochoric data in the liquid regime [6]. We will then go 
on and lay out a new experimental program aimed at delivering much improved conductivity data 
in the warm dense matter regime. For this purpose, we will take advantage of multiple recent 
experimental capabilities; they are free-electron lasers [7], ultrafast electron diffraction [8], ultrafast 
pump-probe measurements [9], and single-shot THz spectroscopy [10]. We will present new 
experimental data demonstrating that these techniques provide well-characterized conditions in 
concert with the first direct measurements of both ac and dc conductivity in the warm dense matter 
regime. First results and analysis support the earlier results and reveal a new temperature scaling. 
 
 
[1]  P. Sperling, E. J. Gamboa, H. K. Chung, E. Galtier, H. J. Lee, Y. Omarbakiyeva, H. Reinholz, G. Röpke, 
U. Zastrau, J. Hastings, L. B. Fletcher, and S. H. Glenzer, Phys. Rev. Lett. 115, 115001 (2015). 
[2] B. B. L. Witte, L. B. Fletcher, E. Galtier, E. Gamboa, H. J. Lee, U. Zastrau, R. Redmer, S. H. Glenzer, 
and P. Sperling, Phys. Rev. Lett. 118, 225001 (2017). 
[3]	C. Mo, Z. Fu, W. Kang, P. Zhang, and X. T. He, Phys. Rev. Lett. 120, 205002 (2018). 
[4] E. Gamboa, private communication (2018). 
[5] M. W. C. Dharma-wardana, D. D. Klug, L. Harbour, and L. J. Lewis, Phys. Rev. E 96, 053206 (2017). 
[6] Comment on "Isochoric, isobaric, and ultrafast conductivities of aluminum, lithium, and carbon in the 
warm dense matter regime", B. B. L. Witte, G. Röpke, P. Neumayer, M. French, P. Sperling, V. Recoules, 
S. H. Glenzer, and R. Redmer, Phys. Rev. E (in review). 
[7] D. Koralek, J. B. Kim, P. Brůža, C. B. Curry, Z. Chen, H. A. Bechtel, A. A. Cordones, P. Sperling, S. 
Toleikis, J. F. Kern, S. P. Moeller, S. H. Glenzer & D. P. DePonte, Nature Communications 9, 1353 (2018). 
[8]	M. Mo, Z. Chen, R. K. Li, M. Dunning, B. B. L. Witte, J. K. Baldwin, L. B. Fletcher, J. B. Kim, A. Ng, 
R. Redmer, A. H. Reid, P Shekhar, X. Z. Shen, M. Shen, K. Sokolowski-Tinten, Y. Y. Tsui, Y. Q. Wang, Q. 



Zheng, X. J. Wang, and S. H. Glenzer, Science 360, 1451-1454 (2018). 
[9] Z. Chen, M. Mo, L. Soulard, V. Recoules, P. Hering, Y. Y. Tsui, S. H. Glenzer, and A. Ng, Phys. Rev. 
Lett. 121, 075112 (2018). 
[10] B. K. Russell, B. K. Ofori-Okai, Z. Chen, M. C. Hoffmann, Y. Y. Tsui, and S. H. Glenzer, Optics Express 
25, 16140 (2017). 



Transform-limited hard-x-ray lasers pumped by x-ray free-electron lasers  
C. Lyu, S.M. Cavaletto, C.H. Keitel and Z. Harman 

Max-Planck-Institut for Nuclear Physics, Saupfercheckweg 1, 69117 Heidelberg, Germany  
Corresponding author: chunhai.lyu@mpi-hd.mpg.de 

 
Abstract 

We put forward a scheme to generate fully coherent x-ray lasers based on population inversion in highly charged ions, created by fast 
inner-shell photoionization using x-ray free-electron-laser pulses in a laser-produced plasma. Numerical simulations show that one can 
obtain femtosecond, transform-limited Gaussian-like x-ray pulses of relative bandwidths by orders of magnitude narrower than in x-ray 
free-electron-laser pulses for wavelengths down to the sub-ångström regime.  Analytical solutions in the small-signal regime show that 
the duration of x-ray laser pulses is determined by the lifetime of the population inversion.   
 

Introduction  
The investigation of the coherent interaction 

between hard-x-rays and matter demands x-ray 
sources with high spectral brilliance and good 
temporal coherence. X-ray lasers pumped by high-
intensity x-ray free-electron lasers (XFELs) are good 
candidates for such applications. Former experiments 
at SLAC, Stanford [1] and SACLA, Japan [2] had 
demonstrated such x-ray lasers with neutral atoms 
where the bandwidth of the lasers were dominated by 
fast Auger decay processes, leading to a coherence 
time in the range of 2 fs.  

Here, we propose a scheme to obtain x-ray lasers 
based on stimulated emission in highly charged He-
like ions, with the population inversion achieved by 
photoionization of Li-like ions via intense XFEL 
pulses [3] (see Fig. 1). The nonexistent of Auger 
decay channel in these ions significantly increases the 
coherence time of the outgoing x-ray lasers to the 
range of 100 fs.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Scheme of the lasing process. (a) General setup.  (b) 
Level scheme. 

We first performed ab initio atomic structure 
calculations to obtain the transition energies and rates 
for He-like ions such as Ne8+, Ar16+, Kr34+ and Xe52+. 
We use the FLYCHK code, a collisional-radiative 
plasma model, to determine the plasma conditions 
needed to achieve the corresponding ions in a laser-
produced plasma.  Then the Maxwell-Bloch equations 

are applied to describe the lasing dynamics, and are 
solved both numerically and analytically.  

 
Fig. 2.  Evolution of the normalized (a) pulse and (b) 
spectral profiles of an x-ray laser based on Ar16+ (with 
photon enHUJ\ RI Ȧ ���� kH9�� (c,d) the pulse and spectral 
profiles at medium length Lc depicted in (a,b) for different 
XFEL pump pulses presented in (e-h). Blue solid lines in 
(c,d) are averaged results over 1000 simulations.  

Starting with noisy spontaneous emissions, as 
shown in Figs. 2a,b for numerical simulations, the x-
ray pulse gradually evolves into a transform-limited 
Gaussian profile at medium length of L=0.75 mm, 
with a pulse duration around 200 fs. In the meantime, 
the intensity of the x-ray laser increases exponentially 
as it propagates through the medium, and it reaches 
the saturation intensity at L=2.3 mm where an abrupt 
reduction of the pulse duration and a significant 
broadening of the spectral width become apparent. 

Though there are shot-to-shot fluctuations in the 
peak intensities, pulse durations and spectral widths 
at given medium length (see Figs. 2c,d), comparing to 
the random XFEL pump pulses in Figs. 2e-h, the x-
ray laser pulses are always fully coherent with a 
narrow bandwidth RI  ¨Ȧ�Ȧ§10-5.  
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The interaction of intense laser beams with plasmas created on solid targets involves a 
rich non-linear physics. Because such dense plasmas are reflective for laser light, the 
coupling with the incident beam occurs within a thin layer at the interface between plasma 
and vacuum. One of the main paradigms used to understand this coupling, known as 
Brunel mechanism, is expected to be valid only for very steep plasma surfaces. Despite 
innumerable studies, its validity range remains uncertain, and the physics involved for 
smoother plasma-vacuum interfaces is unclear, especially for ultrahigh laser intensities.  
 
We report the first comprehensive experimental and numerical study of the laser-plasma 
coupling mechanisms as a function of the plasma interface steepness, in the relativistic 
interaction regime. Our results reveal a clear transition from the temporally-periodic 
Brunel mechanism to a chaotic dynamic associated to stochastic heating. By revealing 
the key signatures of these two distinct regimes on experimental observables, we provide 
an important landmark for the interpretation of future experiments. 
 

 
2D PIC simulations in the two distinct regimes of laser-plasma coupling. These data are obtained from 2D PIC 

simulations with different density gradients L (O/15 for a and b, and O /1.5 for c and d), while all other physical 

parameters remain the same (a0=3.5, T=55o). The two upper panels display the complete trajectories of a selected set 
of expelled high-energy test electrons (orange lines), together with the total y-component of the total B-field (blue to 
red color map) at a given time after the laser-plasma interaction. The plasma density profile at the end of the 
interaction is indicated in gray in log scale. The lower panels shows the temporal evolution of the plasma electron 
density (gray-scale color map, in log scale), spatially-resolved along the normal to the target surface, at the center of 
the focal spot. The emitted attosecond pulses are superimposed to this density map in purple. They are clearly visible 
in panel b, but are too weak to be observed in panel d. 
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Abstract 

In this work, we report on the first results of wakefield accelerated electrons by ultra-intense linearly polarized Laguerre-
Gaussian orbital angular momentum (OAM) modes. These modes, generated from the laser pulse after compression in the VEGA2 
200TW Ti:Sapphire laser system at the Centro de Láseres Pulsados (CLPU) in Spain used novel off-axis spiral phase mirrors to convert 
the flat top laser beam to high purity Laguerre-Gaussian beams with l = +1, -1 and +2, with intensities of over 1018 Wcm-2.  Preliminary 
results of changes in electron and betatron divergence and energy spectrum when compared to the standard TEM00 mode will be 
presented. These results will be compared to simulations using the 3D Particle in Cell (PIC) code EPOCH. 
 

Introduction 

The interaction of high intensity beams carrying 
orbital angular momentum (OAM) with a plasma has 
been a growing area of interest in recent years. The 
ability to introduce orbital angular momentum into a 
beam in addition to its spin angular momentum opens 
new avenues for investigating and controlling laser-
plasma interactions. Several papers have indicated 
OAM beams as new possible sources of intense axial 
magnetic fields [1] and possible enhanced radiation 
sources in the relativistic intensity regime. 

  
Experiment Design 

Using the new VEGA2 30fs 200TW laser system 
at the Centre for Ultra Intense Pulsed Lasers (CLPU) 
in Salamanca, Spain, we were able to successfully 
generate LG10, LG-10, and LG20 beams at relativistic 
intensities. To generate these beams, we utilized new 
off-axis spiral phase mirrors (OAspM) shown in 
Figure 1. These mirrors are an ideal solution to the 
problems of mode conversion in large scale laser 
facilities and can convert a TEM00 mode to an LG10 
mode with a conversion efficiency as high as 93%  
[3]. A fast change out system was employed 

 
Fig. 1. Computer render of an off-axis spiral phase mirror 
(OAspM) used to generate high intensity OAM beams [2].     

to switch between OAM mirrors enabling comparison 
of the wakefield electrons with similar laser 
parameters. These beams were focused into a mixture 
of helium and nitrogen (99:1) at densities of around 
5x1018 cm-3 and intensities between 2x1018 Wcm-2 and 
1x1019 Wcm-2 depending on the mode. Diagnostics 
were installed to observe various changes in the 
electron spectra, divergence and flux. The betatron 
radiation was monitored for its spectral content and 
divergence.  

 
Results and Simulations 

Preliminary analysis of the results has confirmed 
that higher order OAM modes are able to efficiently 
drive wakefield accelerated electrons. Electrons with 
energies more than 400 MeV were observed from 
both the LG±10 and the LG20 modes. A filamentation 
instability may have caused these modes to break 
apart into beamlets, as some publications have 
suggested, resulting in a few electron “spots” in the 
far field divergence diagnostic. This filamentation 
instability may be driven by azimuthal asymmetries 
in the Laguerre-Gaussian beam.  

An increase in betatron divergence was observed 
for increased OAM charge, likely due to an increase 
in the focal spot size. These measurements are 
compared with 3D PIC simulations run using EPOCH 
showing qualitative agreement. 
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Abstract 
We propose an IR-pump-XUV-probe scheme to investigate multi-electron-hole coherence. Using the laser-induced ionization as a gate for 
XUV excitation of core electrons, it provides us the opportunity to probe both the core and valence electron dynamics. 

 
Recent advances in attosecond spectroscopy has 

enabled resolving electron-hole dynamics in real time 
(Ref.1). The correlated electron-hole dynamics and the 
resulted coherence are directly related to how fast the 
ionization is completed. Under strong infrared (IR) 
laser, ionization ignites from the outermost electron 
because of its long wavelength. The released valence 
electron and the created hole are further driven by the 
intense external fields. How their coherence evolves 
and whether it can be utilized to probe the core 
dynamics are among the key questions in attosecond 
physics or even attosecond chemistry. The 
combination of the ever-shorter attosecond pulses with 
the ever-intense infrared lasers helps probing and 
controlling both inner and outer shell electrons 
coherently on the equal footing. 

In this work, we consider atoms with closed shells 
subjected to an intense IR laser pulse and a time 
delayed attosecond pulse (AP) which has a central 
frequency in resonant with the transition between the 
inner and valence shells. In the absence of the IR 
pulse, the direct transition from the inner shell to the 
valence shell is forbidden due to the Pauli exclusion 
principle. However, once the IR field induces 
ionization from the valence shell, the transition is 
triggered leaving a hole in the inner shell affecting the 
subsequent rearrangement dynamics.  As shown in 
Fig.1, strong field ionization from the filled valence 
shell  by IR field creates the associated continuum. 
Concurrently, it opens the subshell allowing the 
followed resonant transition pumped by the AP, which 
creates a hole in the core and transfers the continuum 
into its own. The attosecond light absorption and the 
resulted emission are thus gated by the ionization, in 
close analogy to the ionization induced absorption 
saturation where the transition energy is shifted by 
ionization. Meanwhile, the opened AP absorption 
creates coherence between the valence-hole and the 
core-hole. The transfer of coherence from ionization 
into both holes leads to multiple paths of HHG: 
harmonics can be radiated through recombination into 
the valence shell (path (v))  
and the core hole (path (h)) respectively, or it can be 
generated upon the resonant core-valence transition  

 
 
accompanied by the transfer of the continua (path (x)).  

The emission spectra from the core-valence 
transition and the core-hole recombination are found 
modulating strongly as functions of the time delay 
between the two pulses, suggesting the coherent 
electron wave packets in multiple continua can be    
utilized to temporally resolve the core-valence 
transition in attoseconds. Therefore, using the 
laser-induced ionization as a gate for XUV excitation 
of core electrons, it provides us the opportunity to 
probe both the core and valence electron dynamics by 
manifesting themselves as a pronounced resonant peak 
in harmonic spectra and an extended cut-off 
harmonics. By analyzing the modulation of the spectra 
with the time-delay between the IR field and the AP, 
we show that the coherence of the ionization process 
and the driven core-hole and valence-hole coherence 
contribute to high-harmonic emission which can be 
utilized to obtain the multi-electron-hole or 
multichannel-coherence information. 

 

 
Fig. 1. Illustration of the interaction of the atom with the 
laser and XUV fields and the related high-harmonic 
generation processes. 
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Abstract 

In this work we combine the simultaneous measurement of terahertz wave and high harmonic emission to resolve the coherent multichannel 
electron dynamics of aligned CO2 molecules driven by femtosecond laser pulses. Our approach provides a new tool for detecting and 
resolving these multi-electron phenomena. 
 

Multichannel coherence plays an indispensable role in 
quantum dynamics. Observing the dynamics in ever 
larger spectral range provides more depth information 
on the ignition through ending of the dynamics in full 
details. To the strong field interaction, joint 
measurements on high-harmonic and terahertz 
spectroscopy (HATS) from atoms or molecules 
provides a new tool in understanding and controlling 
the electron dynamics from picoseconds to 
attoseocnds. By precisely controlling the dual-color 
relative phase (50~attoseconds) and the alignment of 
molecules (2 degrees), we extend the HATS method to 
two dimensions to resolve the coherence of ionization 
and to reveal the coherent multichannel dynamics of 
aligned carbon dioxide in intense laser pulses. 
Experimental results and theoretical analysis suggest 
that multiple orbitals participate in the high harmonic 
generation and there is no phase difference between 
the different ionization channels. Our 2D-HATS 
method provides an alternative for the further 
investigations on multi-electron system and can be 
utilized as an in site modulator for attosecond pulse 
shaping. 

In this work we combine the simultaneous 
measurement of terahertz wave and high harmonic 
emission to resolve the coherent multichannel electron 
dynamics of aligned CO2 molecules driven by 
femtosecond laser pulses. Based on the single electron 
picture, high harmonic generation (HHG) can be 
understood by the rescattering model. Within each half 
optical cycle, the electron is accelerated away from the 
ion following tunneling ionization, and then driven 
back to recombine into the original state generating 
attosecond burst.  For multielectron systems, however, 
the ionization could leave the ions in different 
configurations. In terms of the concept of molecular 
orbital (MO),  HHG process can start from and end in 
the same orbitals, either the highest occupied MO 
(HOMO) or the lower lying MOs (HOMO-1 or 

HOMO-2) of CO2 molecules. As shown in Fig. 1, each 
participating orbital is associated to a particular 
channel and the total harmonic emission is their 
coherent summation.  The amplitude and the phase of 
each channel that are to be scrutinized are related to 
the ionization, propagation and recombination of 
electron wave packets.  Different from HHG, THz 
emission can be attributed to the coherent current 
generated by the continuum electron from all the 
channels.  Combing measurement of both radiations 
for alignment controlled molecules, it is possible to 
resolve the coherence between these channels by 
observing in full details of the related dynamics. 

 

 
 
Fig. 1. a.Schematic illustration of the experimental set-up of 
2D-HATS. b. Experimental data of the harmonic 25 yield 
from CO2 as a function of the alignment and generation 
pulse delay. c. CCD camera images on the high harmonic 
spectroscopy with or without the second-harmonic pulse. d. 
Schematic diagram of the multi-channel participation on the 
generation process of the even harmonic and the THz wave. 
e. Typical THz waveform obtained from electro-optic 
sampling technique.  
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We investigate the validity of the temporal characterization technique called tunneling ionization with a perturbation for time-domain 
observation of an electric field (TIPTOE) for a two-color laser field that is obtained using a fundamental laser field and its second harmonic 
field. The ionization yield calculated from the time-dependent Schrodinger equation shows a strong dependence on the relative delay 
between the fundamental pulse and the second harmonic pulse. The calculation results show that the TIPTOE technique can be applied for 
a two-color laser field. 
 

The temporal characterization of a laser field is 
indispensable to study ultrafast light-matter 
interactions. Several characterization techniques for 
femtosecond laser pulses have been successfully 
demonstrated [1, 2]. However, most of them utilize the 
nonlinearity in second harmonic generation. These 
techniques can hardly be applied for the two-color 
laser field which contains both the fundamental and its 
second harmonic in the laser field. 

Recently, the temporal characterization technique 
that utilizes the extreme nonlinearity of tunnelling 
ionization has been demonstrated, which is called 
tunnelling ionization with a perturbation for 
time-domain observation of an electric field (TIPTOE) 
[3]. In the TIPTOE method, the ionization yield is 
measured using two laser pulses, one strong and the 
other weak. The strong laser field (Ep) ionization gas 
molecules, and the weak laser field (Es) perturb the 
ionization, slightly altering the ionization yield when 
superposed with the strong pulse.  

The instantaneous ionization rate w(t) is only 
dependent to the field strength of the laser pulse as 

. 
If the fundamental pulse is not badly chirped, the 
modulation of the ionization yield at time delay ɒ 
between Ef(t) and Ep(t) would be 

 

where N(ɒ) is the total ionization yield and Nf(ɒ) is the 
ionization yield obtained with the strong laser field 
only.  

The validity of the TIPTOE method for the 
two-color laser field was test by solving 
one-dimensional time dependent Schrodinger equation 
(TDSE). The calculation results show that the 
accuracy of the TIPTOE measurement for the 

two-color laser field strongly depends on the relative 
phase ǻ between two-color pulses as shown Fig. 1. 
When ǻ is zero, the ionization yield fits well with the 
input pulse. In the case of ǻ being half of the cycle of 
second harmonics, the ionization yield has a filpped 
and delayed waveform of the input pulse. Thus, a 
suitable reconstruction process is required to find the 
input field from the ionization yield modulation.  

In summary, we have investigated the applicability 
of the TIPTOE method for the two-color laser field. 
The ionization yield modulation reproduce the input 
field when the relative phase between the two laser 
field is zero. For other relative phases, the input pulse 
can still be retrieved through a reconstruction process. 
  

 
Fig. 1. Comparison of the ionization yield obtained by 
solving TDSE calculations (grey dotted) and the input pulse 
(black solid) at four different relative phase. Fundamental 
pulse (red) and the second harmonics (blue) are shown 
above. 
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Abstract 

Extremely tight focusing produces a somewhat complicated vector field structure in the focus of a laser pulse.  Accurately modelling this 
vector field requires and integral approach as introduced by Ignatovsky in the 1920s.  The Ignatovsky model is an exact solution to 
Maxwell¶s equations, and correctly models the vector fields in a laser focus at all focal sizes.  Several approximations for vector fields in a 
laser focus have been introduced and are now in wide use.  These approximations provide significantly reduced computational requirements, 
but at varying costs in accuracy.  We compare several of these models to the Ignatovsky model, and show that for most practical cases a 
model developed by Singh and Erikson in 1994 provides the most accurate results. 
 

,gnatoYsk\ 'iffraction 
We highlight the under-appreciated (and under-

used) work of V. S. Ignatovsky [1] which models 
vector diffraction for a beam focused by a parabolic 
mirror or by a lens.  Ignatovsky published his work in 
1920. Unfortunately, Ignatovsky was executed 
together with his wife by the Soviets, but his work has 
influenced the development of vector diffraction in the 
microscopy community for nearly a century.  In [2] we 
provide a streamlined and accessible derivation of 
Ignatovksy¶s results and demonstrate its practicality 
for use in high-intensity laser physics.  For an 
azimuthally symmetric beam with uniform 
polarization, the diffraction integral collapses to one 
dimension, which can be performed numerically with 
reasonable efficiency. 

Although some in the microscopy community have 
used Ignatovsky diffraction, many in the laser 
community have sought alternative vector models of a 
laser focus, apparently without the benefit of 
Ignatovsky¶s work. A variety of models have been 
offered, which often differ markedly from each other. 
A broad criticism that we make against many of these 
models is that they start from an assumed field 
distribution in the focal region and attempt to develop 
vector fields (consistent with Maxwell's equations) in 
the surrounding region.  This approach is at odds with 
the fact that no experimenter directly controls the focal 
field distribution.  Rather, experimenters typically 
diagnose and manipulate their incident beam to control 
the fields at the focusing optic before it converges, 
diffracts, and interferes to form the focal fields.  
Moreover, the ability to directly measure vector 
components of the fields in an intense focus is 
extremely limited. This makes Ignatovsky diffraction, 
where the incident field is defined at a focusing optic 
rather than inside the focus, much more natural and 
relevant to experimental work.

 
2ther 0odels 

For applications such as computing relativistic 
traMectories of charged particles in a tightly focused 
intense beam, one would ideally like a closed analytic 
formula that adequately represents the vector field 
components to avoid repeatedly evaluating the 
integrals used in Ignatovsky diffraction at various 
position within the interaction region.  We evaluate 
several of these models and compare them with the 
results calculated using the Ignatovsky model. We find 
that a paraxial vector model proposed by Erikson and 
Singh [3] best agrees with Ignatovsky diffraction 
(down to f/2 optics). 

On the other hand, a frequently employed 
iterative scheme first introduced by Lax in 19�5 
[4], with the intent of improving beyond the 
paraxial limit, actually worsens agreement with 
Ignatovsky.  We note also that the Lax expansion 
produces undesirable divergences in the far field, 
making that program suspect.  
Acknowledgement: NSF 1�0�1�5 
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Abstract 

To date, most laser-driven ion beam parameters remain suboptimal for the most promising applications in terms of ion energy, spatial 
control, and brilliance. Particle-in-cell (PIC) simulations have identified more favorable regimes than Target Normal Sheath Acceleration 
using higher peak laser intensities and advanced target designs. Planar cryogenic low-Z jets have been fielded at the DRACO and the 
Texas Petawatt laser facilities to explore ion acceleration from TNSA to the relativistic transparency regime where high energy, low 
divergence ion beams are predicted. First experimental results demonstrate improved control and beam shaping and record peak brilliance 
setting up a clear path towards high repetition rate applications. 

 
Cryogenic micro-jets are formed by cryogenically 

cooling a low-Z gas to liquid that is injected into 
vacuum through a micron-sized aperture [1, 2]. The 
liquid continues to cool by evaporative cooling and 
solidifies before breakup due to the Plateau-Rayleigh 
instability. The high flow velocity and rapid 
solidification process produces a solid cylindrical 
(planar) jet by maintaining the circular (rectangular) 
aperture geometry as shown in Fig. 1. As such, 
cryogenic low-Z jets, with tunable thickness and 
near-critical density, can be used to systematically 
investigate multiple ion acceleration regimes. We 
have studied the transition from Target Normal 
Sheath Acceleration to Enhanced Sheath Field (ESF) 
acceleration using the DRACO laser (3 J, 30 fs) [3-6] 
and the Texas Petawatt laser (110 J, 135 fs). 
Experimental observations suggest a direct interaction 
between the laser pulse and the bulk plasma, a 
signature of relativistic transparency. These results 
are compared with 2D/3D Particle-in-Cell (PIC) 
simulations. 
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Fig. 1. Photograph of cryogenic hydrogen jet in the Titan 
chamber at the Jupiter Laser Facility [1]    
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Abstract 
We give a qualitatively correct Quantum-Field-Theoretic analysis of basic but nontrivial spatio-temporal features of electron repulsion, 
demonstrating distinct eras of dynamics. The analysis is not perturbative, and is in the form of full space-time resolved simulations, which 
are computationally feasible because we consider a scenario in which one spatial dimension captures the qualitatively relevant features of 
electron repulsion, and because we assume that the coupling between radiation and matter is small enough that effects associated with 
measuring two or more force-carrying quanta simultaneously, and effects caused by the generation of virtual electron-positron pairs are 
both qualitatively negligible.  
 
        In the past decade, Grobe, Su, et al. have made 
great strides in producing time-resolved quantum-
field-theoretic dynamics [2]. We continue in this vein 
and generate realistic simulations of electron-electron 
repulsion via the following model: We consider 
Schrodinger dynamics 

 
2

d
i H
dW

<  <   

where W  measures time in units of 2/ em c! , em  is the 
(bare) mass of an electron, and the second-quantized 
Hamiltonian 
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Here † ( )a [ creates from bare vacuum a photon 
† ( )aJ[ [ of well-defined momentum and energy 

emp c[ , 2 2( )e eE m c h m cJ [ [  , while † ( )c [  creates 

a bare electron † ( )e c[ [  of that momentum  

with bare energy 2 2 2( ) 1e e eE m c h m c[ [  � . The 

term † †( , ) ( ) ( ) ( )g c a c[ [ [ [ [ [c c c�  indicates that ( , )g [ [c  
is the rate at which 

2
H  generates scattering of a bare 

electron of momentum [  into a correlated (bare) 
electron-photon pair state, the electron sporting new 
momentum [ c , the photon carrying off the remaining 
momentum [ [ c� . The structure of the function 

( , )g [ [c  is indicated in [1], and is a consequence of 
the Lorentz invariance of 3+1 Dimensional QED. To 
make simulations feasible, we develop a first 
quantized approximate Hamiltonian

1 2
H PH P , 

where P projects the full Fock space of arbitrarily 
large numbers of photons onto a subspace with no 
more than one photon, and also projects onto the 

2
H -

invariant subspace of charge two. 
      Fig. 1. shows snapshots of the time evolution of 

the joint probability distribution for finding one of the 
electrons at position x  and the other at position y , no 
photon found anywhere. The centres of the electron 
distributions at time 0W  are at , 4x y  r , where 
distance is measured in units such that it takes one 
unit of time W for light to traverse one unit of space. 
The initially bare electrons undergo only quantum 
diffusion for an era. This era is also characterized by 
the localized bare electrons becoming dressed by an 
equally localized photon field, as well as generating a 
radiated photon unneeded for this localized dressing. 
In the second snapshot in Fig. 1 a radiated photon 
from one of the now rather well-dressed electrons 
finally arrives at the other, and in the next two figures 
a probability “shock wave” travels through the well-
dressed electrons. In the fourth frame the electrons 
begin to separate, indicating something like the 
occurrence of Compton scattering between one of the 
electrons and the photon radiated by the other. In the 
last snapshot the electrons have moved a significant 
amount away from each other, and have undergone a 
good deal of quantum dispersion. Since the numerical 
simulation involves a “universe” of the size indicated 
by these frames, subsequent snapshots reveal that the 
radiated electrons return from the opposite side and 
push the electrons back together, again via an event 
like Compton scattering.        
 

 
 
Fig. 1. Time 0, 2, 4,10, 20W   snapshots of the joint 
probability distribution for finding two electrons and no 
photons, starting at 0W   with no photons and with the 
electrons most likely to be found at positions , 4x y  r . 
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Abstract 

Remote detection of distant, shielded radioactive material is an important goal, but it is made difficult by the finite spatial range of the 
decay products. Here, we demonstrate a remote detection technique using mid-infrared (Ȝ=3.9µm) laser-induced avalanche breakdown of 
air. We discuss several detection schemes, verify observed trends with numerical simulations, and present our latest results to extend the 
detection range of this technique. 

Introduction 

Detecting radioactive material at range 
remains a difficult technical challenge. Conventional 
methods directly detect radioactive emission whose 
flux falls off, at best, as the inverse square of the 
distance from the source. In the immediate vicinity of 
radioactive material, however, high-energy particles 
ionize neutral air constituents, elevating the number 
of free electrons and ions present in the ambient air. 
This technique uses the enhanced negative ion 
population surrounding a radioactive source to seed 
an avalanche breakdown driven by an intense 50ps 
3.9µm laser [1,2]. Mid-IR pulses efficiently drive 
avalanche ionization while avoiding multi-photon 
ionization which masks the enhancement from 
radiation. Several schemes relying on transmission, 
backscatter, and plasma fluorescence can be used to 
detect the presence of radioactive materials near the 
laser focus. 

Experiment and Results 
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Fig. 1.  Experimental Overview. (A) Two photodetectors 
measure shot-by-shot pump reference energy and 
backscatter. (B) The rate of avalanche ionization depends 
on the irradiation from a Po-210 Į-emitter. (C) The chirped 
transmitted probe spectrum measures breakdown time. 
 

Copropagating chirped 50ps O=3.9Pm pump 
and weak 70 ps 1.45Pm probe pulses are generated in 

an OPCPA [3]. The two beams are focused from f/10 
to f/25 to pump intensities on the order of 1012 W/cm2 

near a Po-210 source emitting 5.30H9 Į-particles 
(Fig 1).  

Avalanche ionization seeded by the radioactive 
source creates a plasma which scatters the pump and 
probe. The backscattered pump is collected by a PbSe 
photodetector and the transmitted probe is collected 
by a NIR InGaAs spectrometer. The backscattered 
pump energy is correlated with the breakdown rate 
and the spectrum of the chirped probe provides a 
measure of the breakdown time. Large enhancements 
in both measures are seen as the radioactive source 
approaches the laser focus (Fig. 2). Observed results 
are in close agreement with our 0-D numerical 
ionization models. 

 Fig. 2. Breakdown enhancement as a Po-210 source is 
brought closer to the laser focus leads to (A) faster 
breakdowns of the time resolved 1.45µm transmitted probe 
and (B) larger backscatter signals of the 3.9µm pump. Inset 
shows various focal geometries with a fixed 0.7×1012 
W/cm2 intensity. 
 Our current work is extending this detection 
scheme to meter-scale distances using a mid-IR InSb 
imaging spectrometer to resolve the spectra of the 
backscattered pump allowing for single-color 
measurements while still getting the time resolution 
of the chirped probe. 
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Abstract 

Nanostructured samples irradiated by intense short pulse lasers present new opportunities to create ultra-high energy density systems at 
near solid density, with enhanced X-ray emission yields. Here details and analysis of an experimental campaign on the AWE Orion laser 
to investigate the scaling of nanowire targets to petawatt-scale lasers are presented, which provide first estimates of the conditions 
achievable at relativistic intensities on nanostructured targets. 
 

Information  

Nanostructured samples irradiated by intense short 
pulse lasers present new opportunities to create ultra-
high energy density systems near solid density. These 
samples have also been shown to enhance X-ray 
emission yields by over an order of magnitude in 
certain conditions, making them of interest to X-ray 
backlighting and radiography applications in laser 
plasma experiments. Here we present picosecond-
resolution streaked nickel K-shell spectra which show 
the evolution of material conditions within these 
samples, using data obtained from the AWE Orion 
laser. The time-resolved emission of different 

nanowire target geometries is interpreted using the 
FLYCHK [3] atomic kinetics code, and compared to 
a flat foil target. These results provide first estimates 
of the conditions achievable at relativistic intensities, 
and will guide future research investigating the 
electronic structure of heated nanowire samples at the 
LCLS FEL and the Orion laser. 
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Abstract 
We calculate the effect of intense laser fields on nuclear alpha decay process, using realistic and quantitative nuclear potentials. We show 
that alpha decay rates can indeed be modified by strong laser fields to some finite extent. We also predict that alpha decays with lower 
decay energies are relatively easier to be modified than those with higher decay energies, due to longer tunneling paths for the laser field to 
act on. Furthermore, we predict that modifications to angle-resolved penetrability are easier to achieve than modifications to angle-integrated 
penetrability. 
 

Introduction 
The past few decades witness rapid advancements in 
intense laser technologies. The promising under-
constructing extreme light infrastructure (ELI) of 
Europe is designed to reach peak intensities above 1023 
W/cm2 [1].  
   Widely accepted as a quantum tunneling process 
[2], nuclear alpha decay is expected to be modified in 
the presence of a strong laser field through modifying 
the potential barrier. We mention works by Misicu and 
Rizea [3] and by Delion and Ghinescu [4] aiming at 
providing qualitative understandings. Here we studied 
the effect of intense laser fields on nuclear alpha decay 
quantitatively, using realistic and quantitative alpha-
nucleus potentials. Our numerical results show that 
alpha decay can indeed be modified by strong external 
laser fields to some finite extent. A modification on the 
alpha particle penetrability (or half life) of 0.1% may 
be expected for laser intensity 1024 W/cm2. 
 

Method  

(1) The alpha-nucleus potential  

𝑉𝑉(𝑟𝑟) = 𝑉𝑉ே(𝑟𝑟) + 𝑉𝑉(𝑟𝑟) 
where 𝑉𝑉(𝑟𝑟) = 2ܼ 𝑟𝑟Τ  is the Coulomb potential, and 

𝑉𝑉ே(𝑟𝑟) = −1100 exp ൜− �𝑟𝑟ି1.1భ యΤ

0.ହସ �ൠ MeV 
is a quantitative alpha-nucleus potential [5] by fitting 
to alpha-nucleus scattering data. 

(2) The laser-nucleus interaction 
𝑉𝑉𝐼𝐼(𝑟𝑟, 𝑡𝑡) = −ܼ𝑟𝑟 ή (𝑡𝑡)ߝ⃗ = −ܼ𝑟𝑟ߝ(𝑡𝑡)cos𝑟𝑟 

where  ܼ = (2𝐴𝐴 − 4ܼ) (𝐴𝐴 + 4)Τ  is an effective 
charge. 

The neglect of the magnetic part of the laser field is 
justified by the fact that the alpha particle moves much 
slower than (estimated to be a few percent of) the speed 
of light. 

(3) The quasistatic approximation 

  From a classical picture, the alpha particle needs 
about 10-21 sec to travel through a potential barrier of 
10 fm  length. This time is much smaller than an 
optical cycle of strong lasers (on the order of 10-15 sec). 

During the time that the alpha particle penetrates 
through the potential barrier, the change of the laser 
field is negligible and the laser field can be viewed as 
static. 

(4) The penetrability of the alpha particle 
  The penetrability of the alpha particle through the 
potential barrier can be calculated using the Wentzel-
Kramers-Brillouin (WKB) method as 

ܲ(𝑟𝑟, 𝑡𝑡) = expቌ− 2
 න ඥ2𝜇𝜇[𝑉𝑉(𝑟𝑟) − ܳ + 𝑉𝑉𝐼𝐼(𝑟𝑟,𝑟𝑟, 𝑡𝑡)]݀𝑟𝑟

ோೠ

ோ

ቍ 

The decay energy Q for the three nuclear elements are 
1.97, 5.82, and 8.98 MeV, respectively.  

 

Example Numerical Results 

Fig. 1. Laser-induced modifications to the alpha 
particle penetrability, for laser peak intensity 1024 
W/cm2. Modifications to the alpha penetrability are on 
the order of 0.1% for 144Nd and of 0.01% for 224Ra or 
212Po. οؠ (ߝ)ܲ] − ߝ)ܲ = ߝ)ܲ/[(0 = 0)  is the 
relative change of the penetrability with the laser field. 
   More results can be found in our preprint [6]. 
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Abstract 

Nickel nanowire targets were introduced as targets for experiments on the Matter in Extreme Conditions (MEC) end-station of the LCLS 
x-ray free-electron laser (XFEL). An intense femtosecond optical pulse provided laser plasma heating and ionization, and the tuneable 
output of the synchronized XFEL probed the state of warm dense matter in a detailed study of ionization-potential depression. The studies 
included this characterization of susceptibility of nanowire targets to low levels of optical laser prepulse. 
 

Introduction  
Experiments on the LCLS x-ray free-electron laser 

have provided newly precise measurements of 
ionization potential depression (IPD) in solid-density 
systems heated by high-intensity x-ray pulses in low-
Z materials [1,2]. Surprisingly, the standard derived 
model (Stewart-Pyatt (SP)), used for decades for 
laser-produced plasmas, is not routinely the best fit: 
results may be in better agreement with the earlier 
ad hoc Ecker-Kroll (EK) model.  

Given the importance of IPD in plasma physics, 
this disparity is a key scientific question, and has 
spurred considerable further theoretical work [3–7]. 
New precise work investigating the physics of IPD in 
laser-produced plasmas on ORION, at higher 
temperatures and densities, also shows more 
continuum lowering than predicted by the SP model, 
but neither do these results fit the simple EK model 
successfully applied to the LCLS results [8,9]. 

We have used nanowire targets, introduced by 
Marjoribanks in 2000 [10] as laser-plasma targets, to 
create near-isochoric laser heating, to compare to 
XFEL isochoric heating of solid targets, in an effort 
to create an ‘intermediate’ data set, laser-heated but 
XFEL-probed. We quantified relative absorption of 
nanowire and flat targets, by imaging scattered light. 
Experiments were compared to EMI2D particle-in-
cell (PIC) simulations. Modelling and experiments 
both show greatly increased absorption in nanowire 
targets. We studied the effect of minuscule amounts 
of prepulse on the integrity of nanowires at the time 
of peak intensity. 
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Fig. 1. Reflectometry images of a planar Ni target (top) 
and nanowire Ni target (bottom) quantify orders-of-
magnitude difference in reflected light, and 
concomitant higher absorption (same intensity scale). 
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