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Foreword

This volume summarizes the 31% annual Research Meeting of the Atomic, Molecular and
Optical Sciences (AMOS) Program sponsored by the U. S. Department of Energy (DOE),
Office of Basic Energy Sciences (BES), and comprises descriptions of the current
research sponsored by the AMOS program. The participants of this meeting include all

of the DOE laboratory and university principa investigators (Pls) within the BES AMOS
Program. The purpose isto facilitate scientific interchange among the Pls and to promote
asense of program identity.

The BESTAMOS program is vigorous and innovative, and enjoys strong support within
the Department of Energy. Thisis due entirely to our scientists, the outstanding research
they perform, and the relevance of this research to DOE missions. FY 2011 has been an
exciting year for BES and the research community. Continuing initiatives included the
Early Career Research Program, the Energy Frontier Research Centers and the Energy
Innovation Hubs. Asillustrated in this volume, the AMOS community continues to
explore new scientific frontiers relevant to the DOE mission and the strategic challenges
facing our nation and the world.

We are deeply indebted to the members of the scientific community who have
contributed their valuabl e time toward the review of proposals and programs, either by
mail review of grant applications, panel reviews, or on-site reviews of our multi-Pl
programs. These thorough and thoughtful reviews are central to the continued vitality of
the AMOS program.

We are privileged to serve in the management of this research program. In performing
these tasks, we learn from the achievements of, and share the excitement of, the research
of the scientists and students whose work is summarized in the abstracts published on the
following pages.

Many thanksto the staff of the Oak Ridge Institute for Science and Education (ORISE),
in particular Connie Lansdon, and Tim Ledford, and to the Airlie Conference Center for
assisting with the meeting. We also thank Diane Marceau, Robin Felder, and Michaelena
Kyler-King in the Chemical Sciences, Geosciences, and Biosciences Division for their
indispensabl e behind-the-scenes efforts in support of the BESYAMOS program. We also
appreciate Mark Pederson’s coordination of computational resources and interactions
with related DOE program offices.
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Chemical Sciences, Geosciences and Biosciences Division
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Department of Energy



Cover Art Courtesy of Diane Marceau
Chemical Sciences, Geosciences and Biosciences
Division, Basic Energy Sciences, DOE

This document was produced under contract number DE-AC05-060R23100
between the U.S. Department of Energy and Oak Ridge Associated Universities.

The research grants and contracts described in this document are supported by the
U.S. DOE Office of Science, Office of Basic Energy Sciences, Chemical Sciences,
Geosciences and Biosciences Division.



Agenda




2011 Meeting of the Atomic, Molecular and Optical Sciences Program

3:00-6:00 pm
6:00 pm
7:00 pm

7:30 am

8:45 am

Session |
9:00 am
9:30 am

10:00 am

10:30 am
11:00 am
11:30 am

12:00 noon

12:30 pm

Office of Basic Energy Sciences
U. S. Department of Energy

Airlie Center, Warrenton, Virginia, September 6-9, 2011

Tuesday, September 6

**** Registration ****
**** Reception (No Host) ****
*k*x% Dlnner *kk*%k

Wednesday, September 7
*kk*k Breakfast *kk*k

Welcome and Introductory Remarks
Jeff Krause, BES/IDOE

Chair: Tom Weinacht

Laser Control of Molecular Alignment and Bond Strength

Phil Bucksbaum, SLAC National Accelerator Laboratory

Theory and Smulations of Nonlinear X-ray Spectroscopy of Molecules
Shaul Mukamel, University of California, Irvine

Using Srong Optical Fields to Manipulate and Probe Coherent Molecular
Dynamics

Bob Jones, University of Virginia

*k*k*%x Break *kk*k

Attosecond (IR/EUV Pump-Probe) Experiments using the Full Power of
COLTRIMS

Lew Cocke, Kansas State University

Ultrafast X-ray Probes of Laser-Controlled Molecules

Elliot Kanter, Argonne National Laboratory

Non-Born-Oppenheimer Dynamics in Electronically-Excited Polyatomic
Molecules

Ali Belkacem, Lawrence Berkeley National Laboratory

*k*k*%x Lunch *kk*k



Session 11
4:00 pm
4:30 pm
5:00 pm
5:30 pm

6:00 pm
6:30 pm

7:30 am
Session 111
8:30 am

9:00 am

9:30 am

10:00 am

10:30 am

11:00 am

11:30 am

12:00 noon

12:30 pm

Chair: Carlos Trallero

Resonant Nonlinear X-ray Interactions at High Intensity
Bertold Krassig, Argonne National Laboratory
Attosecond Transient Absor ption Spectroscopy

Zenghu Chang, Kansas State University

Generation of Bright Soft X-ray Laser Beams

Jorge Rocca, Colorado State University

Atomic and Molecular Physicsin Strong Fields

Shih-1 Chu, University of Kansas

**** Reception (No Host) ****
* k%% Dlnner *kk*%k

Thursday, September 8
*kk*k Breakfast *kk*k
Chair: Dan Haxton

Nonperiodic Imaging at the LCLS

Mike Bogan, SLAC Nationa Accelerator Laboratory

Structure and Dynamics from Ultralow Sgnal Random S ghtings of Evolving
Systems

Abbas Ourmazd, University of Wisconsin-Milwaukee

High Intensity Femtosecond XUV Pulse Interactions with Atomic Clusters
Todd Ditmire, University of Texas at Austin

Attosecond Science: Generation, Metrology and Application

Lou DiMauro, Ohio State University

*k*k*%k Break *k*k*%k

Femtosecond EUV Photoel ectron and 1on Imaging of Ultrafast Relaxation
Dynamics in Helium Nanodroplets

Oliver Gessner, Lawrence Berkeley National Laboratory

Coherent and Incoherent Transitions

Francis Robicheaux, Auburn University

Attosecond Time-Resolved Photoel ectron Emission from Solids and Gases
Uwe Thumm, Kansas State University

*k*k*%k Lunch *kk*k



Session IV Chair: Veit Elser

4:00 pm Inner-Valence lonization and Dissociative Electron Attachment
Tom Rescigno, Lawrence Berkeley National Laboratory
4:30 pm Resonant and Nonresonant Photoel ectron-Vibrational Coupling
Robert Lucchese, Texas A&M University
5:00 pm Theory of Atomic Collisions and Dynamics
Joe Macek, University of Tennessee and Oak Ridge National Laboratory
5:30 pm Reaction Imaging and the Molecular Coulomb Continuum
Jim Feagin, California State University, Fullerton

6:00 pm **** Reception (No Host) ****
6:30 pm *x%Ex Dinner ****

Friday, September 9
7:30 am **** Bregkfast ****
Session V Chair: Matthias Kling

8:30 am Femtosecond and Attosecond Laser -Pulse Energy Transformation and
Concentration in Nanostructured Systems
Mark Stockman, Georgia State University
9:00 am Antenna-Coupled Emission from Sngle Quantum Systems
Lukas Novotny, University of Rochester
9:30 am Nonlinear Materials Spectroscopies Probed by Ultrafast X-rays
Keith Nelson, MIT

10:00 am *x%% Bregk *r**

10:30 am Control of Molecular Dynamics: Algorithms for Design and | mplementation
Hersch Rabitz, Princeton University

11:00 am Heavy and Aligned: Rotational Wavepacket Dynamics with a Million Atom
Spinor Bose-Einstein Condensate
Chandra Raman, Georgia Tech

11:30 am Closing Remarks
Jeff Krause, BES/DOE

11:45 am *E**k L unch ****
1:00 pm Discussion

3:00 pm Adjourn



Table of Contents




L aboratory Research Summaries (by institution)

AMO Physicsat Argonne National Laboratory ........cccooeeereenenieneenesee e 1
Hidden Resonances and Nonlinear X-ray Processes at High Intensities
[ o = g = 2
Nonlinear Atomic Response to Intense Ultrashort X-rays
(I T F= T o0 [ T PSR 3
Measuring LCLS X-ray Pulse Duration using Two Color Laser—X-ray Pump
Probe Methods
GIHIES DOUMY ...ttt ettt et e st e b e s neenneeneas 4
Double Core-Hole Electron Spectroscopy of Formamide
Steve SOULNWOIth ... s 5
Impact of Hollow-Atom Formation on Coherent X-ray Scattering at High
Intensity
RODIN SANEI AL 6

High-Order Harmonic Generation Enhanced by X-rays
Christian BUtN ... ..o e 6

Optical Control of X-ray Lasing
Christian BULh .......oouiiiieeee e e 7

Ultrafast Absorption of Intense X-rays by Nitrogen Molecules
CHriStian BUtN ... e 8

Time-Dependent Resonance Fluorescence
CHristian BUtN......cveeece e 9

Decoherence in Attosecond Photoionization
(200 TR A = VTR 9

X-ray Scattering from Laser-Aligned Mol ecul es—Experiment
2T 0] Lo I S = 1S T TS 10

Development of High-Repetition-rate Laser Pump/X-ray Probe Methodol ogies for
Synchrotron Facilities
GIIES DOUMY ...ttt et e b teereesseenaeenaenreensesnne e 11

Capturing Ultrafast Dynamics of Molecules with X-ray Absorption, X-ray
Emission, and X-ray Scattering
SEEVE SOULNWOI TN ... e 12



Optical Trapping and X-ray Imaging of Nanoparticles

Matt Pelton and NOrbert SCherer ... 13

Interatomic Coulombic Decay (ICD) in Deep Inner-Shell Vacancy Cascades

2 T0] o T8I0 LU ] {o] o S 14

Progress toward a Short Pulse X-ray Facility (SPX) at the Advanced Photon

Source

I g T = o T | Vo S 15
J.R. Macdonald Laboratory - Overview 2011.........ccccceveeieeeerierieseesieesee e eee e 21

Structure and Dynamics of Atoms, lons, Molecules, and Surfaces:
Molecular Dynamics with lon and Laser Beams
[EZIK BEN-TTZNEK ..o e 23

Probing Sub-cycle Excitation Dynamics with Isolated Attosecond Pulses
WAL= g To | o104 o F- o o TSR 27

Sructure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation
IS TV O 0o (OSSP 31

Atoms and Moleculesin Intense Laser Pulses
Bl Bl E ST Y it 35

Control and Tracing of Attosecond Electron Dynamics in Atoms, Molecules and
Nanosystems in Few-Cycle Laser Fields
1YL 1 1= RS 1 T T S 39

Controlling Rotations of Asymmetric Top Molecules. Methods and Applications
ViNOd KUMAr GQDPAN .....coiiiieiieeieeiesee et st e e nse e 43

Strong Field Rescattering Physics and Attosecond Physics
(@4 o1 5 o g Vo 8 1 o TS 47

Structure and Dynamics of Atoms, lons, Molecules and Surfaces: Atomic
Physics with lon Beams, Lasers and Synchrotron Radiation
UWE THRUMIM L.ttt e nre s 51

Strong-Field Time-Dependent Spectroscopy and Quantum Control
(0= T [0 L I = ] = o SRR 55



Atomic, Molecular and Optical Sciencesat L os Alamos National

I o To = 1] YRS 59

Engineered Electronic and Magnetic Interactions in Nanocrystal Quantum Dots

VICLOr KIIMOV ot et 59
Atomic, Molecular and Optical Sciencesat LBNL ........cccooirivinniniineeeee e 63

Inner-Shell Photoionization and Dissociative Electron Attachment to

Small Molecules

Ali Belkacem and Thorsten WEDEr ... 64

Electron-Atom and Electron-Molecule Collision Processes

Tom Rescigno and Bill MCCUIdY ........coceieeiieieceeseee e 68
Ultrafast X-ray Science Laboratory at LBNL ........cccceeviierieeieseeseee e e 73

Soft X-ray High Harmonic Generation and Applications in Chemical Physics
(O 1A g T = T TSR 73

Ultrafast X-ray Sudies of Condensed Phase Molecular Dynamics
RODErt SChOEBNIEIN ... 74

Time-Resolved Studies and Nonlinear Interaction of Femtosecond X-rays with
Atoms and Molecules

Thorsten Weber and Ali BEIKACEM .........ccoveiveeceee e 75

Theory and Computation

Bill McCurdy and Martin Head-Gordon ..........cceceveenenennienesee e 77

Attosecond Atomic and Molecular Science

Steve Leoneand Dan NEUMAIK ........cccvevveiereiieeseese e eesie e 78
PUL SE: The PUL SE Institute for Ultrafast Energy Scienceat SLAC.......ccccccevveenene 83

Strong Field Control of Coherence in Molecules and Solids
Phil Bucksbaum and David REIS........ccoviiirieieeeneeesee e 86

High Harmonic Generation and Electronic Structure
Markus Gihr and Todd Martinez and Phil Bucksbaum........ccccevvveviveeeeennnen. 90

Nonperiodic Imaging at the Sanford PULSE Institute
L= = 0o =T o SRR 94

Solution Phase Chemistry
(=Y 1= 11 1Y S 98



University Research Summaries (by Pl)

Coherent Control of Electron Dynamics
ANArEaS BECKES ...ttt ettt sae e 101

Probing Complexity using the LCLSand the ALS
N[N T g = | o S 105

Reactive Scattering of Ultracold Molecules
I [0 1 0 1 = To o o SRR 109

Ultrafast Electron Diffraction from Aligned Molecules
M AT TIN CONTUINTON ...ttt bbbt e et e b nre s 113

Atomic and Molecular Physicsin Strong Fields
S T o O o U ST 117

Formation of Ultracold Molecules
RODIN COG.....coeeeeeeeeeeeeeee ettt e e e e e e e e e et e e e e e e e e eeeeeeeeeeaaaeneeeaeenenaaaans 121

Optical Two-Dimensional Spectroscopy of Disordered Semiconductor Quantum Wells
and Quantum Dots
SEEVE CUNAITT . bbbttt b b 125

Theoretical Investigations of Atomic Collision Physics
F N 1=t =1 o 7= [ TSRS 129

Understanding and Controlling Strong-Field Laser Interactions with Polyatomic
Molecules
MArCOS DANTUS .....cooiiiiiieeiiie et n e s sne e emn e ne e nnneenneennns 133

Production and Trapping of Ultracold Polar Molecules
DAVEDEMIIIE ...ttt b et b e 137

Attosecond and Ultrafast X-ray Science
Lou DiMauro and Pier r € AQOSEiNi......ccuereeuereereeieseeseeseeseeste e sseesseesesseesseeee e 141

Imaging of Electronic Wave Functions during Chemical Reactions
Lou DiMauro, Pierre Agostini and Terry Miller ..o 145

High Intensity Femtosecond XUV Pulse Interactions with Atomic Clusters
JLIKe o [0 I T4 01 = PSSP 149

Ultracold Molecules: Physics in the Quantum Regime
B [o] ] 1 T Y =SS 153



Atomic Electronsin Strong Radiation Fields

B [0 o= 2SS 157
Algorithms for X-ray Imaging of Sngle Particles

RV = E = USSR 161
Reaction Imaging and the Molecular Coulomb Continuum

B 11 T = Vo o SRS 165
Sudies of Autoionizing Sates Relevant to Dielectronic Recombination

LI L 0T =] =T [T SR 169
Experimentsin Ultracold Collisions and Ultracold Molecules

o 0TI T ] o RSSSRPSR 173
Physics of Correlated Systems

(O gL Y = 1SS 177

Using Srong Optical Fields to Manipulate and Probe Coherent Molecular Dynamics
270 o N Lo =TSSP 181

Molecular Dynamics Probed by Coherent Electrons and X-rays
Henry Kapteyn and Margar et MUIMNANE.........coovverieneniieseesieeee s 185

Imaging Multi-particle Atomic and Molecular Dynamics
ATTEN LANUENS....ceieeieee bbbttt b e bt nee b 189

Properties of Actinide lons from Measurements of Rydberg lon Fine Structure
SEEVE L UNTEEN ...ttt ettt sttt sa e be e s et e s e e sreenneeneens 193

Theory of Atomic Collisions and Dynamics
B [0V Vo= SRS 197

Photoabsor ption by Free and Confined Atoms and lons
SEEVE IMBINSON ...ttt ettt b e e et be e s e e e e be e e e e e sbeesaneenneesnneenneesnreans 201

Combining High Level Ab Initio Calculations with Laser Control of Molecular Dynamics
Spiridoula Matsikaand Tom Weinacht ... 205

Electron-Driven Processes in Polyatomic Molecul es
VINCE MM CKIOY .ttt ettt sttt sttt e se e sbe et e e neenneeneas 209

Electron/Photon Interactions with Atoms/lons
ATTE IV SEZANE. ... et e et e e e e e e e e e e e e e eeeeeeeeesaeaeneeeeeeeeeeaaaan 213

Theory and Smulations of Nonlinear X-ray Spectroscopy of Molecules
Shaul MUKAMEL ... et nae e 217



Nonlinear Photoacoustic Spectroscopies Probed by Ultrafast EUV Light
(=4 T VL o S 221

Antenna-Coupled Light-Matter Interactions
0122 TS NN (00§ | SRR 225

Electron and Photon Excitation and Dissociation of Molecules
PN ] 1O = R ORRRRRRRRT 229

Low-Energy Electron Interactions with Liquid Interfaces and Biological Targets
THOM OFlANAO......eiiiiee et a et ne e naeeneas 233

Structure from Fleeting Illumination of Faint Spinning Objectsin Flight
Abbas Ourmazd and Peter SChWander ............coceeiiiineneneneseeee e 237

Energetic Photon and Electron Interactions with Positive lons
RON PRENEBUT ...ttt nb et 241

Molecular Photoionization Studies of Nucleobases and Correlated Systems
Erwin Poliakoff and RODErt LUCCNESE.........cooveeceeeee ettt 245

Control of Molecular Dynamics: Algorithms for Design and | mplementation
Hersch Rabitz and Tak-San HoO......cccoiioiiieee e e 249

Ultracold Sodium and Rubidium Mixtures: Collisions, I nteractions and Heteronuclear
Mol ecule Formation
ChanNdra RaAMAN .. ..o 253

Coherent and Incoherent Transitions
FranCiSRODICNEAUX .....oooo oottt e e e ettt e e e e e e e e e e aeeeeeaaaan 255

Generation of Bright Soft X-ray Laser Beams
JONGE ROCCA.......eeeeiiieieee ettt e et e e e s ne e s s b e e e ann e e e nr e e snneesaneeas 259

Ultrafast Holographic X-ray Imaging and its Application to Picosecond Ultrasonic Wave
Dynamicsin Bulk Materials
Christoph ROSE-PELIUCK .......coiiiiiieeeee e 263

New Directionsin Intense-Laser Alignment
JLI: LoV = o = 0 = o S 267

New Scientific Opportunities through Inelastic X-ray Scattering at 3rd- and 4th-

Generation Light Sources
B[ YRS = Lo | = S 271

Vi



Dynamics of Few-Body Atomic Processes

TONY SEAIACE......eiiiiieiiiie ettt b et e e et e e e st e e e s s e e s asse e e nbseesneeesnneeas 275
Femtosecond and Attosecond Laser-Pulse Energy Transformation and Concentration in
Nanostructured Systems

MArK SEOCKIMAN.......eiiiiiiee bbbt sae b nneas 279
Laser-Produced Coherent X-ray Sources

DON UMSEAALEN ...ttt sttt ne et e eenne e 283
Cold and Ultracold Polar Molecules

JUN Y e e n e e n e nes 287
AUTNOT TNAEX .ttt b et b e seesae e 289
o T ot o =T | 291

vii



viii



Laboratory Research Summaries
(by institution)




AMO Physics at Argonne National Laboratory

C. Buth, G. Doumy, R. W. Dunford, E. P. Kanter, B. Krassig, S. H. Southworth, and L. Y oung
Argonne National Laboratory, Argonne, IL 60439
cbuth@anl.gov, gdoumy@aps.anl.gov, dunford@anl.gov, kanter@anl.gov,
kraessig@anl.gov, southworth@anl.gov, young@anl.gov

Overview

The Argonne AMO physics program aims at a quantitative understanding of x-ray
interactions with atoms and molecules from the weak-field limit explored at the Advanced
Photon Source (APS) to the strong-field regime accessible at the Linac Coherent Light Source
(LCLS). Tunable, polarized, high-repetition-rate x-ray pulses at the APS are used to probe the
time-dependent response of atoms and molecules to ultrafast and intense optical laser pulses.
Examples of the phenomena that are studied include strong-field ionization, spatial alignment of
molecules in laser fields, and optical excitation of charge-transfer complexes in solution. To
exploit the full x-ray flux available at the APS, we have developed a high-repetition-rate |aser
system for pump-probe experiments at MHz pulse rates. The first applications were to record x-
ray absorption, x-ray emission, and x-ray diffuse scattering of metal-ligand charge-transfer in
laser-excited, solvated molecules. Detailed characterizations result from the combined x-ray
techniques. High-repetition-rate methods will optimize the use of picosecond x-ray pulses for
time-resolved research at the Short Pulse X-ray (SPX) facility being developed within the APS-
Upgrade project. SPX is progressing through a series of technical and scientific reviews of the
beamlines, end stations, and research programs. Other APS projects include development of an
X-ray scattering probe of laser-aligned molecules, studies of dissociative molecular ionization
following deep inner-shell x-ray absorption, and diffuse x-ray scattering by laser-trapped and
aligned nanoparticles in solution. Theory is a key component of our research program by
predicting phenomena that motivate experiments and by simulating measured results.

Experimental activities at the LCLS include measurements of a two-photon/two-electron
resonant process, observation of the nonlinear atomic response to intense ultrashort x rays, use of
two-color optical-laser/x-ray techniques to characterize LCLS pulses, and electron spectroscopy
studies of double core holes in molecules. Intense x-ray interactions with atoms and molecules
provides fertile ground for theoretical exploration, particularly in combination with optical
lasers. Several theoretical ideas are being developed that will lead to proposals for experimental
investigations.



High-intensity x-ray experiments at LCLS

Hidden resonances and nonlinear x-ray processes at high intensities (E.P. Kanter, B.
Krassig, G. Doumy, A. M. March, P. Ho, SH. Southworth, L. Young, Y. Li,* N. Rohringer,? R.
Santra,®** L. F. DiMauro,® C. A. Roedig,® N. Berrah,® L. Fang,® M. Hoener,® P. H. Bucksbaum,’ S.
Ghimire,’ D. A. Reis,” J. D. Bozek,® C. Bostedt,® M. Messerschmidt®)

The first experiments at LCLS all studied photon-matter interactions in a continuum, in
principle, far removed from resonances. In this later study, we focused instead on resonant
interactions. Resonances provide interaction strengths that are more than 1000-fold larger than
those in the continuum and the ability to selectively address quantum states. Specifically, with
resonant x-rays at extreme intensities approaching 10" W/cm? Rabi cycling can effectively
compete with Auger decay and directly modify the branching between decay channels. Here,
starting with a neutral neon target, we used ultraintense, high-fluence x-ray pulses from the
LCLS to first revea and subsequently drive the “hidden” 1s — 2p resonance in singly-ionized
neon and thus demonstrate the ability to modify femtosecond Auger decay. Our work illustrates
the complexities associated with using ultraintense, high-fluence x-ray pulses as a controlled
probe of matter and is afirst step toward photonic control of inner-shell electrons.

Fig. 1. Map of electron emission from neon vs. x-ray energy. X-ray pulses (0.3 mJ x 20%, 8.5 fs)
were focused to ~2 um? in a neon gas jet target. The prominent diagonal line is due to 2p
photoelectron emission that creates a 2p hole in Ne'. The structures at fixed kinetic energies are
formed by Auger decay electrons after creation of a 1s hole via the Ne* 1s — 2p resonance at 848 eV
and are labeled by their final state configurations. The additional higher-lying vertical lines represent

similar Auger decays in higher charge state ions while the diagona features are photoelectron
correlation satellites

Resonances can be used to enhance x-ray multiphoton processes. At photon energies less than
the binding energy of the 1s electron, resonant two-photon absorption has a signficantly larger
Cross section than non-resonant two-photon absorption; though both generate the same final state
of the system - an atom with a 1s hole plus an s- or d- wave photoelectron. Capitalizing on this
resonance phenomenon, we have studied two-photon absorption in neon at 848 eV, where, aswe
have demonstrated, the first photon ionizes the Ne 2p electron and the second photon excites the
Ne" 1s-2p resonance, refilling that 2p vacancy. Ne" 1s* K-LL Auger electrons are the signature
of this resonant two-photon creation of a 1s hole (see Fig. 1). This generation of a 2p hole



orbital is advantageous for observing/studying the Rabi-cycling phenomenon; the Ne* 1s-2p
dipole matrix element is 5.6x larger than that for the 1s-3p transition in neutral Ne.

We have followed the response of the neon atom on this two photon resonance at 848 eV
as a function of x-ray FEL pulse width. For narrow x-ray pulses, the signature of 1s hole
creation is weak, but as the pulse width is raised, the Auger line appears and, at high intensity, is
broadened as Rabi-oscillations become important in comparison to the normal diagram line (‘D)
measured far above threshold. Indeed, as expected for the 1s-3p transition, no such broadening
was detected. At high x-ray intensities, Rabi oscillations can be studied and at lower x-ray
intensities alignment of the Ne" 2p hole state can be studied.

A report on thiswork is given in Ref. [1] and illustrates the nuances associated with using
high-fluence, high-intensity femtosecond x-ray pulses for controlled investigations of material
properties. We demonstrate that high-fluence x-ray pulses reveal otherwise hidden resonances
through sequential valence ionization. The consequences of photoexciting these resonances are
that they 1) break open inner shells, at unexpectedly low photon energies, i.e. below the 1s-
threshold, and 2) can unleash damaging Auger electron cascades. These phenomena must be
considered in the design of all future XFEL experiments. We further demonstrated that a strong,
incoherent SASE pulse can induce Rabi-cycling on a deep inner-shell transition and thus modify
Auger decay. Control of inner-shell electron dynamics should be markedly enhanced with soon-
to-be-available longitudinally-coherent x-ray pulses.

Nonlinear atomic response to intense ultrashort x rays (G. Doumy, L. Young, E. P. Kanter,
B. Krassig, S--K. Son,® R. Santra,®* N. Rohringer,? P. Agostini,®’ L. F. DiMauro,” C. A. Roedig,’
C. |. Blaga,® A. DiChiara,> N. Berrah,® L. Fang,® M. Hoener,® M. Kuebel,’ G. G. Paulus,’ P. H.
Bucksbaum,” J. P. Cryan,” S. Ghimire,” J. M. Glownia,” D. A. Reis,” J. D. Bozek,? C. Bostedt,’
M. Messerschmidt?)

Since the first demonstration of optical non linearity by Franken and collaborators 50
years ago, the study of non linear optics has been extended successfully from the microwave to
the extreme UV. In the x-ray regime, dwindling cross-sections and the absence of suitable
intense sources had confined it to purely theoretical considerations. With the LCLS delivering
intense, ultrashort x-ray pulses reaching intensities above 10" W/cm? with focusing optics, the
situation has changed.

___________________________________
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In order to realize the first experimental study of nonlinearities in the x-ray regime, we
used an atomic target, Neon, in order to keep a ssimple enough system, and because the electron
binding energies were very well suited to the range offered by the AMO endstation where the



first experiments took place. Because a single x-ray pulse can easily strip several electrons from
an atom, we also had to center our study on Helium-like Neon ions, which were produced during
the x-ray pulse itself. There, we studied how the ionization of a K-shell electron from Ne*
behaves as a function of pulse energy, for photon energies below and above the K-shell
ionization threshold (1196 eV).

We clearly demonstrated how, above threshold, the behavior is linear, while below
threshold, it becomes quadratic. Careful study of the mechanisms with the help of very accurate
modeling including simple rate equations and shake-off processes identified 2 different
competing nonlinear mechanisms below threshold. A dominant, direct 2-photon, one electron
process, and a sequential, 2-photon 2-electron process involving transient excited states that
becomes relevant because the pulse duration is short enough to compete with the Auger decay
clock. In addition, we found that we needed to use a 2-photon cross section more than 2 orders of
magnitude larger than previously calculated in order to reproduce completely our results. We
attribute the discrepancy to a neglected effect of a nearby electronic resonance. This work has
been published [5] and highlighted in Physics: http://physics.aps.org/synopsis-
for/10.1103/PhysRevL ett.106.083002

Measuring LCL Sx-ray pulse duration using two color laser-x-ray pump probe methods (G.
Doumy, S. Dusterer,” P. Radcliffe,"* C. Bostedt,® J. Bozek,® A. L. Cavdieri,® R. Coffee? J. T.
Costello,” D. Cubaynes,”® L. DiMauro,” Y. Ding,® W. Helml,***> W. Schweinberger,” R.
Kienberger,"> A. R. Maier,"® M. Messerschmidt,?® V. Richardson,”” C. Roedig,’ T.
Tschentscher,™ M. Meyer'™®)

The first x-ray free electron laser, LCLS, has started delivering pulses with
unprecedented intensities, in part because of the short pulse duration, in the range of a few to
several hundred femtoseconds. Both for experiments involving only the x-ray pulse, and for
pump-probe experiments studying time resolved phenomena on the femtosecond time scale, the
x-ray pulse duration is a crucial parameter that is not yet experimentally accessible to users. A
series of experiments carried out by a large collaboration has started exploring diagnostics
methods involving the interaction of the x-ray pulses with atomic targets in the presence of a

Fig. 3. Comparison of the experimentally
obtained cross-correlation widths with those
calculated using the soft-photon simulation
using the following parameters (in FWHM):
Teg = 40 - 150 fs, Ty g = 100 fs, Ty7rer = 140
fs, Iyr = 1.2 x 10 Wem2,



strong infrared laser field, in two different regimes of operation of the LCLS: so-called low
bunch charge (20 pC), with expected pulses of less than 5 fs, and high bunch charge (250 pC),
with pulse durations expected between 70 and 300 fs.

The common principle those experiments are based on is the ability of the strong infrared
field to modulate the energy of electrons produced either by photoionization from the x-ray
pulse, or from the subsequent Auger decay. In the long pulse regime, this modulation resultsin
the production of spectral sidebands around the electron peak. The number and intensity of those
sidebands depends on the laser intensity. Because the LCL S is a chaotic source, there are several
sources of timing jitter between the x-ray and laser pulses. One consequence is that the number
of sidebands varies shot to shot. A statistical analysis of the number of sidebands observed
yielded avalue of t;,,= 140 fs. In addition, one can then also retrieve an average value for the
pulse duration by comparing with modeling, as shown in Fig. 3, where the experimental results
are compared with simulations using different values for the x-ray pulse duration. One
interesting point is that the measurements suggest that the x-ray pulse duration is often shorter
than the measured electron bunch pulse duration (40 fsinstead of 75 fs, and 120 fsinstead of 175
fs). Those results have been recently submitted to New Journal of Physics[2]. Inthe short pulse
regime, the situation changes if the pulse duration can be of the order of a half period of the
laser. Using an OPA delivering pulses at 2.4 mm (period of 8 fs), we were indeed able to
demonstrate that regime. The timing jitter considerations here again limit the amount of
information that can be extracted on a single shot basis, but we are still able to conclude on an
upper value of 5 fsfor the pulsesin the low bunch charge regime. Those results are still under
analysis, and publication is expected later this year.

Double core-hole electron spectroscopy of formamide (S. H. Southworth, G. Doumy, D. Ray,
E. P. Kanter, B. Krassig, L. Young, Y. Li,' J Kuepper,** J. D. Bozek,® C. Bostedt® M.
Messerschmidt,® N. Berrah,® L. Fang,® B. Murphy,® T. Osipov,® J. Cryan,” J. Glownia,’ S.
Ghimire,” R. Santra,** N. V. Kryzhevoi,"" L. S. Cederbaum®’)

Several of the first LCLS experiments on atoms and molecules demonstrated that intense,
femtosecond x-ray pulses produce double core holes (DCHs) by absorbing two photons
sequentially prior to Auger decay. The lifetimes of single K-shell vacancieson C, N, and O are
in the range ~5 - 7 fs. In LCLS experiments on atomic neon, we observed the double-core-
hole/single-core-hole ratio to be as high as ~10%, which is ~30x larger than the ~0.3% ratio
produced by electron correlation in a one-photon process. In molecules, there are two types of
DCHs - those on the same atomic site and those on different sites. The two-site DCHs are
particularly interesting, because the two-hole electron binding energies are sensitive to the
chemical environment and electron correlations. We conducted an LCLS experiment to search
for DCHs in the electron spectra of formamide, HCONH,, to compare with calculated DCH
binding energies at the C, O, and N sites of the molecule. It is challenging to experimentally
measure DCH features in photoelectron and Auger-electron spectra due to the strong one-photon
and shakeup/shakeoff contributions to the spectra. We varied the LCLS pulse energy, pulse
duration, and x-ray micro-focusing to optimize observation of DCH features distinct from
backgrounds. Data analysis is in progress, but the first results on the test molecule N, are
encouraging. We observe distinct one-site and two-site DCH peaks in the photoel ectron spectra
of N, that agree well with calculated binding energies. The next step in the data analysis is to
observe DCH features in the electron spectra of formamide for comparison with the ab initio
calculated binding energies.



Theory of the interaction of intense ultrafast x rays with atoms and molecules

I mpact of hollow-atom formation on coherent x-ray scattering at high intensity

(Sang-Kil Son,? Linda Y oung, Robin Santra®*)

X-ray free-electron lasers (FELsS) are promising tools for structural determination of
macromolecules via coherent x-ray scattering. During ultrashort and ultraintense x-ray pulses
with an atomic-scale wavelength, samples are subject to radiation damage and possibly become
highly ionized, which may influence the quality of x-ray scattering patterns. We develop atoolkit
to treat detailed ionization, relaxation, and scattering dynamics for an atom within a consistent
theoretical framework. The coherent x-ray scattering problem including radiation damage is
investigated as a function of x-ray FEL parameters such as pulse length, fluence, and photon
energy. We find that the x-ray scattering intensity saturates at a fluence of ~10” photon/A? per
pulse but can be maximized by using a pulse duration much shorter than the time scales involved
in the relaxation of the inner-shell vacancy states created. Under these conditions, both inner-
shell electrons in a carbon atom are removed, and the resulting hollow atom gives rise to a
scattering pattern with little loss of quality for a spatial resolution >1A. Our numerical results
predict that in order to scatter from a carbon atom 0.1 photon per x-ray pulse, within a spatial
resolution of 1.7A, afluence of 1 x 107 photons/A? per pulse is required at a pulse length of 1 fs
and a photon energy of 12 keV. By using a pulse length of a few hundred attoseconds, one can
suppress even secondary ionization processes in extended systems. The present published results
[6] suggest that high-brightness attosecond x-ray FELs would be ideal for single-shot imaging of
individual macromolecules.

High-order harmonic generation enhanced by x rays (C. Buth, M. C. Kohler,' J. Ullrich,>*®
C. H. Keitel*®)

We consider the case of x rays combined with an optical laser which is sufficiently intense to
ionize krypton[3] or neon atoms. The atoms emit high harmonic generation (HHG) light
produced by an initial tunnel ionization of a valence electron, a propagation of the liberated
electron in the continuum, and eventual recombination with the hole under emission of a high-
harmonic photon. Additional x rays, e.g., from the Linac Coherent Light Source (LCLS), are
chosen to resonantly excite a core electron into the transient valence vacancy that is created in

Fig. 4. Schematic of the three-step model for the HHG process augmented by x-ray excitation of a core
electron [3]: (&) the atomic valence is tunnel ionized; (b) the liberated electron propagates freely in the
electric field of the optical laser; (c) the direction of the optical laser field is reversed and the electron is
driven back to the ion and eventually recombines with it emitting HHG ratiiation.



the course of the HHG process. Depending on the probability to find the core electron in the
valence and the core, the returning continuum electron recombines with the valence and the core,
emitting HHG radiation that is characteristic for the combined process. We devise a two-electron
guantum theory for a single atom assuming no electron correlations between the two electrons.
As HHG is the basis of attoscience and x-ray sources, our prediction opens perspectives for
nonlinear x-ray physics, attosecond x rays, and HHG-based spectroscopy involving core orbitals.
Large parts of the basic theory have been devised [3], however several cases need to be worked
out further. A detailed computational study of the HHG light depending on the parameters of the
x rays and the optical light shall be carried out.

Fig. 5. Photon number of the h-th harmonic order for krypton atoms with x-ray intensities of (a) 10 W/cm?
and, (b) 10" W/cm? [3]. The optical laser has a wavelength of 800 nm and an intensity of 3 x 10* W/cm?.
The black solid lines show the contribution from recombination with a valence hole whereas the red dashed
lines correspond to recombination with a core hole. The lines represent harmonic strengths obtained by
integrating over peaks in the spectrum. The thin lines are spectra where ground-state depletion due to direct
valence ionization by the x raysis neglected. The x-ray pulse duration is three optical laser cycles.

Optical control of x-ray lasing (G. Darvasi,”® C. Buth, C. H. Keitel™®)

X-ray lasing has been predicted to occur when intense x rays from an x-ray free electron
laser (FEL) core-ionize atoms [34-36]. Recent measurements at the Linac Coherent Light Source
(LCLS) confirm these theoretical predictions. In core-ionized atoms, electrons in higher shells
may fill the core vacancy and in the course of this emit x rays spontaneously. During the
copropagation of a beam of FEL radiation and spontaneously emitted x rays through a
macroscopic medium, the spontaneously emitted radiation stimulates emission, i.e., lasing in the
x-ray regime. Based on this scheme, we have begun to investigate means for optical control of x-
ray lasing. Namely, an optical laser is used to modify the x-ray absorption cross section in a way



that absorption is substantially enhanced for a chosen x-ray energy when the optical laser is
present [37]. Then, the degree of core ionization depends on the presence of the optical laser and
x-ray lasing is controlled by it. The optically controlled x-ray laser has been modeled and a
computer program has been implemented to calculate its output radiation. First results look
promising. A number of questions shall be examined in detail:

a) Temporal structuring of x-ray laser pulses with attosecond precision by a shaped optical
laser pulse which isimprinted on alonger x-ray pulse

b) Spatia structuring of x-ray laser pulses by a spatially structured optical laser pulse

c) Attosecond x-ray pulses by anonlinear compression of the FEL x-ray pulse during the
propagation in the medium

d) Seeding of an x-ray laser with, e.g., HHG light to obtain clean and controlled output

radiation
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Fig. 6. (@) X-ray photoabsorption cross section of neon near the K edge with and withoug optical laser
dressing. Here, 6,4 is the angle between the polarization vectors of the optical laser and the x rays. The
optical laser operates at a wavelength of 800 nm and an intensity of 10" W/cm? Figure adapted from Ref.
[37]. (b) Small-gain cross section for x-ray lasing in neon depending on the strength of the optical laser.

Ultrafast absorption of intense x rays by nitrogen molecules (C. Buth, J.-C. Liu,’** M. H.
Chen®)

We devise a theoretical description for the response of nitrogen molecules(N,) to
ultrashort, intense x rays from the free electron laser (FEL) Linac Coherent Light Source
(LCLS) [15-17]. We set out from a rate-equation description for the x-ray absorption by a
nitrogen atom. The equations are formulated using all one-x-ray-photon absorption cross sections
and the Auger and radiative decay widths of multiply-ionized nitrogen atoms. Cross sections are
obtained with nonrelativistic one-electron theory and decay widths are determined from ab initio
computations using the Dirac-Hartree-Slater (DHS) method. We also calculate all binding and
transition energies of nitrogen atoms in all charge states with the ASCF method. To describe the
interaction with N,, a detailed investigation of intense x-ray-induced ionization and nuclear
dissociation dynamics are carried out. As a figure of merit, we calculate ion yields and the
average charge state measured in recent experiments at the LCLS. We use a series of
phenomenological models of increasing sophistication to unravel the mechanisms of the
interaction of x rays with N,: first, the average charge state from a single atom, a fragmentation
matrix model, and a lower limit model are computed; second, the hints from these models are
used to devise molecular rate equations centered around the formation and decay of single and



double core holes, the metastable states of N;* and molecular fragmentation which describe the
experimental data [15] satisfactorily.

Time-dependent resonance fluorescence (S. Cavaletto,” C. Buth, Z. Harman,” C. H. Keitel*®)

Resonance fluorescence is elastic scattering of photons by atoms for a photon energy that
is tuned to an atomic resonance. It is one of the cornerstones of quantum optics. Resonance
fluorescence becomes very intriguing when the atom is driven strongly by the light, leading to
nonlinear effects (Mollow triplets in the stationary case). With the emerging x-ray free electron
lasers (FELS), very intense x rays become accessible with, however, chaotic pulse shape due to
the Self-Amplified Spontaneous Emission (SASE) principle that is used in present-day FELSs.
We would like to explore the potential of resonance fluorescence with FELSs for diagnostics and
spectroscopy. Therefore, we have devised a time-dependent theory of resonance
fluorescence based on Ref. [38] for two-level and three-level atoms and molecules. First results
for atwo-level system look promising. Building on the first results of the resonance spectrum, a
number of further questions shall be examined in detail:

a) Time-dependent resonance fluorescence spectrum of LCLS pulses

b) Time-dependent resonance fluorescence spectrum of pulsetrains

c) Optical control of resonance fluorescence in a three-level system; imprinting shapes on
the fluorescence spectrum

d) Investigation of the possibility for the retrieval of SASE pulse shapes from the time-
dependent resonance fluorescence spectrum.

Control of x-ray interactions with strong laser fields

Decoherence in Attosecond Photoionization (S. Pabst** L. Greenman,® P. J. Ho, D.
Mazziotti,” R. Santra®*)

Atomic and molecular ions generated in a strong optical field generally are not in the electronic
ground state. The ion hole dynamics for such ions is characterized by the electronic quantum-
state populations and by the coherences among the electronic quantum states. Our previous
work [30,39-42] focused on the ion hole dynamics associated with the most outer-valence single-
hole states with a total angular momentum of j =1/2 or | =3/2. In Ref. [7], the creation of
superpositions of hole states via single-photon ionization using attosecond extreme-ultraviolet
pulses is studied with the time-dependent configuration-interaction singles (TDCIS) method
[13]. Specificaly, the degree of coherence between hole states in atomic xenon is investigated.
We find that interchannel coupling not only affects the hole populations, but it also enhances the
entanglement between the photoelectron and the remaining ion, thereby reducing the coherence
within the ion. As a consequence, even if the spectral bandwidth of the ionizing pulse exceeds
the energy splittings among the hole states involved, perfectly coherent hole wave packets cannot
be formed. For sufficiently large spectral bandwidth, the coherence can only be increased by
increasing the mean photon energy.



Fig. 7. The time evolution of the
coherence between the 4d, and 5s hole
states in xenon is shown for the full
Coulomb interaction model. The photon
energy is 136 eV, and the pulse duration
variesfrom 5 - 60 as.

Ultrafast x-ray probes of photoinduced dynamics

X-ray scattering from laser-aligned molecules—experiment (G. Doumy, P. J. Ho, E. P.
Kanter, B. Krassig, A. M. March, D. Ray, S. H. Southworth, L. Young, T. J. Graber,”? R. W.
Henning®)

This work builds upon our previous demonstration of an x-ray microprobe of laser-
aligned bromotrifluoromethane (CF;Br) molecules [43]. Asin the previous work, the duration of
the x-ray probe pulse is ~100 ps, which is of similar magnitude as molecular rotational periods,
and TW laser pulses with ~100 ps duration at 1 kHz are used to produce quasi-adiabatic
molecular alignment in a gaseous sample cooled by supersonic expansion. Whereas in our
previous work the x-ray probe was based on resonant x-ray absorption and fluorescence
detection, the goa of this work is to collect diffraction patterns of coherently scattered x-rays
from laser aligned ensembles of molecules, guided by theoretical predictions made in our group
[21,27,44].

The cross section for coherent x-ray scattering is orders of magnitude lower than that of
resonant absorption and a demonstration of coherent scattering from a molecular beam requires
significantly higher x-ray flux and sample density than in the work of Ref. [43]. We have
therefore built a new target chamber for use at the high flux beamline APS Sector 14-1D-B (two
in-line undulators and pink beam operation, AE/E ~2%, 10" photons per pulse). The chamber
design incorporates a skimmed molecular beam target with a pulsed nozzle and a 60° viewing
angle for forward scattered x-rays. Scattered x-rays are collected by the Sector 14 Mar 165 high-
resolution CCD detector. The chamber is mounted on a specialy designed table with 5
motorized degrees of freedom that can be wheeled into the tight space of the 14-1D-B hutch to
straddle the existing table with minimal disturbance to the equipment for macromolecular
crystallography located at this beam line. The setup incorporates a set of two 100-mm length
Kirkpatrick-Bagz mirrors to refocus the x-ray beam to about 20x40 uny at the intersection of the
x-ray beam and the molecular beam. The existing Spitfire Ti:Sapphire laser system was modified
such that the uncompressed output could be directly transported to our new experimental setup,
providing a beam of 800-nm, 4.5-mJ laser pulses of ~150 ps duration at 1 kHz. The first
experimental runs with this setup, using both a cw and the pulsed gas nozzle, without the
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aligning laser, provided x-ray scattering images that were dominated by scattered x-rays from
sources other than the molecular beam. Tight collimation of the focused beam, the reduction of
dlit scattering by the beam halo components, and limiting backscattering from the beam stop are
absolutely critical and need further improvement. We are planning to implement a collimation
system of multiple apertures with individual motorized positioning. We will apply for beam time
during the less oversubscribed 324-bunch periods at the APS to test the collimation system and
to perform further characterizations of the pulsed nozzle. The goa of these tests will be to
establish firm estimates for the signal-to-noise levels for molecular scattering achievable with the
existing system.

Development of high-repetition-rate laser pump/x-ray probe methodologies for
synchrotron facilities (A. M. March, G. Doumy, E. P. Kanter, B. Krassig, S. H. Southworth, L.
Young, A. Stickrath,? K. Attenkofer,* C. A. Kurtz,* L. X. Chen®®*)

Fig. 8. Time evolution of the Ni 1s — 4p,
resonance of the laser-excited T, state of NiTMP
at 8.34 keV. The ratio of the laser-on and laser-
off x-ray fluorescence yieldsis plotted. The solid
line is a fit of a Gaussian function, that accounts
for the 94-ps FWHM x-ray pulse, convoluted
with an exponential decay function. The fit gives
a decay time of 186 * 10 psfor the T, state. The
data was collected for 20 sec per point at 135.8
kHz and the laser power was 0.7 W.

In the standard operating mode of the Advanced Photon Source (APS) storage ring, there
are 24 equally spaced (153 ns) electron bunches (~94 ps FWHM), each circulating at 271 kHz
for atotal x-ray pulse repetition rate of 6.52 MHz. To take advantage of the available x-ray flux
for laser-pump/x-ray probe experiments, we have installed a Nd:YAG (1064 nm, 10 W) laser at
APS beamline 7ID-D with variable repetition rate (54 kHz - 6.5 MHz) and selectable pulse
durations of 10 and 130 ps. The laser is synchronized to the 352-MHz rf clock of the storage
ring for precise control of the laser/x-ray time delay, and a pulse picker controls the repetition
rate. The second and third harmonics (532 and 355 nm) of the fundamental are generated using
nonlinear optical techniques with thermally stabilized crystals. At 54 kHz [6.52 MHz] we obtain
pulse energies of 185 [2.5], 130 [1.5], and 45 [0.6] puJ at 1064, 532, and 355 nm, respectively.
The first experiments were on 100-um-thick liquid jets of solvated molecules. Focusing the 532
nm light to <40 pm produces fluences that induce electronic excitations with high conversion
efficiencies, even at the highest repetition rates. An optical transport system with position
feedback maintains stable laser focusing through the liquid jet. A new x-ray focusing system,
installed just upstream of the liquid jet, consists of two rhodium-coated silicon mirrors in
Kirkpatrick-Baez (KB) geometry that are separately tilted (~4-5 mrad) and dynamically bent to
focus to ~8 um FWHM diameter within the laser focus. The KB mirrors have large acceptance
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apertures (> 1 mm x 1 mm), resulting in large x-ray fluxes on target, e.g., 2 x 10" x rays/sec over
~7-13 keV. Thelaser and x-ray pulses are initially overlapped spatially through a 50-um pinhole
and temporally with an MSM timing detector. This is sufficient to produce a transient excited
state in the solvated molecules that is then used to optimize the spatial overlap and precisely
determine the zero time delay. An externa timing reference developed from the 352-MHz clock
maintains timing control for different laser repetition rates. In the first demonstration
experiment, the time-evolution of x-ray absorption spectra at the Ni K-edge were studied for
laser-excited Ni(ll)-tetramesitylporphyrin (NiTMP) in a 2 mM toluene solution. NiTMP is a
model system for the class of molecules called metalloporphyrins, which constitute the active
center of biologically relevant molecules such as chlorophylls and heme groups. Data were
recorded by overlapping every other x-ray pulse from one of the 24 electron bunches with 532-
nm laser pulses at 135.8 kHz. An avalanche photodiode recorded Ni K-fluorescent x-rays as the
incident x-ray energy was scanned across the Ni K edge. The laser-on and laser-off fluorescence
yields were measured by electronically gating the fluorescence pulses. Figure 8 shows a laser/x-
ray time delay scan recorded at the Ni 1s — 4p, resonance at 8.34 keV. Thelifetime of the laser-
excited T, state was determined to be 186 + 10 ps. A recent report [4] gives a detailed
description of the high-repetition-rate instrumentation along with results for the time-evolution
of NiTMP x-ray absorption spectra. High-repetition-rate laser methods are aso being developed
at other synchrotron radiation facilities. At the APS, these methods will be exploited for the
Short Pulse X-ray (SPX) facility that is described below.

Capturing ultrafast dynamics of molecules with x-ray absor ption, x-ray emission, and x-ray
scattering (A. M. March, G. Doumy, S. H. Southworth, E. P. Kanter, R. W. Dunford, D. Ray, L.
Young, M. K. Haldrup,® A. Bordage,® G. Vank6,”® J. Uhlig,” A. Galler, W. Gawelda,"* C.
Bressler," M. M. Nielsen,® K. Kjaer,”® T. van Driel,® H. Lemke? S. Canton,?” V. Sundstrém?)
As described above, we have developed the capability of performing laser-pump and x-
ray probe experiments on liquid jets of solvated molecules at repetition rates up to the full 6.52
MHz of the APS storage ring [4]. To take advantage of this capability, an international
collaboration was assembled that brought together experts in the use of x-ray absorption (XAS),
x-ray emission (XES), and x-ray diffuse scattering (XDS) techniques. Measurements were made
using both hybrid-singlet and 24-bunch operating modes of the APS storage ring. In hybrid-
single mode, a single, high-current electron bunch is well separated temporally from closely
spaced multi-bunches. The singlet produces x-ray pulses at 271 kHz, and the laser was operated
at 135 kHz to concurrently record laser-on and laser-off data. Signals from the remaining x-ray
pulses were removed from the data stream by electronic gating. 1n 24-bunch mode, the laser was
operated at 3.26 MHz, and alternate x-ray pulses contributed to the laser-on and laser-off data.
Two molecular systems were studied in agueous solutions: iron(I1)-tris(bipyridine) and iron(l1)-
bis(terpyridine). Both systems are metal-ligand charge-transfer (MLCT) systems that transiently
transfer an electron from the central Fe 3d orbitals to the ligands. The transferred electron
returns to the Fe 3d orbitals, but produces a high spin state. Time-resolved x-ray absorption
spectra were recorded in the form of x-ray fluorescence yields using a silicon drift detector, an
avalanche photodiode (APD), or a scintillator/photomultiplier tube. The XAS detector recorded
fluorescence from one side of the liquid jet, while fluorescence from the other side was dispersed
by a 10-cm-diameter Si(111) crystal and detected by a gated APD to record the transient Fe Ko, ,
spectrum with ~1-eV resolution. The high-resolution Ko, , spectrum clearly demonstrated the
transition from a low-spin ground state to a high-spin transient excited state. Fe Kf x-ray
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fluorescence spectra were aso recorded as well as resonant x-ray emission spectra excited at the
Fe 1s — 3d resonance. A temporally gated position-sensitive x-ray detector (Pilatus 100K) was
positioned just downstream of the liquid jet and a small x-ray beam block. Time-resolved,
diffuse scattering patterns were recorded over scattering angles 26 = 0 - 80°. Variations of the
scattering patterns with laser/x-ray delay characterized the transient structural modifications. By
combining the XAS, XES, and XSD techniques, a much more detailed characterization of these
MLCT systemswill be obtained.

Optical trapping and x-ray imaging of nanoparticles (M. Pelton,® J. Sweet,® N. F. Scherer,*
M. Guffey,” L. Young)

The central goal of this portion of the project is x-ray imaging of single trapped and
aligned nanoparticles in solution. Progress towards this goal proceeded on two fronts: (1) x-ray
imaging of single metal nanoparticles on a solid support, and (2) development of optical trapping
and manipulation techniques for metal nanoparticles.

Fig. 9. Coherent x-ray
diffraction from a

single gold nanowire. Fig. 10. (A) Schematic of the total-internal-reflection setup for optical manipulation

of nanoparticles. "C," coverdlip, "OL," 100x oil immersion objective lens, "R,"
inconel-coated reflective neutral density filter, "BB," beam block. (B) Cartoon
depicting observed particle trajectories; some particles deposit on the surface at the
edge of the evanescent field area, while others stream past. (C) Dark-field optical
images of bipyramid deposition at different times after the start of laser exposure
(denoted as minutes:seconds). The laser propagation direction k and polarization E
are indicated on the figure. (D) Three successive frames showing nanoparticle
(highlighted with red arrow) accelerating towards the surface and depositing.
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Initial x-ray scattering measurements were performed on single metal nanowires, whose large
aspect ratios facilitate optical trapping as well as x-ray diffraction. The nanowires were
deposited on silicon nitride membranes and were encapsulated with a thin alumina layer by
atomic layer deposition; this layer is intended to protect the nanowires chemicaly against
oxidation by the ambient environment and physically against damage by the incident x-rays. We
found that, even with this layer, the silver wires were unstable under an intense x-ray flux,
undergoing apparent melting and recrystallization within a few seconds. The gold wires were
more stable and were able to produce coherent diffraction patterns when illuminated by a
focused, coherent x-ray beam. Figure 9 shows an example of the diffraction patterns measured
at Sector 34 of the APS around the [200] Bragg peak from a single nanowire. Measurement of
several such images for a series of incident angles will allow nanometer-scale reconstruction of
the internal structure of the nanowire using coherent-diffraction imaging (CDI) techniques. Our
initial attempts at such measurements indicated some remaining instability for the gold wires
over the ~1 hr. integration time required for such an experiment. We are currently working to
improve imaging conditions and sample preparation in order to overcome this instability; in
particular, we are investigating alternative methods of encapsulating the nanowires, such as
sputtering thicker layers of amorphous oxides. As well as providing previously inaccessible
information about strain distribution within the metal nanowires, the CDI technique will be
directly transferrable to imaging of trapped nanoparticles in solution.

We have also completed design and begun construction of a compact, portable optical-
trapping apparatus that can be used at the APS beamlines. Assembly and testing of this
apparatus is being performed in a recently completed laser laboratory at Argonne’'s Center for
Nanoscale Materials. In parallel, optical trapping techniques appropriate for metal nanoparticles
are being developed at the University of Chicago. Previous work demonstrated the possibility of
selectively trapping individual particles and depositing them on a substrate [10,11]. Recently, we
complemented this with a multiplex approach, based on plasmon-selective, driven deposition of
Au nanoparticles using total interna reflection (TIR) illumination [9]. Asillustrated in Figure 10,
near-IR laser light undergoing TIR at a glass-water interface causes colloidal Au bipyramids to
irreversibly deposit onto the glass surface. We demonstrated that the deposition process has
shape selectivity that is associated with resonant plasmon excitation. Our measurements and
finite difference time domain simulations show that the optical forces that act on the particles are
significant and cause the observed acceleration and directed motion of the bipyramids. The
collective optical manipulation of multiple nanoparticles provides the opportunity to study
optically induced interparticle interactions through x-ray scattering. In addition, we observed that
resonant photothermal heating of the Au bipyramids causes an irreversible loss in colloidal
stability, thus inducing them to adhere to the surface. Structural characterization of the deposited
bipyramids revealed a slight reduction in aspect ratio relative to the ensemble, consistent with the
proposed heating mechanism. Understanding and limiting the thermal instability and laser-
induced structural modification will be critical if the nanoparticles are to be held stably in an
optical trap long enough to make detailed structural measurements by coherent x-ray diffraction.

Interatomic Coulombic Decay (ICD) in deep inner-shell vacancy cascades (R. W. Dunford,
S. H. Southworth, E. P. Kanter, B. Krassig, D. Ray, L. Young, R. Santra,** O. Vendrell®)

The photoionization of an inner-shell electron in an atom sets off a cascade of x-ray and
Auger transitions as the atom relaxes. The different possible decay paths lead to a range of final
charge states. If the cascade occurs in an atom that is part of a molecule or cluster, it can also
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lead to the removal of delocalized valence electrons and produce two or more ions, followed by a
Coulomb explosion of the system. The role of delocalized electrons was emphasized by
Cederbaum and co-workers, e.g., Ref. [45]. They predicted a new decay process for inner-
valence vacancies in atoms or molecules that were part of a cluster and later identified similar
processes in other systems. The new process was termed Interatomic Coulombic Decay (ICD)
and, in general, leads to electronic decay of a vacancy which, in an isolated system, can only
undergo radiative decay. The focus of our work isto explore ICD in a new regime in which the
initial vacancy is a deep inner-shell electron in a heavy atom. This is a system in which x-ray
emission is the dominant decay mode for the first step in the cascade. Our method is based on
the notion that the ICD process tends to lead to an increase in the total charge of al of the
fragments in the final state. To show this, we compare the total charge produced following K-
shell photoionization of atomic Xe to the total charge produced by K-shell photoionization of the
Xe atom in XeF, molecules. Analysis of the data is still in progress, the initial results show
evidence that the ICD process plays a role in this regime. As an aid in understanding the
dynamics of the ion breakup, we are carrying out simulations of the ion time-of-flight (TOF)
spectrometer.

We will follow up on the initial ICD experiments by improving the apparatus and
exploring other systems. In addition to gaining a further understanding of the ICD processin the
hard x-ray regime, we will also explore the more general question of what are the most probable
breakup modes for a molecule following deep inner-shell photoionization of a heavy atom
constituent. Theoretical guidance is being provided by R. Santra and O. Vendrell. We are
working with them to identify interesting molecules to study. It is clear that the theoretical
calculations of molecular breskup modes can be most readily tested by studying asymmetric
molecules such as bromoiodomethane, CH,Brl. Using APS x rays, K-shell holes can be created
on either the Br atom at 13 keV or on the | atom at 33 keV. For future work we note that, in
initial experiments, the ion fragments were identified by their times-of-flight only. While the
multi-hit capability of the detection circuit alowed us to identify certain fragmentation channels,
there were remaining ambiguities. The measurements were also plagued by excessive electronic
dead time and low ion detection efficiencies. An improved apparatus is being designed that will
utilize faster electronics, a multi-hit position-sensitive detector, and increased detection
efficiency. Together these improvements will remove the ambiguities in the charge-state
distributions, resulting in clearer determination of breakup channels and better tests of theoretical
calculations.

Progresstoward a Short Pulse X-ray Facility (SPX) at the Advanced Photon Source

(L. Young, P. Evans, L. X. Chen, H. Durr, M. Beno, E. Dufresne, Y. Li, D. Keavney, B. Yang,
M. Borland, R. Dejus, G. Navrotski, D. Reis, R. Clarke, J. Wang, S. Southworth, V. Batista, F.
Castellano, E. Castner, R. Crowell, C. Laperle, C. Rose-Petruck, R. Sension, D. Tiede, S. Vajda,
D. Arena, P. Crowell, B. Bailey)

The proposed Short Pulse X-ray Facility at the Advanced Photon Source (APS) promises
to be the world' sfirst high-average-flux, tunable, polarized synchrotron-based x-ray source. The
SPX is a centra part of the APS Upgrade with an average flux that is comparable to the Linac
Coherent Light Source (LCLS) and that far exceeds other accelerator-based ultrafast x-ray
sources (dlicing sources, e.g. at ALS, BESSY and the Swiss Light Source) and low alpha
operation. The SPX facility features a variable pulse duration (1-100 ps), variable
monochromatization (10 — 10?), variable repetition rate (up to 6.5 MHz) and photon energiesin
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the soft and hard x-ray regimes. With 10* - 10° x rays/pulse focused to ~1 um? the use of the
SPX as a probe resides squarely in the standard one-photon regime and will be free from
multiphoton processes so prevalent at the LCLS. This past year, we completed a conceptual
design of the SPX facility consisting of three beamlines (two hard x-ray and one soft x-ray) that
can operate simultaneously, and five independently operating endstations. One hard x-ray
beamline will take a 1% vertica dice from the chirped electron beam, be fully tunable from 4 —
35 keV, with variable pulse duration, bandwidth, repetition rate and used for traditional
spectroscopy and scattering experiments. The other hard x-ray beamline will explore novel uses
of other characteristics of the chirped electron beam by accepting the full vertical fan for time-
dispersed diffraction or wide field imaging. The soft x-ray beamline will operate from a bending
magnet source from 200 eV to 2 keV and offer monochromatic radiation with variable circular
polarization, modulated at a rapid repetition rate, for studies of magnetic systems. This past
year, the team assembled a scientific case and a conceptual design and underwent four reviews
(Technical Design Review, Scientific Advisory Committee Review, Argonne Director’s Review
and DOE Independent Cost Estimate Review). The reviews endorsed the building of the SPX
facility and offered useful advice. During the upcoming year, completion of a full preliminary
design and costing for the three beamlines and laser infrastructure will be the primary activity.

Fig. 11. Proposed layout for SPX Fecility beamlines. Deflection cavities are to be located in the downstream
ends of Sectors 5 and 7, both of which have long straight sections. Sector 6 has a standard-length straight
section that can accommodate two 2.2-m undulators for later expansion. In the first phase, three independently
operating beamlines are planned, two hard x-ray beamlines and one soft x-ray bending magnet beamline. The
high repetition rate (6.5 MHz), medium fluence (10* - 10° x rays/pulse) tunable, polarized x-ray pulses will
facilitate high precision x-ray measurements with picosecond and picometer resolution.
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J.R. MACDONALD LABORATORY - OVERVIEW 2011

The J.R. Macdonald Laboratory focuses on the interaction of intense laser pulses with matter
— specifically, observing and controlling single atoms and molecules on short time scales. The
eventual goal is to work at the natural time scale for electrons moving in matter. Doing so will
add to our existing capability to trace nuclear motion in molecules using femtosecond laser
pulses. All of these activities build toward the ultimate goal of understanding the dynamical
processes of reactions well enough to control them. To this end, we are advancing theoretical
modeling and computational approaches as well as experimental techniques and taking
advantage of our expertise in particle imaging techniques (such as COLTRIMS, VMI, MDI,
etc.). Most of our research projects are associated with one of the two themes: “Attosecond
Physics” and “Control”. The boundary between these themes, however, is sometimes not well
defined. A few examples are briefly mentioned below, while further details of typical projects are
provided in the individual contributions of the Pls: I. Ben-ltzhak, Z. Chang, C.L. Cocke, B.D. Esry, M.F.
Kling, V. Kumarappan, C.D. Lin, U. Thumm and C. Trallero.

Attosecond physics: The goal of the efforts under this theme is to follow, in real time, electronic
motion in atoms and molecules. However, attosecond pulses can also serve as very precise
triggers or probes of the femtosecond-scale nuclear motion in molecules. We have generated and
characterized single 77 attosecond transform-limited pulses, then employed such pulses in
studies of time resolved AC stark shifts of auto-ionizing states. Using an attosecond pulse train in
an EUV/infrared pump-probe scheme, we have modified the fragmentation dynamics of
autoionizing states of O,". The quantitative re-scattering (QRS) theory has been applied to Fano
resonances initiated by an attosecond pulse in He, and it reproduces the recently measured
electron spectra for the 2s2p (*P) state. We have also simulated high harmonic generation
including propagation in the medium, to help extract better information about photoionization of
atoms and molecules from measured HHG spectra. We have followed theoretically the time
delay in photoelectron emission from surfaces and experimentally demonstrated attosecond
control over electron emission from Ar and nanoparticles. We have applied the QRS theory to
these experimental studies of non-sequential double ionization (NSDI).

Control: Methods for controlling the motion of heavy particles in small molecules continue to
be developed. Theoretically, the ability to control the dissociation of molecules (e.g., Hz") into
different final channels has been investigated using pulse pairs or the carrier-envelope (CE)
phase. Experimentally, we have used a w+2w field to orient heteronuclear diatomic molecules and
then explored how the orientation affects the ionization rate — the favored orientation is in
agreement with MOL-ADK expectations. We have experimentally observed nuclear wave packet
propagation in both time and energy domains, and also modeled it by TDSE calculations. We
have treated theoretically the correlated electron-nuclear motion in multiphoton dissociative
ionization of H,". We have demonstrated control over the elusive “zero-photon dissociation” of an
H.," beam using the pulse bandwidth and chirp. Recently, we have observed a channel asymmetry
in HD™ dissociation that depends on the dissociation energy and laser parameters — theory support
was essential for the interpretation of these unexpected phenomena. We have improved our ability
to align asymmetric top molecules and measure their degree of alignment using optical methods as
well as single-shot VMI. We have recently begun a program to investigate the dynamics of a
polyatomic molecule near a conical intersection driven by an intense field.

In addition to the laser-related research, we have conducted some collision studies using our
high- and low-energy accelerators. Some of this work is conducted in collaboration with visiting
scientists (for example, S. Lundeen, J. Shinpaugh & L. Toburen).
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Like the visitors benefiting from the use of our facilities, we pursue several outside
collaborations at other facilities and with other groups (e.g., ALLS-INRS, ALS, Arhus, Auburn
University, University of Colorado, FLASH, Max-Planck Institutes for Quantum Optics and
Kernphysik, Sao Carlos, Tokyo, Weizmann Institute of Science, and others).

Finally, it is worth mentioning the changes our group and laboratory are undergoing at
present. With DOE funding, we have purchased a high-repetition-rate, high-power, CE phase-
locked laser from KM Labs that is expected to be operational in our lab around the time of this
meeting (mid- to late September). Specifically, this laser will provide about an order of
magnitude improvement in count rates (10-20 kHz, 1 mJ/pulse, 790 nm, <21 fs FWHM), which
are essential for most of our multi-parameter coincidence measurements (like COLTRIMS,
MDI, etc). Moreover, the shorter pulses (than currently available from KLS) will allow us to
generate sub 5 fs pulses by compression in hollow core fibers and to generate single attosecond
pulses directly after the amplifier using the generalized double optical gating method — therefore
increasing the EUV/XUYV photon flux. In addition to the added laser capabilities, this new laser
system will alleviate a shortage of beam time — hopefully allowing for more collaborations
involving visiting scientists.

To make room for this new laser and the associated attosecond physics experimental setup,
we have removed the LINAC, after about 20 years of service, and kept only a couple of beam-
lines on the tandem van de Graaff accelerator, which should be sufficient to satisfy the reduced
demand for high-energy ion beams.

On the personnel side, we have just received university approval for advertising a search for
an AMO faculty to join our group by summer 2012 at the assistant or associate professor level.
We are making an effort to hire an experimentalist with ultrafast science experience and
interests that match the theme of the JRML research. We welcome any assistance in identifying
and recruiting the bright talent we need.

The above search will complete the JRML hiring process and will establish the experimental
component of our research group for years to come. We are looking forward toward this future
and have started planning the addition of a third laser — a high power, long wavelength system,
based on an upgrade of an existing, MURI supported, laser — specifically adding another
amplification stage. We envision the three young faculty, Vinod, Carlos and Matthias, taking
charge of the operation, scheduling, maintenance and upgrade of the three main laser systems,
each responsible for one of them, while experiments conducted by all are allocated to the laser
that fits them best.
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Structure and Dynamics of Atoms, lons, Molecules, and Surfaces:
Molecular Dynamics with lon and Laser Beams
Itzik Ben-Itzhak, J. R. Macdonald Laboratory, Kansas State University
Manhattan, KS 66506; ibi@phys.ksu.edu

The goal of this part of the JRML program is to study and control molecular dynamics under
the influence of ultrashort intense laser pulses or the swift Coulomb field of ions. To this end we
typically use molecular ion beams as the subject of our studies and have a close collaboration
between theory and experiment.* Examples of our recent work are given below.

Strong-field coherent control of molecular-ion-beam fragmentation

We have achieved control over the dissociation of the benchmark HD™ molecule into either
H*+D or H+D", i.e. imposed channel asymmetry upon dissociation, using the pulse bandwidth
and chirp as control knobs of the elusive “zero-photon dissociation” of H," — a process driven
by “two colors” within the laser bandwidth.

Zero-photon dissociation (ZPD), B. Gaire, M. Zohrabi, J. McKenna, U. Ablikim, A.M.
Sayler, N.G. Johnson, K.D. Carnes, F. Anis, J.J. Hua, D. Ursrey, J. Hernandez,, B.D. Esry, and
l. Ben-ltzhak — To explain a very low KER feature in their H," dissociation data, Posthumus et
al. [1] suggested an intriguing mechanism, which they named “zero-photon dissociation” (ZPD),
as it involves no net photon absorption. Recently, the same group repeated their measurements of
dissociative ionization of H, by 263 nm (~150 fs) pulses, but this time they presented an
alternative interpretation involving resonance-enhanced multiphoton ionization (REMPI) [2].

In order to eliminate the competing REMPI process we have studied the dissociation of H,"
and HD" beams in <10 fs, 790 nm laser pulses. We have measured very low kinetic energy
release (KER) from the dissociation of H," using a crossed-beams coincidence three-dimensional
momentum imaging method [3] — after an upgrade allowing KER measurements down to almost
zero KER [4]. The combined experimental and theoretical results provide convincing evidence
for dissociation with the net absorption of zero photons, i.e. the elusive ZPD process [5].
However, instead of involving vibrational trapping as the key ingredient of the mechanism, we
suggest that ZPD is driven by the absorption of a somewhat more energetic photon followed by
the stimulated emission of a less energetic photon (see Fig. 1), both within the laser bandwidth.
This is consistent with our findings that broad-band pulses cause ZPD more efficiently, thus
providing a control knob for the dissociation of highly excited vibrational states of H,".

Figure 1. Left: A schematic view of ZPD as a two-color process within the laser bandwidth. Center: Theory:
Probability density of H," dissociation in pulses chirped from an 8 fs Fourier transform limited (FTL) pulse. Right:
Experiment: Dissociation of H," in 7 fs FTL pulses and pulses chirped to 15 fs. Both theory and experiment show
the predicted effect of the pulse chirp (see text).
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We have also demonstrated control over ZPD using the pulse chirp as a control knob. In our
understanding of ZPD, a higher energy photon should precede a lower energy photon. This
suggests that a negative chirp should enhance ZPD while a positive chirp should suppress it — a
fact demonstrated by both our measurements and calculations in Fig. 1.

More intriguing is the study of ZPD in HD", which has two

distinguishable dissociation channels, H*+D and H+D". In

ultrashort 7 fs (FTL) pulses we observe a preference for

dissociation to the lower H*+D channel at very low KER (see

figure to the right) in accord with ground state dissociation

findings [6]. Surprisingly, this channel asymmetry, i.e. the

preference for H*+D over H+D" or vice versa, is observed over a

wide range of KER. Preliminary calculations and measurements

indicate that this channel asymmetry depends strongly on the

explicit conditions initiating dissociation of specific vibrational

states and appears in a wide variety of pulses. It is curious to note

that we observe this channel asymmetry in a single pulse where,

in contrast, such asymmetry is not visible in asymmetric fields

generated by mixing 2-colors (i.e. @-2) [7,8]. This project was  Figure 2. The KER distribution
recently presented as an invited talk at DAMOP 2011, and we  of HD" dissociation into H*+D
plan to pursue the study of this phenomenon further. and H+D",

Intense short pulse laser-induced ionization and dissociation of molecular-ion beams

The goal for these projects was to extend our knowledge of H," and apply it to more complex
molecules in intense ultrafast laser pulses. — Studies of the benchmark H," and H, molecules
provide the foundation for our understanding of the behavior of diatomic and somewhat more
complex molecules in intense ultrashort laser pulses. For example, we have studied vibrational
structure and suppression in O," dissociation (Pub. #23) following our similar work on H," (Pub.
#11). Taking advantage of our new experimental capabilities we have extended our studies of
dissociation of the benchmark polyatomic molecule, Hs", down to almost zero KER. All these
projects have benefited from the strong collaboration with the theory group of Esry.

Armed with better understanding of the benchmark systems above, we have explored more
complex molecules. For example, in collaboration with the WIS group we have studied channel
opening in I," and NO™ dissociation. In another example, a summer project of an undergraduate
student “Strong-field dissociation dynamics of NO?*: A multiphoton electronic or vibrational
excitation?”, was presented in the undergraduate student research session of DAMOP 2011.

Adaptive femtosecond control of isomerization dynamics in acetylene and ethylene, E.
Wells, M. Zohrabi, C. Rallis, B. Jochim, P. Andrews, U. Ablikim, B. Gaire, S. De, B. Bergues,
K.D. Carnes, M.F. Kling, and I. Ben-ltzhak — Shaping ultrafast laser pulses using adaptive
feedback is a proven technique for manipulating dynamics in molecular systems with no readily
apparent control mechanism. Commonly employed feedback signals include fluorescence or ion
yield, which do not always uniquely identify the final state. This ambiguity can further
complicate the already difficult task of deciphering the control mechanism, which in turn leads to
lower control fidelity and difficulties in understanding how to best parameterize the experimental
search space for a particular problem (e.g. Pub. #13-14,22). By rapidly inverting 2D velocity
map images to recover the three-dimensional photofragment momentum distribution and
incorporating the complete three-dimensional information into the control loop, we improve our
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ability to select and control specific final targets. The application of this strong-field closed-loop
control technique is demonstrated by controlling isomerization dynamics in acetylene and
ethylene, where we find that we can selectively enhance or suppress the production of CH," from
C,H, and CHs" from C,H,. In acetylene, the isomerization channel appears to be enhanced by
restricting the relaxation back to the acetylene-like configuration following excitation to the
vinylidene-like state using a train of pulses sequenced appropriately in time (150 fs < At < 250 fs)
[9,10]. Pulse parameterization in either the frequency or time domain leads to similar optimal
pulse features. This project was presented by Eric Wells as an invited talk at DAMOP 2011.

In addition to our laser studies, we have conducted a few collision experiments between keV
molecular ion beams and atomic targets. For example, at present we are investigating collision
induced dissociation accompanied by target ionization and have shown that target ionization and
excitation very likely raises questions about the common practice of neglecting target excitation
in theoretical treatments. This project will be presented as an invited talk in ISIAC 2011.

Future plans: We will continue interrogating benchmark molecular ion beams, such as H," and
Hs", in particular taking advantage of the new capabilities of the PULSAR laser, specifically
exploring challenging two-color, pump-probe and CEP dependence (see Pub. #21) experiments.
We will carry on our studies of more complex molecules including polyatomic molecules and
also continue some collision studies that will merge with our laser studies in the near future.
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Probing Sub-Cycle Excitation Dynamics
with Isolated Attosecond Pulses

Zenghu Chang
Kansas State University and University of Central Florida
Zenghu.Chang@ucf.edu

The goals of this aspect of the JRML program are (1) to generate and characterize ultrabroad
bandwidth attosecond pulses, (2) to use the isolated attosecond pulses for studying electron dynamics in
atoms on its natural time scale.

1. Characterization of Broadband Isolated 77 as Pulse. Kun Zhao, Qi Zhang, Michael Chini,
Steve Gilbertson, Sabih D. Khan, and Zenghu Chang.

Due to the low-photon flux of the isolated attosecond XUV pulse at the present time, methods for
characterization of femtosecond lasers that based on nonlinear optical gating, such as second order auto-
correlator, are difficult to implement on the attosecond timescale [1]. Instead, attosecond pulses are
typically characterized using an attosecond streak camera, whereby an electron replica of the XUV pulse
produced through photoionization of atoms is accelerated in a delayed dressing near-infrared (NIR) laser
field. The amplitude and phase of the attosecond pulse are retrieved from the delay-dependent streaked
spectrogram using a technique known as FROG-CRAB (frequency-resolved optical gating for complete
reconstruction of attosecond bursts) [8]. This method, however, are not appropriate for pulses whose
spectral bandwidth is large than the center photon energy [3]. This is a serious deficiency since such
attosecond pulse with small center photon energy (close to the ionization energy of atoms and molecules,
~10 to 20 eV) are very important for studying dynamics of chemical reactions and other processes. For
generating pulses much shorter than the current record, 80 as, the bandwidth may also be much larger
than the central photon energy. It is therefore desirable to develop methods for characterize isolated
attosecond pulses whose bandwidth is larger than the center photon energy. We developed a new
technique for characterizing attosecond pulses, whereby the spectral phase of the attosecond pulse is
extracted from the oscillation component with the dressing laser frequency in the photoelectron
spectrogram. This technique, termed PROOF (Phase Retrieval by Omega Oscillation Filtering), can be
applied to characterizing attosecond pulses with ultrabroad bandwidths [9]. The spectral phase encoding
in PROOF can be described by quantum interference of the continuum states caused by the dressing laser.

Recently, an improved PROOF algorithm
which accounts for both the amplitude and phase of
the interference oscillations has been employed to
retrieve  broadband attosecond pulses, which
converges more robustly than that introduced
previously. Two algorithms, PROOF and FROG-
CRAB, were employed to retrieve attosecond pulses
with spectra spanning 25 to 80 eV from the
experimental spectrograms shown in Fig. 1. The
attosecond pulses were generated using GDOG [2, 10,
18]. An isolated 77 as transform-limited pulse and a
115 as negatively-chirped pulse were reconstructed
by PROOF, while FROG-CRAB gave flat spectral
phases in both cases. This is the first experimental
evidence that shows PROOF is able to retrieve
broadband attosecond pulses even when FROG-
CRAB is not.

FIG. 1 Characterization of a nearly transform-
limited 77 as XUV pulse.
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2. Time resolved AC Stark shift and autoionization. Michael Chini, He Wang, Yan Cheng, Baozhen
Zhao, S. X. Hu, U. Thumm and Zenghu Chang.

Single isolated attosecond pulse is a new powerful tool for studying dynamics of correlated
electron motion in pump-probe experiments. Such pulses can now be routinely generated with the
Generalized Double Optical Gating (GDOG) method. The broadband XUV supercontinuum spectrum of
the attosecond pulse is particularly suitable for probing the time variation of the electronic states in
transient absorption measurements [17].

We performed the first measurement of AC Stack shift of the helium 1snp manifold of excited
states using isolated attosecond pulses. With this measurement, we can fully characterize the AC Stark
shift of each excited state and observe dynamics of electrons in these states with unprecedented time
resolution. The same method was also used to time-resolve the Fano profile which is the result of
interference between the direct ionization and the decay from an autoionizing state due to configuration
interaction [14].

The experiments were done using a
Mach-Zehnder type pump-probe configuration
and by detecting the transient absorption
spectrum of the attosecond XUV pulse, as
shown in Fig. 2.

1 mJ, 6 to 8 fs pulses centered at 750
nm were split into two parts. A portion of the
beam was used to generate an isolated
attosecond pulse using the generalized double
optical gating technique. The XUV
supercontinuum  spectrum spanned photon
energies from 20 eV to 40 eV and the isolated
140 as pulses were characterized using an Fig. 2 Attosecond transient absorption setup.
attosecond streak camera.

As compared to other schemes for generating isolated attosecond pulses, the GDOG does not
require the stabilization of the carrier-envelop phase of the driving laser, which significantly reduced the
difficulties of the experiments.

The XUV light was then focused using a toroidal mirror to a second gas cell filled with the
atomic gas. The gas density was adjusted to have ~25% transmission above the ionization potential (24.6
eV for helium). The other half of the NIR beam passed through an equal optical path length and was
recombined collinearly with the XUV pulse using a hole-drilled mirror. Delay between the two pulses
was introduced using a piezoelectric translation stage. The transmitted XUV spectrum of the attosecond
pulse was measured using a transmission grating spectrometer (2000 I/mm) with <50 meV resolution in
the energy region of interest and measured as a function of the time delay between the two pulses. The
setup is all-optical, much simpler than the attosecond streak camera that has been a popular tool in
attosecond experiments.

Helium atom was chosen for the AC Stark shift experiments. We measured the delay-dependent
transmitted XUV spectrum with a NIR laser peak intensity of 10" W/cm® when the delay was scanned
over the entirety of the NIR laser pulse. Several of the 1snp excited states can be identified by their
strong absorption. Each of the absorption lines traces out the NIR laser pulse profile. From the energy
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shift, the NIR pulse shape and intensity on target can be determined in situ, which is important for
analyzing data of other attosecond transient absorption experiments. By fitting the trace of the 1s3p state,
the FWHM of the NIR pulse in the current experiments is 8 fs. Interestingly, the shifts of the individual
excited states appear to occur on different time scales, which was unexpected. Moreover, the lines are
broadened in the laser pulse, with the lower-lying states exhibiting larger energy shifts and broadened
widths.

Most remarkably, when the two pulses overlap, a clear oscillation of the signal with a period of
~1.3 fs (half of the laser oscillation period) is observed, which extends above the ionization potential of
24.6 eV. Such half-cycle oscillations indicating sub-laser-cycle dynamics in the AC stark effect have
never been observed experimentally before.

We also studied the autoionziation of argon atom,
which is a process governed by electron-electron
correlation. The Fano profile, which is the signature of the
autoionization process, has widespread significance in
many scientific disciplines. For decades, spectral-domain
measurements with synchrotron radiation have served as a
window into the rich dynamics of autoionization. However,
the synchrotron pulse duration is too long (100 fs to 100 ps)
to time-resolve the Fano resonances since the
autoionization lifetimes can be as short as a few
femtoseconds.

We measured the transmitted XUV signal at the Fig. 3 Transmitted attosecond XUV
energy of the unperturbed 3s3p64p (26.6 eV) and 3s3p65p Spe'ctra of argon in a strong NIR laser field
(28.0 eV) peaks as a function of the delay. When the XUV with a peak intensity of (a)/(c) 5x10%
and NIR overlap temporally, the transmitted signals are W/en? and (b)/(d) 10™2 W/cn?.
minimized, as shown in Fig. 3. The recovery of the signal
is substantially faster when the delay is positive.

The asymmetric weakening of the signal with respect to delay can be fit very well using a cross-
correlation of an exponential function with the autoionization state lifetimes and a Gaussian laser pulse.
At the NIR laser peak intensity of ~10"* W/cm, the 3s3p65p and 3s3p66p states primarily exhibit an
energy shift as well as broadening and weakening of the resonances, but the effects were enhanced
compared with the results for the lower intensity in Fig. 3 (). Most interestingly, 3s3p64p exhibits a
dramatic splitting which is asymmetric with respect to zero delay. The upper branch extends nearly to the
neighboring 3s3p65p peak, whereas the lower branch remains near the unperturbed energy. The observed
phenomena suggest a dynamic control over the autoionizing states by the NIR laser.

Isolated attosecond pulses generated with GDOG allow direct measurement of the attosecond
dynamics in the Stark shift of the excited states in helium atoms. The observed half-cycle oscillation
indicates that the bound electrons are able to respond to the field oscillations on the attosecond time scale.
Furthermore, control of the autoionization process in argon clearly demonstrates that isolated attosecond
pulses are crucial tools for studying electron correlation dynamics. The time resolution is limited by the
NIR laser. New schemes of GDOG are under development to produce more intense XUV attosecond
pulses so that they can be used as both the pump and probe in the same experiment.

We have participated in studying dynamics in molecules [13, 20] (lead by Dorner at the
University of Frankfurt) and on micro-machining using the ultrafast lasers lead by Lei at KSU.
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation

C.L.Cocke, Physics Department, J.R Laboratory, Kansas State University,
Manhattan, KS 66506, cocke@phys.ksu.edu

During the past year we have concentrated on three projects. We have used a pump/probe
technique with 8 fs IR pulses and velocity map imaging to investigate the dynamics of wave
packets in N,, O, and CO. We have used two-color (800 nm/400nm) pulses to investigate the
favored orientation for strong-field ionization of CO and NO. We have used a EUV/IR
pump/probe method to investigate the double ionization of O, and to follow the time dependence
of the fragmenting wave packet in collaboration in collaboration with the COLTIRMS group at
the ALS.

Progress:

1)Observing the same wave packets in both time domain and energy domain in O, and CO
with short infrared pulses, S. De, M. Magrakvelidze, I. Bocharova, D. Ray, W. Cao, I.
Znakovskaya, H. Li, Z. Wang, G. Laurent, U. Thumm, M. F. Kling, I. Litvinyuk, 1. Ben-ltzhak and
C. L. Cocke. [1] We launch vibrational wave packets into excited states of various potential
curves of charged oxygen and carbon monoxide molecules using 8 fs 790 nm pulses. After a
delay up to 1.2 ps the wave packet is probed with a second 8 fs pulse. We record the kinetic
energy release (KER) of the ions using a velocity-map-imaging system. We are able to
distinguish fragments from final cation and dication molecules. For the case of the low energy
cation fragments (KER below 2 eV) we observe vibrational structure in the KER spectrum of
both molecules with a characteristic spacing AE. The pump-probe spectra of the same packets
show oscillatory behavior with a period of AT. The product of AE and AT is found to be Planck’s
constant, indicating that we are observing the same physical process in both the energy and the
time domain. The power spectra (Fourier transform of the time-versus-KER plot) show that the
wave packets are chirped: higher KER is accompanied by smaller oscillation frequencies because
the vibrational spacing is smaller. We have evaluated models for describing this chirp for both
0O, and CO. Good qualitative agreement is found, but the expected oscillation frequencies are
lower than those observed. A coupled channel solution to Schrodinger’s equation, within a two-
state basis, has also been calculated for the oxygen case. This project will be presented orally.

Fig. 1 The yield of O" ions as a function
of pump-probe delay and KER.
Vibrational structure is seen in the
projection onto the energy axis, with a
spacing near 0.12 eV. This approximately
matches the expected AE for the a*/7
state of O". The oscillation period near
35 fs is similarly close to that expected
for this state.

2) Orientation dependence of the ionization of CO and NO in an intense femtosecond two-
color laser field, H.Li, D. Ray, S.De, |. Znakovskaya, W.Cao, G.Laurent, Z.Wang, M. F. Kling,
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A.T.Le, and C. L. Cocke. [2] Two-color (800 nm and 400 nm) short (45 fs) linearly polarized
pulses were used to ionize and dissociate CO and NO. The emission of C*% N*%and O*
fragments were measured with a velocity-map-imaging system. The data show that the ionization
rate is dependent on the orientation of the molecules with respect to the laser polarization, with
the higher rate occurring when the electric field points from the C to the O (for CO) or N to the
O (for NO). The sign of the asymmetry is not dependent on kinetic energy release (KER).The
asymmetry of emission is much higher for CO than for NO. The favored ionization orientation is
in agreement with the expectations of MO-ADK [3] theory, but when the effective ionization
potential is corrected for a linear Stark shift, this agreement is lost. A strong-field-approximation
calculation, including the Stark shift, is found to be in agreement with the data.

Fig. 2 Density plot of the asymmetry
(Y up=Yaoun)/ (Yup+Yown), OF emission of C*
ions from CO at an intensity of 2 x 10
4 \W/cm? as a function of two-color
phase and KER. A projection of the
yield versus KER is shown in the left
panel, while the lower panel shows
plots of asymmetry versus phase for
two chosen slices of the KER. A two
color phase of zero corresponds to the
maximum electric field pointing “up”.

3) Dynamic modification of the fragmentation of autoionizing excited states of O,", W. Cao,
G. Laurent, S. De, M. S. Schéffler 2, T. Jahnke?, A. Alnaser®, I. A. Bocharova®, D. Ray, M. F.
Kling®, 1. Ben-ltzhak, T.Weber®, A Landers®, A. Belkacem®, R. Dérner?, A.Orel® , T.Rescigno®
and C. L. Cocke, ‘Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA; Institut
fur Kernphysik, Univ. of Frankfurt, Max-von-Laue-Str. 1, D-60438 Frankfurt, Germany;
®physics Department, American University of Sharjah, Sharjah, UAE, *Max-Planck Institute of
Quantum Optics, Hans-Kopfermann-Strasse 1, 85748, Garching, German;°Department of
Physics, Auburn University, Auburn, AL 36849, USA ; ® Univ.Cal. Davis. [4] The dynamic
process of fragmentation of excited states of molecular oxygen is investigated in a two-part
study. First, using monochromatic 41 eV radiation from the Advanced Light Source and
COLTRIMS detection of O*/O" ion pairs and associated electrons, we establish that this channel
is populated only by an indirect process enabled by autoionization of excited oxygen neutrals,
and identify the final active molecular states involved. Second, we probe the dynamics of this
process using an attosecond pulse train (APT) of 35-42 eV EUV, followed by an intense laser
pulse (800 nm, up to 10" W/cm?). As shown in Fig. 1 below, the KER in the 0*/O* channel is
found to depend on the delay between the APT and the IR pulse. Our interpretation of this is that
the IR removes the most weakly bound electron from the slowly dissociating autoionizing cation
molecular state(s) and transforms the cation into a dication. The KER is increased by this
removal because of the Coulomb energy in the dication fragmentation channel. A theortetical
potential curve for this autoionizing molecule has been calculated and used with a solution to the
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time dependent Schrodinger equation to calculate the expected KER versus delay. The result is
in adequate agreement with experiment.

Fig. 3 The KER in the O*/O"
channel when an APT used
to ionize and excite O, and
an infrared pulse is used to
modify the fragmentation
dynamics after a certain
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Atoms and molecules in intense laser pulses

B.D. Esry

J. R. Macdonald Laboratory, Kansas State University, Manhattan, KS 66506
esry@phys.ksu.edu

http://www.phys.ksu.edu/personal/esry

Program Scope

The primary goal of my program is to quantitatively understand the behavior of simple benchmark systems
in ultrashort, intense laser pulses. As we gain this understanding, we will work to transfer it to other
more complicated systems. In this effort, my group works closely with the experimental groups in the J.R.
Macdonald Laboratory, including, in particular, the group of 1. Ben-Itzhak.

A second component of my program is to develop novel analytical and numerical tools to (i) more
efficiently and more generally treat these systems and (ii) provide rigorous, self-consistent pictures within
which their non-perturbative dynamics can be understood. The ultimate goal is to uncover the simplest
picture that can explain the most.

1. Correlated electron-nuclear motion in multiphoton dissociative ionization

Recent Progress Some time ago in Ref. [1], we proposed a new mechanism for the dissociative ionization of
molecules that we called “above threshold Coulomb explosion” (ATCE). The key feature of this process being
peaks in the nuclear relative kinetic energy release (KER) spectrum spaced by a photon’s energy in analogy
with well-known above threshold ionization and dissociation processes. We supported this proposal with a
simple Floquet-based model that we used to explain the structure in experimental data also presented in [1].
More recently, we have applied this model to explain the experimental data of other groups in Pub. [P16].
Our explanation is not the only one that has been given, however [2,3].

We decided that the most unambiguous way to identify the correct explanation was to simply calculate
the dissociative ionization spectrum. In a calculation, we can control the conditions perfectly and analyze
the results at a level of detail not possible experimentally. Since a direct calculation including all degrees of
freedom for this process has not yet been done for any molecule in an intense laser field — and to keep the
calculation as simple as possible, but still retain the essential physics — we used H;r including only nuclear
vibration and electron motion along the polarization direction of the laser.

Having solved the time-dependent Schrodinger equation for this model system, we had to extract the
physical observables from the joint electron-nuclear wave function. Dissociative ionization of HJ results in
a free electron along with two free protons and thus lies in the double continuum. The most direct way
to obtain this spectrum is thus to project the joint wave function onto the system’s energy eigenstate with
asymptotic nuclear energy En and electronic energy FE., then integrate over all electron energies to account
for the fact that the electron was not measured in the experiment. We calculated this double continuum
eigenstate within the Born-Oppenheimer approximation which we expect to be a good approximation so
long as the electron velocity is much larger than the nuclear velocity.

Figure 1: The joint electron-nuclear energy distribution for dissociative ionization of H; (v="T)ina 6x1013 W/cm2, 10 cycle
laser pulse at the photon energies indicated.

We quickly realized, however, that it was much more interesting to skip the integration over electron
energies and look at the joint electron-nuclear energy distribution. Figure 1 shows why: the joint energy
spectrum clearly shows the multiphoton nature of the interaction. The peaks that run diagonally through
each panel simply reflect the expected energy conservation of a multiphoton process, E, + nw = En + FE,
(E, is the initial vibrational energy relative to the p+p+-e threshold), up to a possible pondermotive shift.
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In two previous decades of similar computational studies, only the projected electron or nuclear spectra had
been examined. The former shows photon peaks much less clearly when it shows them at all. The latter has
only shown them at very low intensities in the ATCE peaks.

It turns out that plots like Fig. 1 reveal quite a lot of information. For instance, the minima at constant
En seem to correspond to the nodes in the initial vibrational wave function, and this connection can be
made quite concrete within the strong field approximation. A little additional analysis of these figures
also shows that the simple reflection method for calculating the KER, spectrum for ionization is not such a
good approximation. Examination of the spectra for different initial vibrational states further shows that
the dressed Floquet potentials we introduced in Ref. [1] for ionization can provide a convenient, consistent
explanation of the spectrum. Moreover, in the limit of low laser intensity, the spectra tend to collapse
towards E.=0, leaving peaks along Ey separated by w in apparent support of our ATCE explanation.

Future Plans Except for the pervasive influence of the Born-Oppenheimer picture which tends to lead
people to consider nuclear observables separately from electronic — and the twenty or so years of study of
this particular model without a figure like Fig. 1 — these figures are quite intuitive. A similar figure of
electron-nuclear energy sharing following single photon dissociative ionization has been shown, for instance,
in Ref. [4]. Figure 1 shows that the electron and nuclei interact and share the absorbed energy even in
the multiphoton regime. This behavior certainly is not limited to H2+ , nor even the electron-nuclear joint
spectrum. We expect similar multiphoton features in the joint energy spectrum for any three or more particle
breakup in an intense laser field, including three-particle dissociation of a polyatomic molecule and multiple
ionization of atoms [5] or molecules.

We are extending this study by looking for ways to manipulate the energy sharing between electrons and
nuclei using multiple or shaped pulses. Preliminary results indicate that such manipulation is possible and
maybe not even so difficult.

2. Supersymmetric phase-equivalent potentials for atoms in intense fields

Recent progress For multielectron atoms, the single active electron approximation (SAE) provides essen-
tially the only means of calculating their response to intense laser pulses. Generally, the SAE assumes that
the core electrons are frozen and do not respond to the laser field. A simple model potential can then be
constructed for the one electron to be treated dynamically. While this potential can be calculated from the
many-electron wave function, it is more often obtained by fitting the spectrum of a parametrized potential
to the experimental spectrum of the atom in question.

One problem with such model potentials is that they support not only the allowed states of the valence
electron, but also the Pauli-forbidden states of the core. The valence electron should not be allowed to
occupy any of these core states at any point during the dynamics. Satisfying the exclusion principle thus
requires that extra steps be taken.

Several methods of approximately excluding the occupied states have been used in the literature, including
not excluding them. We have compared some of these methods in the past, and they give qualitatively —
but not quantitatively — the same answer. Since theory is sometimes now being used to extract laser pulse
parameters from experiment, it is critically important to pin down the magnitude of the errors in the theory
itself and to find an accurate and efficient means of solving the problem.

One essentially exact approach involves expanding the wave function on the field-free eigenstates —
minus the occupied orbitals — of the model potential. This close-coupling approach, however, is not nearly
as computationally efficient as grid-based methods. But, grid methods have generally suffered from inexact
removal of the occupied states and only partially reproduce the atom’s spectrum.

In a seeming stroke of luck, we recently come across supersymmetric phase equivalent potentials (PEPs).
These PEPs let one use the one electron model potential to construct a new potential with the exact same
bound spectrum and scattering phase shifts, but with one fewer bound state. The new potential is the PEP;
it is local in radius, but is £ dependent. It thus works perfectly with a grid method and allows the occupied
orbitals to be removed exactly.

Figure 2 compares the spectra calculated with close-coupling (V) and with PEPs (V7). It is clear from
the figure that although both methods have exactly the same bound spectra, exactly the same scattering
phase shifts, and exactly remove the occupied orbitals, the intense field dynamics are different. To be sure,
they match qualitatively, but even the total ionization probabilities differ at the 10% level. Based on our
experience with close-coupling, we compared the transition dipole matrix elements for the two methods and
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found that those for the PEPs are substantially different
from the close-coupling.

Future plans Given the trend towards using theory to
extract laser pulse parameters, it is important to be able
to provide error bars for the approximations made in the
theory. With the PEPs, though, we found that getting the
intense field dynamics correct requires more than repro-
ducing the spectral properties of the one-electron model
potential in the SAE, it requires reproducing the transi-
tion dipole matrix elements as well. This is a substantial
challenge and even calls into question the quantitative re-
liability of the SAE itself. We will continue to investigate Figure 2: The photoelectron spectra for Ar in a 180 nm,
methods to treat the multielectron dynamics efficiently 1.8 cycle, 8.75x10'* W/cm? laser pulse calculated us-

s . . . ing close-coupling (Vo) and grid method with PEPs (V7).
ar}?hquantl.tatlvlfly, focusing especially on the connection Note that the distributions are mirrored about cos §=-1.
W1 experiument.

3. Intense-field-driven dynamics near a conical intersection

Recent Progress We have recently begun a program to investigate the dynamics of a polyatomic molecule
near a conical intersection driven by an intense field. Conical intersections abound between Born-Oppenheimer
surfaces of polyatomics and are an important non-radiative decay path in many systems. Our focus will first
be on H; since that is a simple system and one that we know can be experimentally studied in our Lab [P9].
Actually, our first focus will be on the singly ionized channels, H§+7 looking at the two- and three-body
nuclear breakup problem.

Choosing H?F keeps the quantum chemistry demands low, allowing us to focus on the nuclear dynamics.
In fact, for our first steps, we lower the chemistry bar even more and consider simple pairwise model of the
interaction potential based on the Hj 1so, (U7) and 2po, (U}) potentials between atoms i and j:

H, = |g12) Uy? (gra| + |urz) Uy (wna| + [gs1) Ug' (ga1] + |us1) Up' (usi| + |gas) UZ? (gas| + uas) US> (uas] .

This diatomics-in-molecule-like interaction is written in terms of projections onto the Hj molecular states
|(g,u)i;) for each pair 4j. This form allows us to quickly explore different diabatization schemes appropriate
for treating the breakup of this molecule. Writing the dipole operator in a similar pairwise fashion in terms
of the H2+ 1s04-2po, transition dipole, for instance, shows that in the atomic orbital basis the dipole matrix
is diagonal. This should not have been a surprise, but it does show that we ought to be able to take real
Born-Oppenheimer potential and dipole surfaces, diagonalize the dipole operator, and use its eigenvectors
to produce a diabatic representation that correlates to the atomic basis asymptotically.

Figure 3 shows one diabatic potential surface in the atomic basis for the interaction above in Smith-
Whitten hyperspherical coordinates at a fixed hyperradius. These coordinates are convenient as they
show all possible configurations of the system in a compact figure. Equilateral triangles, for instance,
lie at #=0; and linear molecules, at §=m/2. The conical intersection (which only exists for the adiabatic

surfaces) lies at the equilateral con-
figuration. The interatomic dis-
tances r;; are zero along 0=7/2 at
¢=n/3, m, and 57/3. The poten-
tial surface H;; in Fig. 3 shows
strong repulsion at two of these
three points, with the missing point
corresponding to r23=0. The other
two diabatic surfaces look the same,
except with the missing point ob-
tained by cyclic permutation. The
advantage of this representation is
Figure 3: Diabatic potential surface Hi; in the atomic basis and one of the the lack of the diverging Couplings
diabatic coupling elements for Hj'. that one finds in the usual Born-
Oppenheimer representation.
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Future Plans We are just beginning to explore conical intersections by first identifying a good candidate
representation for the electronic degrees of freedom. We believe the atomic basis (or the eigenstates of
the dipole operator) will facilitate the solution of the time-dependent Schrédinger equation for the nuclear
motion. This will be our next step and should allow us to start gaining insight into the Macdonald Lab
experiments [P9]. In the longer term, we hope to design generic models of conical intersections so that a
single calculation can apply to a wider range of systems.
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Control and tracing of attosecond electron dynamics in atoms, molecules
and nanosystems in few-cycle laser fields

Matthias F. Kling

J.R. Macdonald Laboratory, Kansas State University, Manhattan, KS 66506, USA
*E-mail: kling@phys.ksu.edu

Scope:

Few-cycle laser light pulses with controlled electric field waveform are utilized to steer electronic
motion in atoms, molecules and nanostructures. While before the start of this program, initial work on
the control of single electrons in atoms and simple molecules was performed, our aim is to extend the
control metrology to much more complex, highly-correlated systems. Our research is motivated by
gaining fundamental insight into the real-time dynamics of many-electron systems. Furthermore, the
control and observation of collective electron motion in molecules and nanomaterials is an important
step towards the realization of lightwave (nano)electronics. An important part of our research program
is to also visualize the control by attosecond time-resolved probing techniques, such as attosecond
streaking and attosecond transient absorption spectroscopies.

Progress:

Waveform control of geometric and dynamic field-free molecular orientation:

Combining a fundamental frequency of a laser and its second harmonic with a definite relative
phase results in an asymmetric electric field and broken inversion symmetry. Such field-asymmetric
laser pulses can generate macroscopic orientation in polar molecules. We have performed the first
experimental implementation of this technique. In our experiments we combined 800 nm pulses from
a Ti:Sapphire laser with their second harmonic field of 400 nm wavelength. The resulting field-
asymmetric two-color pulses were focused onto a supersonic jet of CO molecules inside a velocity-
map imaging (VMI) spectrometer, which has been build within this external collaboration.
Rotationally excited CO molecules were interrogated at a varying time delay by a more intense single-
color (800 nm) laser pulse. The probe pulses Coulomb exploded the molecules and resulting C*
fragments were momentum analyzed using the VMI.
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(represented by the momentum direction of C*) and the laser polarization are displayed in Fig. 1.
<cos’0> represents the alignment of CO and the values of <cos 6> indicate a net macroscopic
orientation of the molecular ensemble. The observed orientation exhibits rotational revivals after each
rotational period. We studied the dependence of the degree of orientation on the pump pulse peak
intensity and compared our experimental results to a series of theoretical calculations. The
calculations confirm that the orientation of CO is dominated by an asymmetry in the molecular
hyperpolarizabilities rather than the molecules’ permanent dipole moment. The results demonstrate
field-free orientation of CO [1], which might be used to study angle-differential properties of this and
similar heteronuclear molecules, such as ionization and scattering cross-sections.

We have furthermore explored the geometric orientation of polar molecules by phase-stable few-cycle
optical fields [8]. We studied the dissociative ionization of DCI in phase-stabilized, 5fs laser fields at
1.3 x 10" W cm™. The measured angular distributions of the resulting D* and CI* ions are similar and
exhibit an anti-correlated CEP dependence. Importantly, the angular distribution of the asymmetry of
D" ions resembles the orientation-dependent ionization probability of the HOMOs of DCI (see Fig. 2).
These findings indicate that mainly the ionization step is responsible for the asymmetry in the
fragment emission. Preferential ionization of DCI molecules with suitable orientation towards the laser
electric field permits the control over the orientation of DCI* ions, which is reflected in the ionic
fragment emission. We believe that a similar control can be achieved in other heteronuclear molecules
with potentially higher degree of orientation. Taking advantage of this control scheme, near single-
cycle light fields may be used to produce samples of oriented molecular ions under field-free
conditions (which are present after the ionization pulse has passed the sample) for studies on their
dynamics in the molecular frame.

Fig 2: Polar plot of the energy-integrated asymmetry (blue dots) as compared to the
calculated symmetric ionization probability from the HOMOs of DCI (red line). For
better comparison, the data and calculated results (which are up-down and left-right
symmetric) are shown over a range of 2.

Attosecond control of correlated electron emission:

Using a reaction microscope (REMI) in combination with the recently developed single-shot
carrier-envelope-phase (CEP) tagging technique, we investigated the control of the sub-cycle
dynamics of the non-sequential double ionization process in rare gas atoms in near single-cycle laser
pulses [5]. The pulses with a central wavelength of 750 nm, a duration of 4 fs are generated at a
repetition rate of 3 kHz and focused into a cold atomic jet in the center of the REMI, which consists of
two time-of-flight spectrometers for electrons and ions combined with position sensitive detectors to
enable measuring the particles' three-dimensional momentum vectors. The peak intensities used in the
present experiment are of the order of 10* W/cm®. A small fraction of the beam is focused into a
Stereo-ATI phase meter providing a measurement of the relative CEP for every laser shot. As an
example, Fig. 3 shows the CEP-dependent recoil momentum spectra of Ar®*, which exhibit a
pronounced (£0.7) asymmetry.
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Fig. 3 Experimental results showing the CEP dependence of the Ar** momentum along
the laser polarization axis.

Attosecond control of electron emission and acceleration in nanoparticles:
We demonstrate the emission and directional control of highly energetic electrons from isolated

SiO, nanoparticles in few-cycle laser fields with well defined waveform at intensities close to the
tunneling regime [9].
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Fig. 4 Electron kinetic energy spectrum (a) and asymmetry in the electron emission along
the polarization vector (b) measured in 109 nm diameter SiO, nanoparticles at a laser

intensity of 1.9 x 10" W/cm?. The black dashed line indicates the cutoff in the electron
emission.

Intense (1 - 4.5 x 10" W/cm?) carrier-envelope phase (CEP) stabilized laser pulses with a central
wavelength of 720 nm and 5 fs pulse duration were focused onto a nanoparticle beam. The
nanoparticles were inserted into the gas phase by aerosol preparation and aerodynamic lens focusing
[4]. The resulting full 3-D momentum distribution of the emitted electrons was obtained by a velocity-
map imaging (VMI) spectrometer. High kinetic energy electrons up to 100 eV were observed. The
asymmetry of the electron emission in the direction of the polarization vector shows a pronounced
CEP dependence in the energy range up to the cutoff energy (see Fig. 4). The intensity dependent
measurements show a nearly linear dependence of the cutoff energy on laser intensity with an average
cutoff value of 53.0 Up, which is more than a factor of five over the classical 10 U, cutoff law for
above-threshold ionization (ATI) in atoms. Here U, = e’E%/4mw?’ is the ponderomotive potential of an
electron in the laser field. Comparison of the experiment to quasi-classical simulations indicate that
the electron rescattering in the dielectrically enhanced near-field of the nanoparticle and the trapping
potential produced by residual ions and other free electrons in the surface region is responsible for the
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large energy gain. By using isolated nanoparticles we can also explore the regime near, at and beyond
the material damage threshold. The extremely short pulse duration of only a few cycles in our studies
ensures that the electron dynamics responsible for the observed phenomena occurs before any nuclear
dynamics. The electron acceleration mechanism could also be of importance to other materials,
including nanofilms, composite nanostructures, semiconductor and metal nanoparticles and nanotips in
strong few-cycle laser fields.

Future plans:

We are particularly aiming at the implementation of attosecond tracing of electron dynamics in
real-time using single attosecond XUV light pulses. The techniques to be utilized will include
attosecond streaking spectroscopy, which we have recently applied to measure the photoemission in
Ne and Auger decay in Ar via VMI [10]. The extension of the approach to probing the collective
electron motion in nanoparticles may reveal completely novel insight into how nanolocalized fields
are build-up and decay.
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Controlling rotations of asymmetric top molecules: methods and
applications
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1 Program Scope

The goal of this part of the James R. Macdonald Laboratory’s research program is to develop better
methods of aligning and orienting polyatomic molecules for ultrafast AMO experiments, including
high-harmonic generation and photoelectron spectroscopy. So far, almost all experiments that use
aligned molecules have been carried out on linear molecules. The development of more effective
alignment /orientation methods for asymmetric top molecules will allow these experiments to be
extended to a much larger class of molecules. We use non-adiabatic alignment with non-resonant
femtosecond laser pulses to align/orient molecules and velocity map imaging (VMI) and non-linear
optical methods to quantify the degree of alignment.

2 Recent progress

2.1 Optical measurement of alignment:

(Xiaoming Ren, Varun Makhija, Vinod Kumarappan)

During the last two years, my group has concentrated on measuring alignment optically. The
goals of developing such methods are: (a) to be able to measure alignment — including 3D alignment
— rapidly so that a feedback algorithm can be efficiently used to optimize the degree of alignment,
(b) to facilitate direct characterization of the alignment in a dense sample suitable for high harmonic
generation, and (c) to be able to measure alignment of any molecules that can be aligned/oriented.
Fragment ion detection techniques such as VMI fall short on all three requirements. Fragment
ion imaging is slow compared to optical measurements, requires low target density to avoid space
charge and detector saturation effects, and is suitable only for molecular fragments for which the
axial recoil approximation holds true.

We continued the development of a degenerate four wave mixing (DFWM) probe of alignment in
which an arbitrary pulse, or sequence of pulses, excites a rotational wavepacket and a DFWM probe
in a folded boxCARS geometry measures the evolution of the third order non-linear susceptibility of
the gas. The setup is shown in Figure 1. In this geometry, the DFWM signal is automatically phase-
matched and background-free, allowing us to measure alignment even in a dilute (<0.1% sample
fraction) jet-cooled target. We use a 1 kHz Even-Lavie valve [2] to rotationally cool the sample
molecules seeded in a in a high-pressure helium jet. This setup also has the advantage that it is
polarization sensitive. The pump can have arbitrary polarization, and the polarization of each probe
pulse and the signal can be chosen independently. Coupled with a phase/amplitude/polarization
shaper [3] for the pump pulse, we have a versatile setup for exciting and measuring rotational
wavepackets in cold molecules.
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Figure 1: Pump-DFWM setup for measuring the rotational dynamics induced by polarization-shaped pulses.
A 4f pulse shaper with a dual mask SLM can shape the pump phase, amplitude or polarization. The mask
M1 is an aluminum plate with holes for the central pump pulse and to the split the probe pulse into three
beams. The mask M2 holds three achromatic wave-plates that can be rotated to change the component of
the susceptibility tensor that is measured. The gas jet operates at 1 kHz, and is capable of cooling molecules
to below 1 K rotational temperature.

2.2 One-dimensional alignment of benzene and iodobenzene

(Varun Makhija, Xiaoming Ren, Vinod Kumarappan)

Using the pump-DFWM scheme, we have measured the alignment of benzene (an oblate sym-
metric top where the symmetry axis has the lowest polarizability) and iodobenzene (a nearly prolate
asymmetric top where the fastest axis is also the most polarizable). In both cases, the sample gas
was seeded in 70 bar helium and cooled in the jet. The results are shown in Fig 2. The calculation
for benzene does not include any intensity-averaging, and assumes that the probe does not induce
any rotational motion. At the peak of the full revival at 88 ps, the calculated <cos2 0> is 0.45. In
the case of iodobenzene, we find J-, C- and K-type revivals [4]. The first two have been observed in
VMI experiments [5], but K-type revivals cannot be seen in such measurements. Thus, even in the
case of 1D alignment the use of DFWM as a probe provides additional information not available
from VMI measurements.

2.3 A new perspective on 3D alignment

(Xiaoming Ren, Varun Makhija, Vinod Kumarappan)

The alignment of asymmetric top molecules in all three dimensions has been characterized using
cosines of the Euler angles [6] as well as the direction cosines [7] of molecular axes in the laboratory
frame. In both these approaches, three or more expectation values must be evaluated in order to
determine the degree of alignment of the molecules.

We have developed a new measure of 3D alignment based on the axis-angle description of
rotations in space. As is well-known, any two arbitrarily oriented coordinate systems can be made
to overlap by a single rotation. The angle of this rotation defines a metric on the group of rotations
in 3D space (SO(3)). The expectation value of the cosine of this angle can, therefore, be used
as a measure of 3D orientation. In the case of 3D alignment, there are four equivalent target
orientations in the lab frame (three of these are obtained by rotating the lab frame by 7 around the
three coordinate axes). To account for the presence of this additional symmetry, we have defined a
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Figure 2: Pump-DFWM measurement of 1D alignment of (a) benzene and (b) iodobenzene. The signals are
normalized with respect to the signal from the isotropic gas (in the absence of the pump pulse).

new measure in terms of the four angles of rotation to the four target orientations. This measure,
which we call cos? 34, characterizes the degree of 3D alignment.

The use of a single measure will help in the development of tools to produce and characterize 3D
alignment, particularly in conjunction with genetic algorithms and feedback optimization schemes
where it is essential to rank individuals in the correct order even when the alignment is very weak.

2.4 Calculation of 1D and 3D alignment of asymmetric tops:

(Varun Makhija, Xiaoming Ren, Vinod Kumarappan)

In order to help us understand experimental data and to guide future experiments, we have
developed code to calculate alignment dynamics of rigid molecules during and after interaction
with intense non-resonant laser pulses. We can now calculate 1D and 3D alignment dynamics, and
the evolution of the pump-DFWM signal.

As an example, we show 3D alignment of SO molecules by a sequence of linearly-polarized laser
pulses in Fig. 3. We use a sequence of four pulses polarized along the lab-frame z-axis to strongly
align one axis (following [10] and then use a fifth pulse, polarized along the lab-frame x-axis, to
align the two remaining axes. The rotational temperature is 10 K and the Gaussian laser pulses
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Figure 3: Calculated evolution of the alignment of SOs molecules. The lab frame is labeled XYZ and the
molecular frame is xyz. See text for details about the pump pulse sequence.
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are all 50 fs at full-width half-maximum. The intensity of the z-axis pulses is 20 TW/em?, and
the x-polarized pulse is 40 TW/cm?. The four panels show the degree of alignment of individual
molecular frame axes with the corresponding lab frame axes, and the degree of 3D alignment as
measured by <6082 53d>. The values of <cos2 53d> for perfect 3D alignment, isotropic distribution and
perfect 3D anti-alignment are 1, 1/2 and 1/4, respectively. This scheme, where a pulse sequence is
used to align one axis well before attempting to align the other axes, requires less laser energy and
is more effective than the use of a sequence of elliptically polarized pulses. A pulse sequence like
this can be produced by our polarization shaper, and we plan to do the experiment soon.

3 Work in progress and outlook

The experimental setup was moved next to the laser (from about 25 m away in a different room)
earlier this year, resulting in substantial improvement in stability and signal-to-noise ratio. For
instance, the noise in the iodobenzene measurements was large enough to obscure the K-type
revivals completely. In the new location, these revivals are clearly seen even though we reduced
the number of laser shots per data point by a factor of five. The system is also stable enough
for a genetic algorithm (GA) to be used. In the old location, the noise level was so high that the
GA was unable to reliably rank individuals and therefore could not find any solutions better than
noise. With the installation of a new 10 kHz laser system in the Macdonald Lab later this year,
the availability of laser time will also increase substantially.

We have started experiments using the pulse shaper and a genetic algorithm. At the moment
we are using the shaper as a phase modulator for 1D alignment. Full 3D alignment experiments,
using pulse sequences generated by the shaper, will begin soon. We have also made preliminary
measurements of other components of the susceptibility tensor. These measurements will be re-
quired for 3D alignment experiments. Our alignment code will be extended to calculate the DEFWM
signal from asymmetric top molecules (at present we can do this calculation only for linear and
symmetric top molecules).

The next step is to use the aligned molecules in high harmonic generation and photoelectron
measurements with aligned asymmetric tops. We expect to start these measurements this year.
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Strong field rescattering physics and attosecond physics
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Program Scope:

We investigate the interaction of ultrafast intense laser pulses, and of attosecond pulses, with
atoms and molecules. Most notable accomplishments in the past year are: (1) Demonstration of
femtoseconds temporal and sub-Angstroms spatial resolution in bond relaxation following
tunneling ionization of O, and N, by Mid-infrared lasers. This is a collaboration with Lou
DiMauro’s group. (2) Incorporation of medium propagation in the HHG theory, thus enabling
direct comparison with experiments. (3) Implement (e,2e) and electron impact excitation cross
sections of Ne* and Ar* into the rescattering theory to study nonsequential double ionization. (4)
Theory of time-resolved autoionization dynamics of a Fano resonance and its control with IR
pulses. Additional results and plans for the coming year will be summarized.

Introduction

When an atom or molecule is exposed to an intense infrared laser pulse, an electron which was
released earlier may be driven back by the laser field to recollide with the parent ion. The
collision of electrons with the ion may result in high-order harmonic generation (HHG), the
emission of high-energy above-threshold-ionization (HATI) electrons and non-sequential double
ionization (NSDI). Based on the quantitative rescattering theory (QRS) established in 2009 we
are now capable of studying HHG, HATI and NSDI processes at the quantitative level such that
they can be compared directly with experimental data. Using attosecond pulses generated from
the HHG we also investigated attosecond electron dynamics such as the autoionization of a Fano
resonance probed by another attosecond pulse or with an intense femtosecond IR laser.

1. Demonstration of sub-Angstrom bond length relaxation after tunneling ionization

Recent progress

Our earlier work has established the method to extract field-free elastic differential cross
sections (DCS) of the target atomic or molecular ions from the HATI spectra. In 2010 we showed
theoretically [ A13] that DCS extracted from HAT]I spectra using mid-IR lasers can be used to
retrieve the bond length of a molecule in a manner similar to the method used in gas-phase
electron diffraction (GED). This new technique is called laser-induced electron diffraction
(LIED). In collaboration with Lou DiMauro’s group, HATI spectra from O, and N, at 2.0 um, as
well as from 1.7 and 2.3um lasers have been obtained and analyzed. For N,, the bond relaxation
is small and the retrieved bond length is within the errors of the LIED. For O,, the experimental
2.0 um data has shown clearly that the retrieved bond length is about 0.1 A shorter than the bond
length than the neutral O,. The retrieved bond lengths from different laser wavelengths reveal
bond relaxation. After tunneling ionization, the readjustment of electrons in the molecule incurs
bond relaxation. Since the recollision time is proportional to the laser’s wavelength, the dynamics
of bond relaxation is probed by using different wavelengths. This work demonstrates that bond
relaxation of sub-Angstroms within a few femtoseconds can be obtained using MIR lasers. It
further establishes that MIR can be used as a probe for a molecule under conformal
transformation. A report on this work has been submitted for publication [B1].

Ongoing projects and future plan
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Clearly the bond length relaxation demonstrated for O, should be continued for other molecules
experimentally. The next step is to obtain HATI spectra for larger molecules, for molecules that
are aligned, for molecules that are excited vibrationally (via stimulated Raman) or even
electronically excited molecules. Since HATI signals are much smaller than direct electrons,
dedicated experimental efforts will be needed. The retrieval of molecular structure from such data
would also require additional theoretical tools. We are looking forward to more such data in the
coming year.

2. Simulation of HHG including propagation effect for atoms and molecules
Recent progress

My graduate student C. Jin has incorporated HHG from single atoms or molecules using QRS
with the macroscopic Maxwell Equation to account for the effect of propagation of IR and HHG
in the medium. Thus the simulated HHG can be directly compared to experimental
measurements. In the last year, he was able to show that experimental HHG spectra from Ar, Xe,
and for aligned as well as unaligned N, and O,, can be well reproduced from his simulation. Since
HHG spectra depend critically on the experimental parameters such as the gas pressure, position
of the gas jet with respect to the laser focus, the focusing condition, the position of the detector
and how the harmonics are collected, i.e., with a slit or not, comparison with experiments is
possible only if these parameters are carefully specified. In the simulation, the laser intensity has
to be adjusted from the reported value in general. Results from this work have appeared in A1,
A2,A6, and the effect of multiple orbitals contributing to HHG from aligned CO, molecules has
also been studied. In the latter, it was demonstrated that HHG also depends sensitively on the
degree of alignment. This dependence will alter the interpretation of the experimental data.

To obtain HHG spectra experimentally there is a tendency to use intense laser fields. Due to
medium propagation effect, when the field is near the saturation intensity, the IR field can be
severely modified during the propagation. Using MIR and few-cycle pulses, the HHG spectra
begin to display features that are similar to a supercontinuum. This has been observed
experimentally (C. Travello) and the spectra have been reproduced theoretically. By analyzing the
simulated HHG spectra in the time domain, it clearly confirms that indeed single attosecond
pulses are generated if the HHG are synthesized at the far field. Thus we have the theoretical
tools to analyze the conditions for the generation of single attosecond pulses.

Ongoing projects and future plan

Despite of our success so far in reproducing experimental HHG spectra, there are situations where
we have failed; in particular, for short pulses near the saturation intensity regime. Our current
theoretical model employs a laser pulse with Gaussian spatial profiles and that the gas pressure is
uniform. For short pulses there are evidence that the pulse is closer to a Bessel beam. We are
extending the code to include Bessel beams and nonuniform spatial distribution of the gas jet pressure.
We will then check if discrepancies with experiments can be resolved.

3. QRS theory for NSDI

Recent progress

The QRS for nonsequential double ionization (NSDI) of He by lasers studied in the last year has
now been extended to Ne and Ar targets where many experimental data are available for
comparison. For this purpose, the (e,2e) and electron impact excitation cross sections for Ne* and
Ar" have to be fitted to some empirical form over a broad energy region, see A4. We have now
implemented these cross sections into the QRS theory to obtain results that can be compared
directly with experiments. In particular, we have examined the Ar data reported recently from
Matthias Kling’s group [Johnson et al, Phys. Rev. A83, 013412 (2001)] where NDSI of Ar were
studied with a 4 fs laser pulse. Our simulation was able to reproduce their reported total NSDI
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yield vs the carrier-envelope phase (CEP) as well as the ion spectra vs the CEP, but the pulse
duration and peak laser intensity have to be adjusted from their reported values. We have also
obtained the correlated electron spectra where the parallel (with respect to polarization)
momentum spectra of the two electrons are measured against the CEP. They are to be compared
to future measurements. Comparison also were made to the ion spectra at higher laser intensities
for the NSDI of Ar for the long pulses reported from earlier measurements.

On-going projects and future plan

There are many NDSI studies on Ar and Ne from the past decade. Our QRS model is the only
fully quantum mechanical theory. We intend to examine data from earlier experiments further in
the coming year.

4. Attosecond Physics of Fano resonances
Traditionally atomic and molecular resonances are studied in the energy domain using high-
precision spectroscopy. A Fano resonance is characterized by its position, width and the g
parameter. Since a Fano resonance has a decay time, the question is how to probe its time
evolution. This issue was addressed in paper A10. There we asked if a Fano resonance is initiated
by an attosecond pulse, say, an 100 as pulse, how do we observe its autoionization within its
lifetime? Since attosecond probe pulses are not yet available, presently intense IR pulses are used
as the “probe”. However, the intense IR probe can strongly couple it with other resonances. The
latter has been investigated analogous to a typical three-level atom where the IR couples two
excited states, and the coupling is probe with an attosecond pulse. The resulting electron spectra
for the 2s2p (*P) of He has been reported in Gilberston et al [Phys. Rev. Lett. 105, 263003
(2011)] and we have provided a theoretical analysis of this experiment. The results of our analysis
agree well with the measurement. A report of this work has been submitted for publication [B2].

Future plan

We will extend the XUV+IR studies to other situations, including transient absorption
spectroscopy, where the XUV is a single attosecond pulse or a pulse train, and in the future,
including the effect of the medium. For the latter, it would be based on the extension of the HHG
propagation code we have developed in house.

5. Other topics
There are other works published in the last year (see the A-list below) that are not mentioned here due
to space limitation.

Publications (19 more papers since 2009 not listed below)
A. Published papers

Al. Cheng Jin, Anh-Thu Le and C. D. Lin, “Analysis of effects of macroscopic propagation and multiple
molecular orbitals on the minimum in high-order harmonic generation of aligned CO,”, Phys. Rev. A83,
053409 (2011).

A2. Cheng Jin, Hans Jakob Worner, V. Tosa, Anh-Thu Le, Julien B. Bertrand, R. R. Lucchesg, P. B.
Corkum, D. M. Villeneuve, and C. D. Lin, “ Separation of Target Structure and Medium Propagation
Effects in High-Harmonic Generation”, J. Phys. B44, 095601 (2011)

A3. Junliang Xu, Yaqiu Liang, Zhangjin Chen and C. D. Lin, “Elastic scattering and impact ionization by
returning electrons induced in a strong laser field”, J. of Phys. Conf. series 288, 012017 (2011)
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A4 Yaqiu Liang, Zhangjin Chen, D. H. Madison, and C. D. Lin, “Calibration of distorted wave Born
approximation for electron impact excitation of Ne and Ar at incident energies below 100 eV” J. Phys.
B44, 085201 (2011).

Ab. Song-Feng Zhao, Cheng Jin, R. R. Lucchese, Anh-Thu Le, and C. D. Lin “ High-order-harmonic
generation using gas-phase H,O molecules”, Phys. Rev. A83, 033409 (2011)

AB. Cheng Jin, A. T. Le and C. D. Lin, “Medium propagation effects in high-order harmonic generation of
Arand N,”, Phys. Rev A83, 023411 (2011)

A7.D. Ray, Z.J. Chen, S. De, W. Cao, I.V. Litvinyuk, A. T. Le, C. D. Lin, M. F. Kling and C. L. Cocke,
“Momentum spectra of electrons rescattered from rare gas targets following their extraction by one- and
two-color short laser pulses”, Phys. Rev. A83, 013410 (2011)

A8. Song-Feng Zhao , Junliang Xu , Cheng Jin, Anh-Thu Le and C D Lin “ Effect of orbital symmetry on
the orientation dependence of strong field tunneling ionization of nonlinear polyatomic molecules”, J. Phys.
B 44, 035601 (2011)

AQ9. Zhangjin Chen, Yagiu Liang and C. D Lin, “Quantitative rescattering theory of correlated two-electron
momentum spectra for strong field nonsequential double ionization of helium”,  Phys. Rev. A 82, 063417
(2010)

Al10. W.C. Chu and C. D. Lin, “Theory of ultrafast autoionization dynamics of Fano resonances”, Phys.
Rev. A82, 053415 (2010).

All. A.T.Leand C. D. Lin, Ultrafast Optics: Imaging a chemical reaction, Nature Photonics, 4, 671
(2010) .

Al2. Song-Feng Zhao, Cheng Jin, A. T. Le and C. D. Lin, “Effect of an improved molecular potential on
strong field tunneling ionization of molecules” Phys. Rev. A82, 035402 (2010).

A13. Junliang Xu, Zhangjin Chen, A. T. Le and C. D. Lin, “Self-imaging of molecules from diffraction
spectra by laser-induced rescattering electrons”, Phys. Rev. A.82, 023814 (2010)

Al4. A. T. Le, R. Lucchese and C. D. Lin, “Polarization and ellipticity of high-order harmonics from
aligned molecules generated by linearly polarized intense laser pulses”, Phys. Rev. A.82, 023814 (2010)

A15. N. N. Choi, T. F. Jiang, T. Morishita, M-H. Lee and C. D. Lin, “Theory of probing attosecond
electron wave packets via two-path interference of angle-resolved photoelectrons”, Phys. Rev. A82,
013409 (2010)

Papers submitted for publication

B1. Cosmin I. Blaga, Junliang Xu, Anthony D. DiChiara, Emily Sistrunk, Kaikai Zhang, Pierre Agostini,
Terry A. Miller, Louis F. DiMauro, C. D. Lin, “Observation of femtosecond, sub-Angstrom molecular
bond relaxation using laser-induced electron diffraction”, submitted to Nature.

B2. Wei-Chun Chu, Song-Feng Zhao and C. D. Lin, “Probing transient photoelectron spectra by coherent
coupling of two autoionizing states in helium with single-attosecond pulse”, submitted to Phys. Rev. A.

B3. Zhangjin Chen, Y. Liang, D. H. Madison and C. D. Lin, “Strong Field nonsequential double ionization
of Ar and Ne”, submitted to Phys. Rev. A.
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Structure and Dynamics of Atoms, lons, Molecules and Surfaces:
Atomic Physics with lon Beams, Lasers and Synchrotron Radiation

Uwe Thumm, J.R. Macdonald Laboratory, Kansas State University
Manhattan, KS 66506 thumm@phys.ksu.edu

1. Attosecond time-resolved photoelectron (PE) spectroscopy (with Chang-Hua Zhang)

Project scope: We model the time-resolved infra-red (IR)-assisted extreme ultraviolet (XUV) PE emission and
Auger decay in pump-probe-delay-dependent streaking ex periments with atoms and complex targets, such as
clusters, carbon nanotubes, and surfaces.

Recent progress: We examined Wigner and streaking time delays [1-5,R1] and modeled the time-dependent
autoionization [ 6,7] for the emission of PEs from atoms [ 3,5-7] and s olid s urfaces [1-4,6]. For atoms, we
scrutinized the effect o fthe C oulomb interaction b etween PE and residual ion [5]. F or pho toemission from
surfaces, we found that streaking delays are very sensitive to changes in the IR-skin depth and Fermi energy and
deviate from Wigner time delays for non-zero IR -skin de pths [1-4]. W e modeled the e xcitation of bulk and
surface plasmons during and a fter the release of PEs from metal surfaces and examined the influence of the
dynamical plasmon response on PE spectra and photoemission time delays [4].

Example 1: Coulomb-laser coupling effects in attosecond time-resolved photoelectron spectra. Photoionization
by attosecond XUV pulses into the laser-dressed continuum of the ionized atom is commonly approximated in
strong-field approximation (SFA), i.e., by neglecting the Coulomb interaction between the emitted PE and the
residual ion [1,2,6]. By solving the time-dependent Schrédinger equation (TDSE), we identified a temporal shift
in streaked photoemission spectra that is due to the Coulomb-laser coupling in the final-state and exceeds 50 as
at small PE kinetic energies. We expect the examination of this shift to enable (i) the experimental scrutiny of
effects that are due to the combined action of Coulomb and laser forces on the PE and (ii) tests of theoretical
approximations to the exact Coulomb-Volkov state of the PE. Within an eikonal (semiclassical) approximation,
we derived an analytical expression for this effect and assessed its accuracy in comparison with full T DSE
numerical results [2]. Future plans: We intend to (i) continue to investigate the effect of interactions that are
not included in SFA and (ii) examine the influence of intial-state polarization in the streaking IR-laser field on
PE spectra and time delays. We will seek contact with experimental groups to explore the feasibility of and ideal
parameters for the observation of Coulomb-laser ef fects beyond the standard SFA in streaked ph otoemission
spectra [5].

Example 2: Streakinga nd W ignert ime de lays in pho toemission froma toms a nd surfaces. Streaked
photoemission metrology allows the observation of an apparent relative time delay between the detection of PEs
from different initial electronic states [1-3,R1,R2]. Theoretically, photoemission delays can be defined based on
(i) the phase shift the photoelectron w avefunction a ccumulates during the release and propagation o fthe PE
(*"Wigner delay") and, alternatively, (ii) the streaking trace in the calculated photoemission spectrum (" streaking
delay") , while experimentally t ime d elays can on ly be de duced from s treaked P E s pectra [1,3,R1]. We
investigated the relation b etween Wigner a nd st reaking d elays i n t he pho toemission from a toms and solid
surfaces. F or surfaces and assuming a vanishing I R-skin de pth, bot h Wigner a nd s treaking de lays canbe
interpreted as an average propagation time needed by photoelectrons to reach the surface, while the two delays
differ for non-vanishing s kin de pths [3,4]. F or atomic t argets, the difference between W igner and s treaking
delays depends on the range of the ionic potential [3]. Future plans: We hope to clarify the precise
interpretation of and relations between different time-delay measures based on specific numerical examples for
photoemission from atoms and surfaces.

Example 3: Dynamical image-charge effects in streaked photoelectron spectra of metal surfaces. The release of
conduction-band electrons from a metal surface by a sub-femtosecond XUV pulse, and their propagation through
and near the solid [1,2,6, R2], provokes a dielectric response in the solid that acts back on the PE wave packet.
We modeled the response of the metal due to excitation of bulk and surface plasmons induced by the creation
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and propagation of PEs in the solid in terms of an effective potential that depends on the velocity of the PE. We
numerically calculated the (wake) potential associated with this PE self-interaction and showed that it induces a
considerable XUV-frequency-dependent t emporal s hift in streaked-photoemission s pectra [ 4], s uggesting t he
observation of the ultrafast solid-state dielectric response in contemporary streaked photoemission experiments
[R2]. We analyzed t he dependence o f this r elative sh ift onthe XUV frequency as w ell as on solid-state
characteristics, such as the bulk plasmon frequency, the IR skin depth, and the PE transport in the solid [4].
Future plans: We plan to (1) further improve our modeling of the transport (including di ffraction e ffects) of
released PEs inside the substrate and (2) collaborate with experimental groups to explore the feasibility of and
ideal p arameters for the observation of plasmon response effects ( i.e., the time-resolved creation o f “image
charges”) during and after the XUV-pulse-triggered release of PEs from metal surfaces [4, R2].

2. Time-resolved single and double ionization of atoms

Project scope: We attempt to model, calculate, and understand the excitation and ionization of atoms with sub-
optical-cycle (Tr ) time resolution.

Recent progress: The role of laser-dressed highly excited energy levels in atomic excitation and ionization has
been studied recently using attosecond technology [R3, R4]. We followed up on these studies and showed that
this pump-probe technique also enables the measurement of instantaneous level shifts of bound atomic [8] (and
molecular [9]) states in optical electric fields. We demonstrated how the control of instantaneous level shifts can
be exploited to gate strong-field phenomena, such as non-sequential double ionization (NSDI) [8].

Example 1: Attosecond probing of instantaneous AC Stark shifts in helium atoms (with Feng He, Camilo Ruiz,
and Andreas Becker). Based on numerical solutions of TDSE for either one or two active electrons, we proposed
a method for observing time-dependent instantaneous level shifts in an oscillating strong IR field, using a single
tunable XUV pulse to probe excited states of the perturbed atom. We assumed IR-laser fields with negligible
distortion of the He ground state, that are, however, strong enough to couple low-lying excited and continuous
states, inducing noticeable level splitting, shift, and decay. We fixed the number of XUV cycles and varied the
central frequency wxyy of the XUV pulse. Key to our investigation is the observation that, for a given wxyy of
the attosecond (SA) pulse and depending on the delay At between pump and probe pulse, the IR pulse may shift
low-lying bound s tates into or out o fresonance w ith one -photon excitations from the He ground s tate. The
excited atom may then be e asily i onized by the remaining IR pul se. I fthe SA pulse is applied w hile t he
instantaneous level energies are off (in) resonant with wxyy less (more) excitation and thus less (more) ionization
out of excited states is expected to occur. This suggests that detection of the ionization probability as a function
of wxyy and At can beused to experimentally track the instantaneous S tark shifts [7,8]. Future plans: We
showed that this method (i) allows the detection of instantaneous atomic energy gaps with sub-laser-cycle time
resolution and (ii) can be applied as an ultrafast gate for more complex processes such as NSDI [8]. We intend to
continue t o s earch f or ideal | aser p arameters and targets f or t he obs ervation, w ith s ub-IR-cycle
resolution, of AC Stark shifts in delay-dependent single and double ionization probabilities. This may lead to
new schemes for the coherent control of NSDI, high harmonic generation, and molecular dissociation, for which
we hope to find suitable proof-of-principle examples.

Example 2: Electron wave-packet interference in atomic photoionization by a single few-cycle IR laser pulse
(with A ihua L iu). We analyzed recently m easured [ R5] i nterference p atterns in momentum-resolved single-
ionization PE spectra from He targets in terms of the interference of specific contributions to calculated PE
spectra that o riginate f rom a f ew sel ected sub-Tjz time i ntervals d uring t he 1 aser-atom in teraction. F or
contributions from just two such narrow time intervals that are centered at successive maxima o f'the I aser-
electric field with lengths of a few attoseconds, our calculations reproduce the measured interference structure in
the momentum-resolved sp ectra. By selecting PE wave packets that are released with inter- or intra-IR-cycle
spacings, we were a ble t o distinguish known a bove-threshold-ionization ( ATI) i nterferences and n on-ATI
interference structures in our simulated photoelectron spectra [10]. Future plans: We intend to provide a more
complete interpretation of interferences in t he mo mentum-resolved pho toionizaition o f atoms by single few-
cycle IR pulses in terms of a semiclassical analysis of relevant electron trajectrories.
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3. Dissociation dynamics of diatomic molecules

Project scope: We develop numerical and analytical tools to (i) efficiently predict the e ffects o f strong laser
fields on the bound and free electronic and nuclear dynamics in small molecules and (ii) fully image the laser-
controlled nuclear and electronic dynamics.

Recent progress: We designed a scheme for simulating the bound and dissociating nuclear dynamics in laser-
excited molecular ions [11-14]. T his scheme is based on t he solution of the TDSE for either individual or a
carefully selected set of dipole-coupled a diabatic electronic states of t he molecular i on an d proceeds by
comparing v ibrational r evival t imes, qua ntum-beat f requences [ 15-17], a nd pum p-probe-delay-dependent
simulated fragment kinetic en ergy r elease (KER) spectra w ith ex perimental d ata. We completed f ull-
dimensionality calculations [18] for the virational quenching of nuclear wave packets in H," that allowed us to
scrutinize our previous reduced-dimensionality results [19].

Example 1: Full dimensional study of the heating and c ooling of v ibrational w ave p ackets in o riented H,"
molecules (with Thomas Niederhausen and F ernando M artin). We investigated t he c ontrol of the vibrational
dynamics in H," with ultrashort IR laser pulses [18,19]. With the laser electric field being aligned along the
molecular axis, w e n umerically so lved the full v ibronic TDSE and ¢ ompared our r esults with H,” model
calculations that only include the lowest two coupled adiabatic potential curves [19]. We find that the precise
timing be tween pum p a nd ¢ ontrol 1 aser pul ses a llows t he di rect m anipulation of the final vibrational s tate
composition and dissociation dynamics of the molecular ion. We showed that a significant enhancement of the
occupation of particular vibrational stationary state contributions can be achieved for laser intensities below the
onset of strong ionization. Future plans: We plan to examine and optimize control schemes for quenching ro-
vibrational nuclear wave packets in diatomic molecules using a sequence of control pulses. The quality of this
Raman—control mechanism can be tested experimentally by Coulomb-explosion imaging [18].

Example 2: Time-resolved fragmentation dynamics in N2, O2, and CO (with Maia Magrakvelidze, Sankar De,
Irina B ocharova, C hristine A ikens, Mat thias Kling, [ tzik B en-Itzhak, and L ew C ocke). We investigated th e
nuclear dynamics of electronically and vibrationally excited heavy diatomic molecular ions by applying intense
ultrashort IR probe pulses and measuring the KER spectra as a function of the pump-probe delay [11-14]. To
analyze t hese sp ectra, w e p erformed w ave-packet-propagation calculations o n a diabatic m olecular potential
curves. First, to identify relevant transiently populated electronic states of the molecular ions, we modeled the
pump step in Franck-Condon approximation and calculated the time evolution of initial vibrational wave packets
separately for selected molecular potential curves. The comparison of calculated KER spectra as a function of
delay, quantum-beat frequency, and vibrational revival times for one adiabatic curve at a time with experimental
spectra served us as a g uide for selecting relevant electronic states of the molecular ions. N ext, we included
probe-laser-induced di pole ¢ ouplings be tween t he r elevant molecular p otential cu rves an d co mpared the
improved calculated K ER spectra w ith experimental d ata, i n a n a ttempt t o r eveal n on-adiabatic ef fects in
measured KER spectra [14]. We employed the quantum chemistry code GAMESS [R6] to calculate molecular
potential curve and dipole couplings between them [14]. Future plans: Measured delay-dependent KER spectra
of heavy diatomic molecules are difficults to simulate theoretically and not fully understood. We believe that the
simultaneous s tudy of measured an d si mulated K ER sp ectra in bot h, time an d en ergy d omains provides a
powerful tool that we intend to refine in order to disentangle the complicated ro-vibrational nuclear dynamics of
laser-excited (and ionized) molecules.

Publications (2008-2011). References [1-19] are addressed in the abstract.

Attosecond phot oelectron s pectroscopy of m etal s urfaces, C .-H. Zhang and U. T humm, P hys. Rev. Lett. 102, 123601
(2009).

Time-resolved IR laser-assisted XUV photoelectron spectroscopy of metal surfaces, C.-H. Zhang and U. Thumm, invited
paper, XXVI ICPEAC, Kalamazoo, Journal of Physics: Conf. Series 194, 012055 (2009).

Streaking an d W igner de lays i n phot oemission from at oms and s urfaces, C.-H. Zhang and U. T humm, Phys. Rev. A,
submitted; http://arxiv.org/abs/ 1106.1421
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[26]

[27]

Probing dielectric response effects with attosecond time-resolved streaked photoelectron spectroscopy of metal surfaces, C.-
H. Zhang and U. Thumm, Phys. Rev. Lett., submitted; http://arxiv.org/abs/1102.0751

Electron-ion interaction effects in attosecond time-resolved photoelectron spectra, C.-H. Zhang and U . Thumm, P hys.
Rev. A 82, 043405 (2010).

Time-resolved core-hole decay in laser-assisted photoemission from adsorbate - covered metal surfaces, C.-H. Zhang and
U. Thumm, Phys. Rev. A 80, 032902 (2009).

Attosecond time-resolved autoionization of argon, H. Wang, M. Chini, S. Chen, C.-H. Zhang, F. He, Y. Cheng, Y. Wu, U.
Thumm, and Z. Chang, Phys. Rev. Lett. 105, 143002 (2010).

Attosecond probing of instantaneous AC Stark shifts in helium atoms, F. He, C. Ruiz, A. Becker, and U. Thumm, Phys. Rev.
Lett, submitted; http://arxiv.org/abs/1105.5204

Strong-field modulated diffraction effects in the correlated electronic-nuclear motion in dissociating H,", F. He, A. Becker,
and U. Thumm, Phys. Rev. Lett. 101, 213002 (2008).

Momentum imaging of electron wave packet interference in few-cycle laser pulses, A. Liu and U. Thumm, in preparation.
Tracking dynamic wave packets in the O, dication using a pump/probe approach, S. De, 1. Bocharova, M. Magrakvelidze,
D. Ray, W. Cao, B. Bergues, U. Thumm, M. F. Kling, I. V. Litvinyuk, and C. L. Cocke, Phys. Rev. A 82, 013408 (2010).
Time-resolved Coulomb explosion imaging of nuclear wave-packet dynamics induced in atomic molecules by intense few-
cycle laser pulses, 1.A. Bocharova, A. S. Alnaser, U. Thumm, T. Niederhausen, D. Ray, C.L. Cocke, and I.V. Litvinyuk,
Phys. Rev. A 83,013417 (2011).

Quantum-beat i maging of t he nuc lear dynamicsin D ,": Dependence of bond s oftening and bond h ardening o n l aser
intensity, wavelength, and pulse duration, M. Magrakvelidze, F. He, T. Niederhausen, I. V. Litvinyuk, and U. Thumm,
Phys. Rev. A 79, 033410 (2009).

Following dynamic nuclear wave packets in N, O, and CO with few-cycle infrared pulses, S. De, M. Magrakvelidze, 1.
Bocharova, D. Ray, W. Cao, 1. Znakovskaya, H. Li, Z. Wang, G. Laurent, U. Thumm, M. F. Kling, I. V. Litvinyuk, I. Ben-
Itzhak, and C. L. Cocke, Phys. Rev. A, submitted.

Multidimensional quantum-beat spectroscopy, M. Winter, R. Schmidt, and U. Thumm, Phys. Rev. A 80, 031401(R) (2009).
Quantum-beat analyses of the rotational-vibrational dynamics in D,", M. Winter, R. Schmidt, and U. Thumm, New Journal
of Physics, New J. of Phys. 12, 023023 (2010).

Time-series analysis of vibrational nuclear wave packet dynamics in D 5", U. Thumm, T. Niederhausen, and B. Feuerstein,
Phys. Rev. A 77, 063401 (2008).

Controlled v ibrational que nching of nuc lear w ave packets in D ,", T.Niederhausen and U. T humm, P hys. Rev. A 77,
013407 (2008).

Full-dimensional study of the heating and cooling of vibrational wave packets in oriented H," molecules, T. Niederhausen,
U. Thumm, and F. Martin, PRA, submitted.

Neutralization dynamics of H near (2x1) reconstructed Si(100) surfaces, B. Obreshkov and U. Thumm, Phys. Rev. A 83,
062902 (2011).

Steering the electron motion in H 5 by nuclear wave packet control, B. Fischer, M. Kremer, B. Feuerstein, T. Pfeifer, V.
Sharma, U. Thumm, C.D. Schréter, R. Moshammer, and J. Ullrich, Phys. Rev. Lett. 105, 223001 (2010).

Dissociative ionization of H, in an X UV pulse train and delayed IR laser pulse, F. He and U. Thumm, Phys. Rev. A 81,
053413 (2010).

Band-gap-confinement an d image-state-recapture e ffects i n t he s urvival of anions s cattered fr om m etal s urfaces, A.
Schmitz, J. Shaw, H. S. Chakraborty, and U. Thumm, Phys. Rev. A 81, 042901 (2010).

Control of electron localization in molecules using XUV and IR pulses, K. P. Singh, W. Cao, P. Ranitovic, S. De, F. He, D.
Ray, S. Chen, U. Thumm, A. Becker, M. M. Murnane, H. C. Kapteyn, I. Litvinyuk, and C. L. Cocke, Phys. Rev. Lett. 104,
023001 (2010).

lon-energy de pendence of asymmetric dissociation of D, by a t wo-color laser field, D. Ray, F. He,S.De, W.Cao, H.
Mashiko, P. Ranitovic, K. P. Singh, I. Znakovskaya, U. Thumm, G. G. Paulus, M. F. Kling, I. Litvinyuk, and C. L. Cocke,
Phys. Rev. Lett. 103, 223201 (2009).

Electron [ ocalization i n m olecular fragmentation of H , with C EP s tabilized la ser p ulses, M. K remer, B . F ischer, B.
Feuerstein, V. L. B. De Jesus, V. Sharma, C. Hofrichter, A. Rudenko, U. Thumm, C. D. Schroter, R. Moshammer,
and J. Ullrich, Phys. Rev. Lett. 103, 213003 (2009).

Angular dependence of the strong-field ionization of randomly oriented hydrogen molecules, M. Magrakvelidze, F. He, S.
De, I. Bocharova, D. Ray, L. Litvinyuk, and U. Thumm, Phys. Rev. A 79, 033408 (2009).

References: [R1] M. Schultze et al., Science 328, 1658 (2010). [R2] A. L. Cavalieri et al., Nature 449, 1029
(2007). [R3] P. Johnsson et al., Phys.Rev. Lett. 99, 233001 (2007). [R4] P. Ranitovic ef al., New J. Phys. 12,
013008 (2010). [R5] R. Gopal et al., Phy. Rev. Lett. 103, 053001 (2009). [R6] M. W. Schmidt et al., J. Comput.
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Strong-Field Time-Dependent Spectroscopy and Quantum Control

Carlos A. Trallero
J. R. Macdonald Laboratory, Kansas State University, Manhattan, KS 66506
carlos@phys.ksu.edu

Scope

The main scope of my program is to measure and control the state of molecular systems. In particular,
I'm interested in observing molecules evolve with attosecond and/or femtosecond time resolution. For this
purpose, my group has a very strong theory support from C.D. Lin’s group.

1. Extracting photoionization cross sections from harmonic spectra

As mentioned above we are interested in ex-
tracting information about the quantum state
of molecules or atoms using higher-order har-
monic generation (HHG). In particular, we are
interested in measuring photoionization cross
sections (PICS) using HHG spectra. This
method has several advantages compared to
the standard use of synchrotron radiation. For
example, we can have time resolved measure-
ments of the PICS in a table top apparatus
and perform the measurement in the molecu-
lar frame using alignment. Furthermore, the
generation of harmonics gives us all the ener-
gies of the PICS in a single event rather than
having to tune the ionization energy. However,
since HHG is a macroscopic process it carries
information not only about a particular emit- 20 40 60 80 100

ter but also carries information of the proper- eV

ties of the bulk. Therefore, if we want to ex-

tract the PICS we need to isolate the influence Figure 1: Experimentally measured (at ALLS-INRS,
of the medium. Usually, such effects are ne- Canada) HHG spectra in Xe for four different intensities.
glected and a simplistic single-atom model is Driving field has A\g = 1825nm and duration 14 fs.

used to describe HHG spectra obtained experi-

mentally. Recently, at JRML C.D. Lin and collaborators were able to use a simple, but very accurate model
to describe the emission of harmonics [1, 2, 3] and model the entire macroscopic process [4, 5, 6]. By making
use of such simulations I believe we can fully characterize the influence of several macroscopic parameters
and isolate the response of atoms and molecules.

As an example, in Fig. 1 we show HHG spectra obtained in atomic Xe with laser pulses of central
wavelength A\g = 1824 nm and duration of 14fs which corresponds to 2.2 optical cycles. The appearance of
the peak at 80eV has been explained already in [7]. However, the spectrum shown here under almost identical
conditions show a much lower cutoff than then one originally presented in [7] although it was measured with
the same laser parameters. In order to show the level of accuracy that we can obtain Figure 2 shows
simulations in atomic Xe. Panel (a) shows the harmonic spectra for four peak intensities after propagation
through the jet with parameters that closely resemble the experimental conditions. Such condition include
not only the laser parameters but also the jet size (500 um), the spectrometer slit opening (190 pum) and
distance of the slit to the interacting region (455 mm). All spectra are averaged over random values of the
CEP to simulate the lack of control on the phase in the experiment. The values for the peak intensities
chosen are close to the measured in the experiment but not exactly matching since we are interested in
describing the overall behaviour. The simulation involves the calculation of the single atom response using
QRS and the photoionization cross section for Xe [8] which contains the multi-electron correlation effect.
Details of this simulations can be seen in two forthcoming articles [9, 10]. CEP-averaged HHG spectra of the
single atom response obtained with the same QRS method is shown in Fig. 2 (b). The color scheme used
(online version) is the same as in panel (a), the spectrum with the lowest cutoff (red) is for a peak intensity
of I = 0.5 x 101W/em? and the spectrum with the largest cutoff (green) is for I = 1.0 x 10*W/em?. By
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comparing HHG spectra obtained for the single atom with the ones from a macroscopic simulation for the
same peak intensities, we observe large discrepancies in the cutoff and the overall shape. Finally, panel (c)
of the same figure shows harmonic spectra as in panel (a) for peak intensity I = 2.0 x 1014W/em? at two
different pressures showing that in order to retrieve the original spectrum shown in [7] a lower pressure had to
be used. In addition to the pressure we studied the effect of the focusing conditions, slit, and pulse duration.

Future work We plan to produce HHG with

different driving pulses and fully characterize
1.0lg =====n- the influence of different parameters such as the
1.5l ==meree ] relative position of the focus and molecular jet,
R 2.0y molecular axis angle, pressure, and pulse dura-
, - tion. All of these while changing the intensity.
‘.,"-‘ 1 The laser will be properly characterized (spot
% % size and duration) and all the parameters will
9 e, enter in the full simulation using the HHG spec-
100 120 tra as the observable that the theory will fit to.
— Once we understand how to isolate the response
‘7&.‘:‘" e of the bulk in simple molecules, we will proceed
" YO to extract the photoionization cross section of
] more complicated molecules using the simple
T cases as reference.
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- 2. Generation of attosecond pulses
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T A closer look at Fig. 1 reveals the emergence
100 120 of a continuum spectrum for high intensity val-
— T T T ues. Indeed, the macroscopic simulations also
CEP=m/2 10Torr show a continuum HHG spectrum for the high-
2_0|0 25Torr ===eme . est peak intensities, thus reproducing the be-
™ T haviour observed experimentally. This is not

“ﬁ'ﬁ;‘, o % the case for the single atom simulations, inde-

Y pendently of peak intensity. Therefore we con-
clude that the supercontinuum is a consequence
- of the propagation in the medium of both the
fundamental and the XUV beam. The presence
of a continuum spectrum in the XUV is a nec-
essary condition for the generation of isolated
attosecond pulses (IAPs). While we do not pro-
vide an experimental characterization of the at-
tosecond pulses, we carry out detailed macro-
scopic calculations to show that this scheme is
capable of producing IAPs if a proper spatial
filter is applied. Producing IAPs by using an
optical parametric amplifier (OPA) in the mid-
IR have two main advantages; tunability, and that the supercontinuum of frequencies occur at a much lower
XUV energy compared to the case when HHG is driven by the typical 800nm field. In addition, the gener-
ation of few cycle mid-IR pulses have been demonstrated to be almost trivial since there is no need to use
carefully engineered chirp compensating mirrors [11]. Furthermore, it has being demonstrated recently that
the XUV flux can actually increase with wavelength if the right conditions for phase matching are exploited
[12] . Therefore, having sources for IAP driven by mid-IR pulses could be feasible.

While we are able to reproduce the main features of the experimental HHG spectra with our macroscopic
model, there is still no clear indication why the spectra becomes continuum. In addition to the ionization
gating there has to be another process that is medium-related. To further clarify this, we followed the
fundamental field in space and time through the simulation. The results are plotted in Fig. 3. In the figure
we can see the fundamental field as a function of time at three different positions under the gas jet; at the
entrance, at the focus, and just before exiting the jet.
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Figure 2: (color online) HHG spectra calculated using QRS
theory for four different peak intensities as indicated where
Io=10'" W/ecm?. Panel (a) shows spectra when including
propagation of both the fundamental and the XUV beams.
Panel (b) shows spectra for a single atom response.
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As we can see, the driving field under-
goes a very large chirp as it travels through
the medium due to depletion [10]. A chirped
pulse means that harmonics will be produced
at different fundamental frequencies depend-
ing of where they are in the medium and
in time thus creating harmonics of differ-
ent driving frequencies w,. Therefore, the
features we observe experimentally in the
HHG of atomic Xe as a function of the
driving field’s intensity is a combined effect
of the saturation of the ionization step un-
der the half cycle (ionization gating) and of
the large chirp suffered by the driving field.
Fig. 4 (a) shows the attosecond pulses us-
ing harmonics 40 (27.2eV) to 80 (54.4 V) for
the same driving field (A, = 1825nm dura-
tion (FWHM) = 14fs) with peak intensity of
I = 1.5 x 101 W/em? at the end of the in-
teracting region (500 pwm) or near field. The
presence of an APT is evident. However, as
proposed in [13], IAPs can be obtained in the far field by spatially filtering the XUV pulses. Panel (b) of
Fig. 4 shows harmonics H40 to H80 in time domain, under the same conditions as panel (a), after putting
a circular filter of radius r, = 300um at the exit of the interacting region. The pulse is "measured” 455
mm away from the focus (far field). In this case, a single 390 as pulse is measured, thus proving that this
observed XUV supercontinuum can indeed produce TAPs. An upcoming publication [10] will provide further
details on how this IAPs can be manipulated by changing the CEP of the driving field and/or the spatial
filter applied.

Figure 3: Driving electric field (A, = 1825nm) as a function
of time (units of the optical cycle, o.c.) at three different
positions relative to the atomic jet. All values are ”"mea-
sured” on axis. Laser parameters are I = 1.5x 104 W/em?2,
CEP=0.

Future work We are planning on expanding the

JRML capabilities to have high energy mid-IR (a) T T T ' T
i 6 .

1as1er pulses to study the generation of attosecond Near field

pulses.

3. Improving models for ionization
rates

After the study of macroscopic behavior of HHG
presented above it was clear that there is a great
lack of measured optical properties in molecular
systems, and that we need more accurate models
for molecular ionization rates. While the first is-
sue is more out of our hands, we can improve ion-
ization models for molecular systems by combin-
ing our experimental and theoretical expertise.
Theoretically we will make use of the molecu-
lar ADK rates [14] and improve the model by
finding the optimal parameters that fit the ex-
periment. Experimentally we will measure ion- 0 L Lo o1 ! L
ization yields in a VMI configuration for differ- -1.5 -1 0.5 0 0.5 1 1.5
ent atomic and molecular species with similar Time (0. c.)

IPs as a functioy of peak intensity a'nd for differ-  pigyyre 4: (a) Intensity of attosecond pulses in the near
ent pulse durations. For the atomic case ADK  ga)q, (b) Intensity of isolated attosecond pulses (IAPs) in
rates can be compared to other models [15]. All - tpe far field. The durations (FWHM) of TAPs are labeled.

ionization simulations will be time and space av-
erage, therefore a careful characterization of the
laser parameters is of most importance.

-1.5 -1 -0.5 0 0.5 1 1.5
3 T T T T T

Far field

Intensity (arb. units)

390 as
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In figure 5 we show the ratio of N; to Ar+ —4.7 -
=4.7e-008 Torr =1e-008 Torr
measured in our VMI as a function of pulse Pn2 Pay

energy. The energy of the laser is controlled 6F
by a polarizer beam splitter and a half wave
plate to ensure that all beam parameters re-
main constant and only the energy changes. 5t
The background pressures for this particular
measurement were, 4.7 x 10~8 Torr for N, and +o
1.0 x 10~8 Torr for Ar. We performed the same <
measurement at a large range of pressures in or- o
der to isolate possible saturation or non-linear 3t
responses from the detection.

Future work

We are in the process of measuring the ion-
ization rates for several atom-molecule combi- . .
nation at 6fs and 30fs pulse durations. A strong 10" 10°
collaboration with An-Thu Le and C. D. Lin is Energy (J)
currently in progress and once the full measure-
ments are finish they will proceed to implement
the modification in the molecular ADK model.
Once we have a robust ionization model for a
particular molecular specie we can then pro-
ceed with macroscopic simulations as a function of intensity and alignment angle.

Figure 5: Ionization yield ratio of N; /Ar* as a function
of laser pulse energy for a 30 fs pulse. The pressure of each
specie is indicated in the graph..
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Engineered Electronic and Magnetic I nteractionsin Nanocrystal Quantum Dots
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1. Program Scope

Using nanocrystal (NC) quantum dots one can produce extremely strong spatial confinement of electronic
excitations not accessible with other types of nanostructures. Because of this confinement, electronic energiesin
nanocrystals are directly dependent upon their dimensions, which is known as the quantum-size effect. This effect
has been a powerful tool for controlling spectral responses of NCs, enabling potential applications such as
multicolor labeling, optical amplification and low-cost lighting. In addition to spectral tunability, strong spatial
confinement results in a significant enhancement of carrier-carrier interactions that lead to a number of novel
physical phenomena including large splitting of electronic states induced by electron-hole exchange coupling,
ultrafast mutiexciton decay via Auger recombination, and direct generation of multiple excitons by single photons
via carrier multiplication. Confinement-induced mixing between the conduction and the valence band can also
lead to interesting peculiarities in magnetic interactions such as switching of the sign of the g-factor in
magnetically doped NCs. The mgjor thrust of this project is to understand the physics of electronic and magnetic
interactions under conditions of extreme quantum confinement, and to develop methods for controlling these
interactions. Research topics explored here include: control of Auger recombination via engineered exciton-
exciton interactions in heterostructured and alloyed NCs with a goal of realizing the regime of continuous-wave
lasing; new functional behaviors via NC doping with optically active ions such as copper; control of single-
exciton dynamics via tunable fine-structure excitonic splitting; and controlled exchanged interactions in
magnetically doped NCs probed by steady state and time-resolved magneto-optical spectroscopies.

2. Recent Progress

During the past year, our work in this project has focused on elucidating the mechanisms for suppression of Auger
recombination in thick-shell CdSe/CdS hetero-structures, the development of a new experimental methodology
for evaluating the biexciton emission yields via singleeNC measurements of two-photon correlations, and
investigations of polarization properties of emission from Mn* ionsin Mn:ZnSe/CdSe NCs. During 2009 - 2011,
our studies resulted in 20 peer-reviewed articles including 1 Nature Mater. report, 1 Nature Comm. article, 4
Phys. Rev. Letters, 4 J. Am. Chem. Soc. papers, 5 Nano Letters, etc. Various aspects of this work were presented
in 35 invited talks (including a Plenary talk, a Keynote talk and a Distinguished L ecture) at major research forums
such as APS March meetings, Gordon Research Conferences, Spring and Fall MRS meetings, and ACS National
meetings. Our studies of carrier multiplication and competing processes were highlighted in the LANL Press
Release “Research Highlights Potential for Improved Solar Cells’ (February 10, 2009) and reviewed in severa
popular science outlets, including publications in Photonics (“Nanocrystals Improve PV Cells,” February 12,
2009) and Nanowerk (“Improving solar cells,” February 10, 2009). Our work on tunable g-factors in Mn-doped
hetero-NCs was reviewed in Nature Mater. (8, 8, 2009), while the studies of the effect of interfacial aloying on
Auger decay in core/shell CdSe/CdS NCs were highlighted in Chemical & Engineering News (C&N News 89, 32,
2011). Below, we provide a brief description of this latter piece of work, which represents an important milestone
in the research on “Auger-recombination-free” colloidal nanostructures. Such nanostructures would be ideally
suited for the redlization of NC lasing under conditions of steady state pumping and eventually electrical
injection.

Interfacial alloying and Auger recombination in core/shell semiconductor NCs. One consequence of
strong confinement of electronic excitations in NCs is a significant enhancement in the rate of Auger
recombination (AR), a nonradiative process in which an electron-hole pair transfers its energy to a third charge
carrier. In conventional ‘single-component’ NCs, Auger decay lifetimes are proportional to NC volume, a
seemingly universal trend that is observed for many different semiconductors including both direct- and indirect-
gap materials. The time scales of AR in NCs are very short. For example, in CdSe particles, the biexciton Auger
lifetime (t,,) is reduced from 360 psto only 6 ps asthe NC radius is decreased from 4.1 to 1.2 nm. Even in large
single-component NCs, t,, IS much less than the radiative lifetime (~20 ns at room temperature) implying that
biexctions and other multiexcitons of higher order are essentially non-emissive. The development of approaches
for reducing AR rates, while still preserving a significant degree of spatial confinement, has been a long-standing
goal inthefield of NCs and especially NC lasing.

In the present work, we experimentally study the influence of NC volume, electron-hole spatial separation, and
the shape of interfacial potential on the rate of Auger recombination in CdSe/CdS NCs with a shell of a variable
thickness. In parallel, we analyze the composition of the CdSe/CdS interface by monitoring the intensity of the
CdS, CdSe and CdSeS phonon replicas in low-temperature emission spectra recorded using a fluorescence line
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narrowing (FLN) technigue. We observe a marked increase of AR time that correlates with the formation of a
CdSesS alloy layer at the core-shell interface (i.e., a region with a gradually changing confinement potential),
which occurs in the range of shell thickness between 2 and 9 monolayers (MLs). These observations provide
direct experimental evidence that the shape of the interfacial potential plays an important role in AR in
semiconductor nanostructures.

We study core/shell CdSe/CdS NCs with a fixed core radius (R,= 1.5nm) and a shell thickness H varied from O
to 19 MLsviaalayer-by-layer deposition technique (1 ML = 0.4 nm). The emission energy of CdSe seed particles
is~2.2 eV. It shifts to the red by more than 200 meV upon deposition of the thick CdS shell. Based on the energy
offsets at the CdSe/CdS interface, this shift occurs mostly as a consequence of electron delocalization into the
shell region, while the hole remains primarily confined to the core.

To obtain biexciton dynamics (Fig. 1a), we subtract the low-fluence photoluminescence (PL) traces from the
“tail-normalized” traces measured for <N> dlightly above unity (<N> is the average NC excitonic occupancy). The
biexciton lifetimes (t,) derived from the extracted decay curves are shown in Fig. 1b for two series of NCs. Both
sets of data are in good agreement indicating an excellent sample-to-sample reproducibility of these
measurements. Furthermore, importantly, the data reveal a dramatic, more than two orders of magnitude increase
(from 60 ps to 23 ns) in T, with increasing shell thickness from 0 to 14 ML. We use these results to extract the
biexciton Auger decay timest,, (Fig. 1c). The extracted time constants indicate a dramatic increase in the AR
lifetime with increasing shell thickness. It changes from 60 ps for core-only sample to 60 — 120 ns for the 14 ML
sample.

First, we examine whether this increase can be entirely due to increasing volume of the NC, i.e, is similar to
traditional “V-scaling” observed for standard NCs. In the present case however, the V-scaling must be modified to
account for a significant difference in the regions of electron and hole localization. The approach, which we use

here, is to consider not the total volume of the NC but the
effective excitonic volume (V.. estimated from the
position of the 1S transition: V.. = (4n/3)R%,.. We
observe that the measured data indeed follow the V.-
scaling (solid linein Fig. 1c) for thin shells, however, they
experience progressive deviation from this scaling for H >
3 MLs. Next, we account for the effect of electron-hole
separation that can also lead to reduced Auger decay rates.
The V,scaling corrected for reduced electron-hole
overlap, O, (T,n * Vo /O4) is shown in Fig. 1c by the
dashed line. It till significantly underestimates the T ,,
values derived from the measurements, indicating a
contribution from some other effects besides the increased
NC volume and electron-hole spatial separation.

One such effect is associated with the influence of the
steepness of the interfacial potential on the AR rate. By
considering Auger ionization (AR accompanied by charge
gection from the NC), one can show that the rate of this
process scales as the square of the large-wave-vector (k)
Fourier component of the ground-state wave function,
YPo(ky) (ki is determined by the energy of the gected
carrier). It turns out that y(k) is much greater
(exponentially) for a “sharp” step-like potential than for a
“smooth” parabolic profile. As a result, the AR rates can
be different by more than three orders of magnitude for
structures with similar degrees of spatial confinement but
different shapes of the confinement potential.

To elucidate the role of the shape of the confinement
potential on AR in our core/shell NCs, we study the

Fig. 1. () Biexciton recombination dynamics for samples with  composition of the core-shell interface as a function of H.
increasing shell thicknesses (R;=15nmandH=08,20,36,52and  Since the growth of thick shells involves long reaction
SO D Bicioliemste) salin S iC sl mes and relatively high temperatures (4 hours por WL
1.5 nm). (c) Biexciton AR Iifpetimes calcul)latezenusing Tt = =Bt 240 °C) one might expect it to be accompanied by inter-
for 5 = 3 (open triangles) and = 4 (solid circles); T, Listhemeasured  diffusion of S and Se ions at the core/shell interface,
single exciton radiative decay rate. Lines show AR lifetimes expected ~ Which would result in the CdSeS alloy layer with a
for the cases of linear scaling with effective exciton volume (Vor ~ SMoOOthly varying potential. To analyze the composition of
Sca“_;‘l S"”‘LJL,T’& £e|¥§§_$3dggingrﬁgdm éozhg"%?it:t’rfi‘:;?lf the NC interface, we use a FLN spectroscopy. In this
spatial  separati . . )
biexciton emission quantum yield calculated using QY, = % ™ P;g‘%dﬁ ttfl;]ee rseaamg:llgz gﬁr?é?éedab\ggﬁgt%nn?regm?nﬁh%
alows us to effectively narrow down the size distribution
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in the photoexcited NC sub-ensemble by selecting only a small fraction of larger dots from the sample. As aresult
of this spectroscopic selection, using FLN we can clearly resolve features due to phonon-assisted transitions
involving various longitudinal optical (LO) modes; based on the intensity of these modes we can analyze the
composition of the NC within the volume sampled by a photoexcited exciton.

The FLN spectraindeed indicate the development of the CdSeS phonon replica due to a* combinatory” 60 meV
mode, which represents the sum of CdS (35 meV) and CdSe (25 meV) LO phonon energies. The FNL data
indicate that most of the interfacial aloying occurs until the shell thickness reaches ~9 MLs, while further shell
growth is not accompanied by any significant expansion of the alloy region. Further, based on the quantitative
analysis of the relative intensities of phonon replicas associated with CdSe, CdS and CdSeS, we obtain that the
final thickness of CdSeS alloy layer is ~1.5 ML. Interestingly, the largest change in the Auger decay time also
occurs in the range of shell thicknesses for which we observe the formation of the alloyed interface. Specifically,
T, Changes by more than two orders of magnitude (from 250 ps to 31 ns), when H increases from 0 to 11 ML.
This increase is about ten times larger than that predicted based on changes in the effective exciton volume and
electron-hole spatial overlap (Fig.1c). These results indicate that the formation of even a very thin (less than two
MLs) graded layer is sufficient to produce a“smooth” potential profile resulting in greatly reduced rate of AR.

One important consequence of suppressed AR is a significant increase in emission efficiencies of multiexciton
states. For example, in the core-only samples studied in this work, the emission quantum yield of biexcitons is
~1%. However, it reaches 40 — 50% in CdSe/CdS structures with shell thickness of 9 ML and is as high as 60 —
80% in samples with a 19 ML shell (Fig. 1c, inset). This dramatic increase in PL yields of multiexciton states can
greatly benefit applications of NCs in technologies involving light emission such as lasing, optical amplification
and solid-state lighting.

To summarize, we have investigated multiexciton dynamics in hetero-NCs composed of CdSe cores and
CdS shells of tunable thickness. Thicker shells dramatically reduce AR rates, particularly during initial shell
growth, which cannot be explained by traditional volume scaling alone. Rather, FLN studies indicate that the
suppression of AR correlates with the formation of an alloy layer at the core-shell interface suggesting that this
effect derives primarily from the “smoothing” of the confinement potential associated with interfacial alloying.
These data highlight the importance of the NC interfacial structure in the AR process and provide genera
guidelines for the development of new nanostructures with suppressed AR for future applications in solution
processable lasing media.

3. FuturePlans

A new theme that will be explored in this project is the synthesis, spectroscopic characterization and application
of NCs doped with “electronic” impurities, i.e., impurities that introduce into the NCs optically and potentially
electricaly active carriers. Asamode system for our studies we will use Cu-doped NCs. Previous studies of bulk
semiconductors indicate that substitutional doping of Cu into materials such as ZnS and ZnSe leads to formation
of localized hole states that are optically active, as indicated by the development of new intra-gap emission lines.
In this project, we will develop a new class of electronically doped NCs by combining the reported methods for
Cu doping with strategies for complex heterostructuring previously explored in this project. Our initial focus will
be on ZnSe/CdSe core/shell NCs, a system offering wide-range size-tunability, with Cu-doped cores. In these
structures, by tuning the thickness of the CdSe shell we should be able to tune the position of the conduction band
level while preserving the number and the original placement of the Cu ions. The use of this strategy, which
decouples Cu incorporation into the nanostructure from the control of the degree of spatial confinement, should
allow us to obtain a wide range of tunability for the Cu-related intra-gap transitions without losing the strength of
these transitions.

Because of the temperature-dependent dynamics of Cu ions as mobile impurities in the semiconductor
lattice of the NCs, the method we employ for synthesis of the doped core/shell structure must take into account
the potentially deleterious effects of excessive reaction time and temperatures. To effectively sequester the Cu in
the core, we will start with the fast-injection synthesis of a small Cu:ZnSe doped core in the presence of excess Se
precursor, followed by sower growth of additional pure ZnSe at a lower temperature by addition of more Zn
precursor. The desired thickness of CdSe can then be deposited by slow addition of Cd precursor. The average
number of Cu ions per NC depends on the inclusion efficiency during core growth and the fraction that escape the
core volume during additional ZnSe growth; these will have to be determined empiricaly for any given
combination of core and shell dimensions by measuring Cu:Zn ratio by |CP post-synthesis.

We will use these structures to study the mechanism of intra-gap emission and will attempt to obtain
conclusive evidence that it is indeed due to optically active holes associated with the Cu** state. The experiments
to clarify this issue will involve “quenching” of optically generated holes with electron-donating surface ligands
and excitation of doped wide-gap NCs with a single type of charge using electron transfer from an adjacent
narrow-gap NC.

This initial spectroscopic work will be extended to studies of optical amplification in these novel doped
materials. Our goal in thiswork will be to demonstrate the regime of a“zero-threshold” optical gain. We will also
incorporate these doped NCs into LED structures and test them in the regime of alternating current, in which the
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“negative’” wave will be used to excite emission by injecting electrons that will recombine with “intrinsic” holes
on the Cu* centers transforming them into the Cu* state. The positive “wave” will then be used to “refill” the
copper centers with holes to prepare them for the next emission cycle. In such a device the processes of radiation
and recombination are separated in time and can be optimized independently via separate optimization of electron
and hole currents.
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Objective and Scope

The AMOS program at LBNL is aimed at understanding the structure and dynamics of atoms and
molecules using photons and electrons as probes. The experimental and theoretical efforts are
strongly linked and are designed to work together to break new ground and provide basic
knowledge in fundamental atomic and molecular processes that underpin energy research that is
central to the programmatic goals of the Department of Energy. The current emphasis of the
program is in three major areas with important connections and overlap: inner-shell photo-
ionization and multiple-ionization of atoms and small molecules; low-energy electron impact and
dissociative electron attachment of molecules; and time-resolved studies of atomic processes
using a combination of femtosecond X-rays and femtosecond laser pulses. This latter part of the
program is folded in the overall research program in the Ultrafast X-ray Science Laboratory
(UXSL).

The experimental component at the Advanced Light Source makes use of the Cold Target Recoil
lon Momentum Spectrometer (COLTRIMS) to advance the description of the final states and
mechanisms of the production of these final states in collisions among photons, electrons and
molecules. Parallel to this experimental effort, the theory component of the program focuses on
the development of new methods for solving multiple photo-ionization of atoms and molecules.
This dual approach is key to break new ground and provide a new understanding how electronic
energy channels into nuclear motion and chemical energy in polyatomic molecules as well as
unravel unambiguously electron correlation effects in multi-electron processes.
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Small Molecules
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Objective and Scope

This program is focused on studying photon and electron impact ionization, excitation and
dissociation of small molecules and atoms. The first part of this project deals with the interaction
of X-rays with atoms and simple molecules by seeking new insight into atomic and molecular
dynamics and electron correlation effects. These studies are designed to test advanced theoretical
treatments by achieving a new level of completeness in the distribution of the momenta and/or
internal states of the products and their correlations. The second part of this project deals with the
interaction of low-energy electrons with small molecules with particular emphasis on
Dissociative Electron Attachment (DEA). Both studies are strongly linked to our AMO
theoretical studies led by C.W. McCurdy and T.N. Rescigno and are designed to break new
ground and provide basic knowledge that is central to the programmatic goals of BES in electron-
driven chemistry. Both experimental studies (photon and electron impact) make use of the
powerful COLd Target lon Momentum Spectroscopy (COLTRIMS) method to achieve a high
level of completeness in the measurements.

Kinematically complete experimental study of the dissociation pathways of the singly
ionized CO molecule.

We studied the dissociation of the singly ionized carbon monoxide molecule, followed by
subsequent autoionization of O", by detecting for the first time all four final fragments (C* + O* +
2e) in coincidence. In this experiment the supersonic jet of carbon monoxide was illuminated by
the 43 eV x-ray beam at the Advanced Light Source. Although some direct double ionization of
CO molecule was observed, the energetics dictated that most of the registered events must be
attributed to single ionization followed by an autoionization in the atomic state of the oxygen.
The energy of the slow electron is constant and independent of the first electron energy or of the
nuclear kinetic energy release (KER) which is a clear signature of autoionization. The molecular
dissociation of CO" ion followed by autoionization of the oxygen has been observed before. In
this study we performed the most kinematically complete experiment where by simultaneously
measuring the vector momenta of all particles we were able to extract the KER of the reaction
together with the energies and complete angular distributions of photo-electron and
autoionization electron in the body-fixed molecular frame. The study of these detailed angular
distributions as a function of polarization and KER reveal a surprising dissociation dynamics.
Comparison with theoretical calculations by colleagues Rescigno and Orel shine light on the
molecular states involved in the initial process of photo-ionization. We observe a strong
correlation between the polarization of the light and the angle of emission of the autoionization
electron despite the fact that autoionization takes place in the atomic oxygen when the molecule
has already fully dissociated. Further studies both experimental and theoretical are on-going to
understand the origin of this unique photo and autoionization electron correlation.
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Kinetic Energy Release dependence in the Photo Double lonization of H,.

In order to trace down electron-electron correlation in the initial-state wavefunction and
understand asymmetry effects due to electron-nuclei interaction we chose to study the simplest
molecular target (H,) as a follow up to our successful double slit experiments. In the Photo
Double lonization (PDI) of hydrogen molecules with photon energies of 150eV we were able to
probe the electronic two particle density as a function of the bond length, i.e. the Kinetic Energy
Release (KER) of the ions, and the orientation of the molecular axis with respect to the
polarization vector of the incoming light. For these investigations we performed and compared
measurements with linear and circular polarized light while using our COLTRIMS technique
measuring two electrons and two protons in coincidence. In the PDI with linear polarized light we
found a shift in the KER for s and p transitions. While the KER is lower when the molecular axis
is aligned parallel to the linear polarization vector (s-s), the KER for a perpendicular orientation
(s-p) seems to be higher by a little more than 1eV. The different variation in the cross sections
with the internuclear distance for the two different transitions is largely a reflection of the
changes in the correlated initial state wave function. It can also be interpreted as a sensitive test
for probing the two particle electron density wave function since for the s-p transitions smaller
internuclear distances seem to be preferred and for s-s transitions an atomic like target, i.e. larger
bondlenghts appear to be more likely double ionized. The experiments were also carried out with
circular polarized light. The Molecular Frame Angular Photoelectron Distributions (MFPADS)
reveal a tilt for the circular polarization compared to the coherent sum of the angular distributions
for linear polarized light. This again can be traced back to the different two-particle electron
densities for s and p transitions resulting in different starting points of the outgoing p-waves,
which is then reflected in a s-p phase shift.

Dissociative electron attachment to water molecules.

DEA to the deceptively simple H,O molecule involves complex electronic and nuclear dynamics.
In the gas phase, it proceeds via three transient anion states of °B;, °A; and °B, symmetries which

are responsible for three distinct broad peaks
in the DEA cross section at electron energies
of 6.5, 9 and 12 eV. The negative ion states
subsequently fragment to produce H’, O" and
possibly OH’, in various two-body as well as
three-body breakup channels. As an example
we show in the figure to the right a sample of
momentum images we obtain for the H
channel. D" momentum images from DEA to
D,0 look identical to these. A simple look at
the images reveals that the symmetry of the
resonance plays a major role. We produced
similar momentum images at various

electron energies as well as the O" channel. Some of the key results either helped resolve some
controversies found in the literature or bring completely new understanding of DEA to H,O. We
settled a long-standing discrepancy between theory and experiment with respect to the production
of O for the B, resonance. We found that experimental measurements in the literature are most
likely contaminated by O from background O,. Our measurement can clearly see and separate O
from DEA to H,O and O from DEA to background O,. The production of O" from H,O is
extremely small supporting the calculations of our colleagues McCurdy and Rescigno.
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We find that for the ?A; resonance O is produced predominantly via three-body breakup.
However the most striking result for this resonance is the dissociation dynamics for the O
channel. The contrast between the measured distribution and the axial recoil prediction suggests
that after attachment, the molecule scissors backwards and ejects the oxygen through the mouth
of the H-O-H bond, regardless of the direction of the incident electron, while the hydrogens recoil
in the opposite direction. This interpretation of the dissociation dynamics, which is also supported
by classical trajectory calculations, explains why O™ production for this resonance is most likely
to proceed through three-body breakup. The most intriguing results for DEA to water are found in
the H™ (D") channel of the ?B,. For this resonance the electron attaches to the molecule along the
OH bond, impinging from the hydrogen side. Unlike 2B, and ?A, the momentum image for this
resonance seen in the figure above exhibits three distinct rings (or Kinetic energy releases). The
middle ring corresponds to dissociation on the “B, potential energy surface with OH fragment left
in the 23 excited-state. A dramatic observation here is the loss of equivalency of the two hydrogen
atoms of H,0. Dissociation favors breaking the OH bond opposite to the bond on which electron
attachment happens. This effect is particularly dramatic at the lowest electron energy. This break
of the equivalency of the two OH bonds suggests that the electron attachment is most likely
taking place during an asymmetric stretch. Theory is not yet able to account for this strikingly
strong effect. The outer ring corresponds to the OH fragment left in the IT ground state giving a
clear signature of funneling through a conical intersection and dissociation on the 2A; surface.
Our theory group predicted the presence of this conical intersection. One remarkable aspect of
this measurement is that we are able to control with high precision the fraction of the wave-packet
that funnels through the conical intersection and dissociate on the lower ®A; state by tuning the
energy of the electron around the ?B..

Future Plans

We plan to continue application of the COLTRIMS approach to achieve complete descriptions of
the single photon double ionization of CO, O, and their analogs. Of particular interest is an in-
depth study of the “photoelectron and autoionization-electron” correlation and entanglement. We
will also study double Auger decay of small molecules after photo excitation and photo ionization
of inner shell electrons. The main scientific goals are to investigate the dissociation pathways and
ionization mechanism during the double Auger decay. We plan to continue using our Dissociative
Electron Attachment modified-COLTRIMS to study DEA to methanol and ethanol to unravel the
OH functional group effects as well as some relevant molecules such as CO, or DNA bases such
as uracil. This latter work will be done in collaboration and theoretical support from Vincent
McKoy.
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Program Scope: This project seeks to develop theoretical and computational methods for
treating electron processes that are important in electron-driven chemistry and physics and that
are currently beyond the grasp of first principles methods, either because of the complexity of the
targets or the intrinsic complexity of the processes themselves. A major focus is the development
of new methods for solving multiple photoionization and electron-impact ionization of atoms and
molecules. New methods are also being developed and applied for treating low- energy electron
collisions with polyatomic molecules and clusters. A state-of-the-art approach is used to treat
multidimensional nuclear dynamics in polyatomic systems during resonant electron collisions and
predict channeling of electronic energy into vibrational excitation and dissociation.

Recent Progress and Future Plans:

The fixed-nuclei, complex Kohn variational method, which continues to serve as our principal
tool for studying electron-molecule scattering, has been adapted to the study of molecular
photoionization and photodetachment of negative ions and to compute cross sections both in the
body- and laboratory frames. The complex Kohn method is particularly well suited to
photoionization and photodetachment studies of polyatomic targets since it does not rely on
single-center expansions and can handle elaborate correlated wavefunctions in both initial
(bound) and final (continuum) states. Previously, we used the complex Kohn method to study C
1s ionization of CO, and to clarify the origin of recently observed asymmetry effects in the
molecular-frame photoelectron angular distribution (MFPAD)(ref. 4). We have since refined the
treatment by developing a semi-classical model to treat the molecular dynamics of the transient
core-hole ionized cation prior to Auger decay and obtained quantitative agreement between the
calculated and observed MFPADs (ref. 12).

Molecular-frame photoelectron angular distribution
for C 1s ionization of CO; computed with Auger
lifetime set at Ofs (black dotted curve) and 6 fs
(green solid line). Red dots: experimental values of
Liu et al. Phys. Rev. Lett. 101, 083001 (2008).

We also carried out (ref. 13) an extensive theoretical study of photodetachment of HOCO'". The
HOCO" anion has been the focus of several recent experiments since it can be used to obtain
information about the HOCO radical, which is an important intermediate in combustion
chemistry. Published experiments by Lu and Continetti revealed two sharp peaks in the
photodetachment spectrum very close to threshold, which were interpreted to be s- and p-wave
resonances. However, this interpretation took no account of the fact that HOCO has a large
permanent dipole moment, which would make the presence of such resonances near threshold

68



unlikely. Indeed, our computed photodetachment amplitudes, which gave photoelectron angular
distributions in good agreement with experiment, showed a complete absence of threshold
resonances. Electronic structure calculations confirmed that the threshold peaks are most likely
due to the decay of vibrationally excited states of a dipole-bound anion. Such dipole-bound
anions have been observed in other systems with similarly large dipole moments.

Photoionization of a diatomic molecule can be accompanied by the formation and subsequent
decay of autoionizing states. Each electronically excited state of a molecular cation can support a
series of neutral Rydberg states, many of which must necessarily lie in the electronic continuum
and can thus autoionize. These states generally carry little oscillator strength, have narrow widths
and have potential energy curves that simply track their parent ion states. Of particular interest are
non-Rydberg doubly excited states which are expected to have much larger oscillator strengths,
since their spatial overlap with the initial state is large. The N, and CO cases are particularly
interesting since their doubly excited valence states, near the equilibrium target geometry, can
decay into four open electronic channels. We have initiated a study of non-Rydberg autoionizing
states in N, with electronic structure and coupled-channel, fixed-nuclei electron—ion scattering
calculations to obtain the energies and lifetimes of these states as a function of nuclear geometry.
The primary motivation for undertaking these studies is to see if these states are interesting
candidates for XUV pump/probe experiments, which we expect they will be, especially if the
calculations show a rapid change in the branching ratios with increasing internuclear distance.
This work will also form a basis for further time-dependent studies of these states in the ultrafast
program.

Because of the long-range repulsive interaction between singly charged ions, the vertical double
ionization thresholds of small molecules generally lie above the dissociation limits corresponding
to formation of singly charged fragments. This leads to the possibility of populating singly
charged molecular ions by photoionization in the Franck-Condon region at energies below the
lowest dication state, but above the dissociation limit into two singly charged fragment ions.
These singly charged molecular ions can emit a second electron by autoionization, but only at
large internuclear separations where the ionic state crosses into the electron+dication continuum.
This process has been termed indirect double photoionization. Previously, we had studied this
process in the case of CO and published a joint theoretical/experimental analysis of experiments
carried out at the ALS (refs. 7 and 11). A similar study was carried out at BESSY for the case of
water. Ab initio calculations carried out here showed that the indirect, sequential process in this
case involves formation of an inner-shell excited state of H,O" which subsequently dissociates
into a proton and an autoionizing state of OH*. These autoionizing states were found to be
extremely long-lived, decaying when the H* and OH* fragments were separated by several
hundred angstroms. A simple classical trajectory model involving Rutherford scattering of the
emitted slow electron by the distant proton gave a good description of the observed electron
angular distribution in the body-frame. The results were published in Physical Review Letters
(ref. 15).

Indirect DPI of water. Measured distribution of the angle
between the electron and the proton direction for electron
energies between 0.2 and 0.6 eVand KER between 2 and 5
eV. Black dots experiment, red line classical simulation for
electron energy of 0.2-0.6 eV and internuclear distance R
1/4 800 a:u: at the instant of autoionization.
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Dissociative electron attachment (DEA) is fundamentally important in electron-driven chemistry
because it can induce chemical reactions with electrons whose energies lie below the threshold
for ionization. In the case of water, COLTRIMS studies at LBNL showed that, in the minor
channels, the H™ angular distributions deviated significantly from simple axial recoil predictions.
We were previously able to successfully explain the observed angular distributions for the
8.5 eV 2A; peak by combining body-frame entrance amplitudes from ab initio calculations
with classical trajectories on the anion potential surface that detail precisely how the water
anion dissociates. We have now extended this treatment to study H™ angular distributions
from the 12 eV 2B, peak where a conical intersection plays a significant role in the
dissociation dynamics. This collaborative experimental/theoretical study, which has been
submitted for publication (ref. 17), is the first to show how the geometry of the anion at the
conical intersection is imprinted on the dissociation fragments. We have also initiated a

H’ production by DEA to H,O via ?B2. Trajectories leading through (right) the conical
intersection recoil with a smaller angle than those which avoid the conical intersection (left).

study of dissociative electron attachment to CO,. Our first efforts have targeted the main DEA
peak at 8.2 eV, which our ab initio studies show involves attachment through a doubly excited
(Feshbach) resonance of ZPg symmetry and dissociated through a conical intersection with a lower
energy shape resonance. This result is confirmed by COLTRIMS measurements and our joint
study has been submitted to Physical Review Letters (ref. 16).

Exterior complex scaling (ECS) continues to provide the computational framework for our
studies of strongly correlated processes that involve several electrons in the continuum. Recent
efforts using ECS in time-independent studies have focused on 2-photon double ionization with
both atomic and molecular 2-electron targets. In the case of helium, we predicted that sequential
ionization should leave a clear signature on the magnitude and shape of the total, single- and
triple-differential cross sections, even at energies below the sequential threshold (54.4 eV) where
it is a virtual process. The qualitative predictions of our time-independent calculations have now
been confirmed, although more elaborate time-dependent studies, which are described in the
USXL review document, were needed to obtain quantitatively accurate results. We also
undertook our first study of two-photon double ionization of a molecular target, with a study of 2-
photon DPI of H, by 30 eV photons (ref. 1). As in the case of helium, this work will pave the way
for elaborate time-dependent studies.
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Program Scope: This program exploits short pulses of X-rays to provide basic
knowledge of ultrafast dynamics of photo-excited molecules in the gas phase and
condensed phase from the natural time scale of electron motion to the time scale of the
chemical transformations. There five subtasks in the UXSL effort, outlined below.

Recent Progress and Future Plans:
1. Soft X-ray high harmonic generation and applications in chemical physics

This part of the laboratory is focused on the study of ultrafast chemical dynamics
enabled by novel femtosecond VUV and soft x-ray light sources. Laboratory based setups
centered around several high-order harmonic generation light sources operate at up to
3 kHz repetition rate. The light sources are complemented by state-of-the-art
photoelectron and ion imaging techniques and a newly installed VUV spectrometer for
transient absorption measurements.

Transient EUV photoelectron and ion imaging experiments have revealed a detailed
picture of the coupling between electronic and nuclear dynamics in superfluid helium
nanodroplets. The ejection of Rydberg atoms has been monitored in real-time and with
guantum-state sensitivity. Significant differences in electronic alignment and Kinetic
energy distributions are observed for Rydberg fragments in different quantum states. A

Fig. 1: a) VUV-pump/IR-probe study of helium nanodroplets monitoring the ejection of Rydberg
atoms by transient EUV photoelectron imaging. b) Schematic of the droplet electronic band
structure and ejection dynamics described by a localized perturbed atomic Rydberg state model of
electronically excited droplet states.
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relatively simple theoretical model has been developed that reproduces the findings with
encouraging accuracy based on a description of electronically excited droplet states in
terms of localized perturbed atomic Rydberg states.

The construction of a VUV transient absorption setup is completed. An experimental
time resolution of 25 fs has been demonstrated by monitoring strong-field ionization of
Xe atoms with pump-probe delay dependent variations in inner-valence absorption lines
using photon energies ranging from ~50 eV to ~70 eV. First transient absorption spectra
during strong-field ionization of bromobenzene have been recorded at the bromine M-
edge (~70eV photon energy). The depletion of the neutral species as well as the
emergence of the ionized species are clearly discernable.

A UXSL-lead proposal to conduct femtosecond time-resolved x-ray photoionization
studies of charge transfer dynamics at interfaces between molecular dyes and nanoporous
semiconductor substrates at the Linac Coherent Light Source (LCLS) has received a Tier
1 ranking and is scheduled for beam time in October 2011.

2. Ultrafast X-ray Studies of Condensed Phase Molecular Dynamics

The objective of this research program is to advance our understanding of solution-
phase molecular dynamics using ultrafast x-rays as time-resolved probes of the evolving
electronic and atomic structure of solvated molecules. Two beamlines have been

Fig. 2: (A) Ls-edge absorption changes of [Fe(tren(py)s)]** in CHsCN solution as a function of
pump-probe delay (open circles). The solid lines correspond to a model fit of the data. (B)
Transients acquired from femtosecond stimulated Raman scattering (FSRS) of the C—N
stretching mode of [Fe(tren(py)s)]** in CH3CN solution; the red and blue circles correspond to
changes in the amplitude and frequency of the FSRS signal, respectively. The data were fit with
the same kinetic model used in (A). (C) Schematic representation of the excited-state evolution
of [Fe(tren(py)s]** following charge-transfer excitation based on all of the available data on this

developed at the Advanced Light Source, with the capability for generating ~200 fs x-ray
pulses from 200 eV to 10 keV. We have also developed a new capability for transmission
XAS studies of thin liquid samples in the soft x-ray range, based on a novel SisN, cell
design with controllable thickness <1 pm.
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Present research is focused on charge-transfer processes in solvated transition-metal
complexes, which are of fundamental interest due to the strong interaction between
electronic and molecular structure. In particular, Fe"" complexes exhibit strong coupling
between structural dynamics, charge-transfer, and spin-state interconversions. This year
we have focused on understanding the evolution of the valence electronic structure, and
the influence of the ligand field dynamics on the Fe 3d electrons, using time-resolved
XANES measurements at the Fe L-edge. Picosecond and femtosecond studies show a
clear 1.7 eV dynamic shift in the Fe-L3 absorption edge with the ultrafast formation of the
high-spin state on a 200 fs time scale. This reflects the evolution of the ligand-field
splitting, and is the first time-resolved solution-phase transmission spectra ever recorded
in the soft x-ray region. Comparison with charge-transfer multiplet calculations reveals a
reduction in ligand field splitting of ~1 eV in the high-spin state. A significant reduction
in orbital overlap between the central Fe-3d and the ligand N-2p orbitals is directly
observed, consistent with the expected 0.2 A increase in Fe-N bond length upon
formation of the high-spin state. The overall occupancy of the Fe-3d orbitals remains
constant upon spin crossover, suggesting that the reduction in s-donation is compensated
by significant attenuation of n-back-bonding in the metal-ligand interactions.

A second area of focus is on the structural dynamics of liquid water following
coherent vibrational excitation of the O-H stretch (in collaboration with A. Lindenberg et
al. at Stanford). Time-resolved results at the O K-edge show distinct changes in the near-
edge spectral region that are indicative of a transient temperature rise of 10K following
laser excitation and rapid thermalization of vibrational energy. The rapid heating at
constant volume creates an increase in internal pressure, ~8MPa, which is manifest by
spectral changes that are distinct from those induced by temperature alone. Femtosecond
studies of hydrogen bond dynamics reveal the dynamic conversion of strongly hydrogen-
bonded water structures to more disordered structures with weaker hydrogen-bonding on
a 700 fs time scale.

An important goal is to apply time-resolved X-ray techniques to understand the
structural dynamics of more complicated reactions in a solvent environment. Future
research will focus on charge-transfer, and ligand dynamics in bi-transition-metal
complexes and porphyrins, as well as reaction dynamics of solvated halide molecules.
Solvated metal carbonyls represent a model system where photo-induced ligand
dissociation is strongly solvent dependent. In these complexes, the molecular
intermediates and solvent exchange mechanisms are poorly understood. Time-resolved
XAS will provide important new insight to the molecular dynamics.

3. Time-resolved studies and non-linear interaction of femtosecond x-rays with
atoms and molecules:

Higher-order harmonic generation has reached intensities high enough as to induce
multiphoton ionization processes. The design and construction of our intense XUV
source is based on scaling-up in energy of the loose focusing high harmonic generation
scheme. Pump/probe delay is achieved with a newly constructed split mirror
interferometer (SMI). VUV and XUV wavelength selection in each arm of the SMI is
achieved through a combination of transmission filters and coatings on the two D-shaped
mirrors. We applied our two-color VUV/XUV pump-probe system to the study non-
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Born-Oppenheimer dynamics in
excited-state ethylene. In a first
study we used a fifth harmonic
pump-probe configuration to the
study the excited state lifetime
shown in Fig. 3 resolving a
decade long discrepancy and
controversy between theory and
experiment. To follow the
dynamics onto the ground state
potential energy surface, we
conducted experiments using 7.7
eV photons as a pump and in one
case the 19th harmonic (29.45 Fig. 3: ion fragment of C2H4 a_saf_unctipn c_Jf 5t harmqnic
eV) of the fundamentl a5 a probe | (7 ) P nd prete. Soj pnkne i  taoreta
and in another case a band of | Tpe plue line is the calculation of the fragment production
EUV harmonics (17-23 eV) as a | when the photoionization probe is included in the theory.
probe. These XUV probe photons
allow us to break the C-C bond and observe transient structures such as ethylidene. In
both experiments, the pump and the probe act on the molecule perturbatively through
single photon excitation. We observe a transient increase in the CHs" fragment
production using ion time-of flight spectroscopy providing evidence for hydrogen
migration in ethylene following ™ excitation. In a collaboration work with T. Martinez
we show that a combination of theory and experiment clearly identifies the dynamics
through two competing conical intersection.

For this coming fiscal year we are planning an upgrade of our HHG system from 10
Hz to higher repetition rate to enable the application of our successful COLTRIMS
technique to time-resolved studies. The construction of the ne