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What is molecular alignment resp. orientation,
and why Is It an interesting property?

Alignment: <cos20>
Orientation: <co0s6>
[ ) <Cc0s20> > 1/3

<c0s0>=0
“Aligned”

b

<Cc0s26> =1/3
<c0s0>=0

“Isotropic”

<Cc0s20> > 1/3
<c0s06>>0

“Oriented”
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What is molecular alignment resp. orientation,
and why Is It an interesting property?

» Molecular alignment and orientation are suitable observables
that allow us to assess our ability to exert strong-field control
over molecular properties

» Molecular alignment and orientation provide the connection
between laboratory-frame measurements and
measurements in the molecular-frame

Laboratory frame Photofragmentation <->  Molecular Frame Photofragmentation

P(cosf) =1 + BP,(cos0) P(cos0) ~ electron scattering or nuclear
dynamics in the molecular frame

Example: Photoionization of H, at XUV wavelengths



Photoionization of H, at XUV wavelengths

Laboratory frame Photofragmentation <€-> Molecular Frame Photofragmentation

Raw velocity map
image

Inverted velocity
map image

240 eV photoionization of H, COLTRIMS
Akoury et al. Science 318, 949 (2007)

46 eV photoionization of H, VMI

Johnsson et al., J. Mod. Optics (in press)



Velocity Map Imaging - 1

Experimental setup Characterization of an attosecond

pulse train using RABBITT
AR S

(7] |

file01.dat

e Aseyev et.al., Phys. Rev. Lett. 91, 223902 (2003)




Velocity Map Imaging - 2

Raw image for 2-photon ionisation of
Ar by 532 nm light

Slice through the 3D velocity
distribution, obtained by Abel inversion
of the image Av/v = 1% (N.B. also use
iterative technique)



COLTRIMS

(Cold Target Recoil lon Momentum Spectroscopy)

R. Dorner (Frankfurt)

Using COLTRIMS an experiment can be performed where the alignment and orientation can be
read out afterwards, provided that the molecule dissociates

Challenge: coincidence measurement - one can study only one molecule per laser shot



When we cannot use only one molecule....

N, ground state orbitals determined by
molecular tomography (= HHG)

o [ p— . S
2 1 B

14

= S0»
>. y

-

o

XA

D.M. Villeneuve et al., Nature 432, 867 (2004).

Pump-probe spectroscopy at
emerging XUV and x-ray FELs

Aerial view of the FLASH Free Electron Laser
in Hamburg

Let’s try to align/orient all molecules in
our sample beforehand



Interaction of a molecule with a DC field and an
Intense laser field

H=J°+V N@,60,)+V, (o

)

par ! perp ]

Interaction with a DC field

V,(0,6,) =-w c0s W =

Interaction with an intense laser field

V(@ @, ) = —(Aw €OS° 6, + )
I

a
N 29 — par,perp " L
Aw = @ por — Dperp D par vern = =

B. Friedrich and D. Herschbach, J. Chem. Phys. 111, 6157 (1999)



Alignment/orientation with a DC field

1965: Hexapole state-
selection and orientation +
of polar molecules
(Bernstein) Fic. 1. The six-pole

field.
J. Chem. Phys. 42, 767 (1965) /

1991 “Brute-force” |
orientation (Loesch) /

J. Chem. Phys. 93, 4779 (1990)
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Alignment/orientation with intense laser fields -
overture

1991: lon TOF distributions in Multi-Electron Dissociative lonization
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FIG. 2. TOF ion mass spectra of CO with the laser polariza- C. Cornaggia et.al., Phys. Rev. A 44, 4499 (1991).

tion (a) parallel to the drift tube axis and (b} perpendicular to
the drift tube axis. The scale for the ion signals is the same for

both spectra.



Alignment/orientation with intense laser fields - 1

1998: Adiabatic molecular alignment (Sakai & Stapelfeldt)

alignment pulse
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Adiabatic vs. diabatic alignment
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Alignment of |, under adiabatic conditions
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Stapelfeldt and Seideman 0 50 100 150 200

Rev. Mod. Phys. 75, 543 (2003) Elapsed time (ps)

Orientation (and alignment) under diabatic
(impulsive) conditions

Vrakking and Stolte
Chem. Phys. Lett. 271, 209 (1997)



Probing alignment in real time:

Long pulse IR + Short pulse IR Pump-probe
experiments

Short pulse:
ilonization, w.o. alignment

Long pulse:
alignment, w.o. ionization

lonization intensity

Short pulse IR probing
A(appr. 100 fsec)

A \

Long pulse IR pump
(appr. 3 psec)

Elapsed time =



Alignment/orientation with intense laser fields - 2

2001: Impulsive molecular alignment (Rosca-Pruna and Vrakking)
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Phys. Rev. Lett. 87, 153902 (2001)




Popular activities since these earliest
demonstrations of laser-induced alignment

< From diatomic to complexer, polyatomic molecules
< From 2D to 3D dynamic alignment

% Schemes to optimize dynamic alignment

% Alternative probes of molecular alignment

< From molecular alignment to molecular orientation

Stapelfeldt and Seideman, Rev. Mod. Phys. 75, 543 (2003)
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Three Dimensional Alignment of Molecules Using Elliptically Polarized Laser Fields

] . . . ~ 7
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Steacie Institute for Molecular Science, National Research Council of Canada, Ottawa, Ontario, Canada KIA ORO
) ) (Received 9 May 2000)
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PRL 97, 173001 (2006) FhTalCel RENVLIEW LEITERS 27 OCTOBER 2006

Field-Free Three-Dimensional Alignment of Polyatomic Molecules

Kevin F. Lee.'> D. M. Villeneuve.' P.B. Corkum.'? Albert Stolow.' and Jonathan G. Underwood>*

'Steacie Institute for Molecular Sciences, National Research Council Canada, Ottawa, Ontario, KIA OR6, Canada
*Department of Physics and Astronomy, McMaster University, 1280 Main Street West, Hamilton, Ontario, L8S 4M1, Canada
i Department of Physics and Astronomy, The Open University, Walton Hall, Milton Kevnes, MK7 0AA, United Kingdom
(Received 28 June 2006; published 26 October 2006)

' 400 fs

Cross-polarized impulsive alignment pul
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PRL 99, 143602 (2007) PHYSICAL REVIEW LETTERS 5 OCTOBER 3007

Holding and Spinning Molecules in Space

Simon S. Viftrup.' Vinod Kumarappan,” Sebastian Trippel,” and Henrik Stapelfeldt**
'Department of Physics and Astronomy, University of Aarhus, DK 8000 Aarhus C, Denmark
Department of Chemistry, University of Aarhus, DK-8000 Aarhus C, Denmark
"Ph)'si('s Institute, University of Freiburg, D-79104 Freiburg, Germany
*Interdisciplinary Nanoscience Center (iNANO), University of Aarhus, DK-8000 Aarhus C, Denmark

Edward Hamilton and Tamar Seideman

Department of Chemistry, Northwestern University, 2145 Sheridan Road, Evanston, Illinois 00208-3113, USA
(Received 9 May 2007: published 5 October 2007)

Cross-polarized adiabatic and impulsive alignment
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Angular Focusing, Squeezing, and Rainbow Formation in a Strongly Driven Quantum Rotor

I.Sh. Averbukh! and R. Arvieu?
'Department of Chemical Physics, The Weizmann Institute of Science, Rehovor 76100, Israel
2Institut des Sciences Nucléaires, F 38026 Grenoble Cedex, France
(Received 6 December 2000: published 28 September 2001)

QM follow-up (w. Rabitz)
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A classical rotor can be focussed to angulal total kick strength

distribution that is arbitrarily narrow, using a Experimental verification (Stapelfeldt)
sequence of properly timed pulses Phys. Rev. Lett. 92, 173004 (2004)
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Switched Wave Packets: A Route to Nonperturbative Quantum Control

Jonathan G. Underwood." Michael Spanner.“2 Misha Yu. Ivanov,' Jeff Mottershead.'
Benjamin J. Sussman." and Albert Stolow'*

'Steacie Institute for Molecular Sciences, National Research Council of Canada,

100 Sussex Drive, Ottawa, Ontario, Canada KIA 0RO
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(Received 19 February 2003: published 4 June 2003)
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PHYSICAL REVIEW A 77, 041404(R) (2008)

Ultimate field-free molecular alignment by combined adiabatic-impulsive field design

S. Guérin,

A Rouzée, and E. Hertz

Institut Carnot de Bourgogne, UMR 5209 CNRS, Université de Bourgogne, Boite Postale 47870, 21078 Dijon, France
(Received 14 November 2007; revised manuscript received 8 February 2008; published 23 April 2008)
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Intermezzo

[OP PUBLISHING JOURNAL OF PHYsICS B: ATOMIC, MOLECULAR AND OPTICAL PHYSICS

J. Phys. B: At. Mol. Opt. Phys. 41 (2008) 074021 (1 1pp) doi: 10.1088/0953-4075/41/7/07402 1

On the diversity of multiple optimal
controls for quantum systems

O M Shir!, V Beltrani’, Th Biick', H Rabitz’ and M J J Vrakking®

Application of advanced evolutionary algorithms towards the
optimization of dynamical alignment (starting from J=0) and
towards rotational ladder climbing

< Perform series of calculations (20 each) for DR2 and CMA algorithms
combined with simple/Hermite phase parameterization

< Define the fitness as <c0s20> in the dynamical alignment problem, or as the
population in a target state in the ladder climbing problem
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Optlmlzaton Wlth slowly mcreasmg pulse energy
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Quantum Optimally Controlled
Transition Landscapes

Herschel A. Rabitz,’* Michael M. Hsieh,' Carey M. Rosenthal?

A large number of experimental studies and simulations show that it is sur-
prisingly easy to find excellent quality control over broad classes of quantum
systems. We now prove that for controllable quantum systems with no con-
straints placed on the controls, the only allowed extrema of the transition
probability landscape correspond to perfect control or no control. Under these
conditions, no suboptimal local extrema exist as traps that would impede the
search for an optimal control. The identified landscape structure is universal for

all controllable quantum systems of the same dimension when seeking to
maximize the same transition probability, regardless of the detailed nature of
the system Hamiltonian. The presence of weak control field noise or environ-
mental decoherence is shown to preserve the general structure of the control
landscape, but at lower resolution.

26 MARCH 2004 VOL 303 SCIENCE




Optimal control works perfectly (or not at all) if there are no
constraints

Existing constraints (bandwidth, phase parametrization, etc.) limit

the achievable control
The achievable control is unique, the solution that leads to this

control is not = convergence of a solution is not the right way to
perform an optimal control experiment



: week ending
VOLUME 90, NUMBER 8 PHYSICAL REVIEW LETTERS 28 FEBRUARY 2003

Controlling the Orientation of Polar Molecules with Combined Electrostatic and Pulsed,
Nonresonant Laser Fields

Hirofumi Sakai,™ Shinichirou Minemoto, Hiroshi Nanjo, Haruka Tanji, and Takayuki Suzuki
Department of Physics, Graduate School of Science, The University of Tokvo, 7-3-1, Hongo, Bunkyo-ku, Tokvo 113-0033, Japan
(Received 16 June 2002; revised manuscript received 19 August 2002; published 25 February 2003)
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PHYSICAL REVIEW LETTERS 4 TULY 2008
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Laser-Field-Free Molecular Orientation

PRL 101, 013001 (2008)

Akihisa Goban. Shinichirou Minemoto. and Hirofumi Sakai™

Department of Physics, Graduate School of Science, The University of Tokvo, 7-3-1 Hongo, Bunkvo-ku, Tokvo 113-0033, Japan
(Received 4 April 2008 published 30 June 2008)
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Laser-induced orientation demonstrated, but not yet better than convention DC techniques



Impulsive Orientation and Alignment of Quantum
State-selected NO Molecules

O. Ghafur,! A. Rouzée,'* A. Gijsbertsen,! W. Siu,! S. Stolte,> and M.J.J. Vrakking®

'FOM Instituut voor Atoom en Molecuul Fysica (AMOLF),
Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
Laser Center and Department of Physical Chemistry,
Vrije Universiteit Amsterdam De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands
and Institute of Atomic and Molecular Physics,
Jilin University, Changchun 130012, China.

“To whom correspondence should be addressed; E-mail: a.rouzee @amolf.nl.

Reach a very high degree of impulsive orientation by combining:

s*Hexapole state-selection
A dc electric field
*Femtosecond laser excitation
ssLaser pulse shaping



So what are we doing this for?

From 2014:. XFEL in Hamburg
Pump-probe spectroscopy at
emerging XUV and x-ray FELs Ambition: molecular interferometer

Photoelectron spectra
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Aerial view of the FLASH Free Electron Laser
in Hamburg

Photoelectron momentum distributions

Mabbs et al, J. Chem. Phys. 123, 054329 (2005) Kinetic energy (eV)



Pump-probe experiment on CO, alignment
(FLASH Campaign 2008)

Pump probe setup

7
Z Stretcher

KDP  Telescope Laser

2.mJ compressed {t"u
up to 25 mJ stretched




The experimental hall at the FLASH FEL iIn
Hamburg




Pump-probe experiment on CO, alignment
(FLASH Campaign 2008)
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Pump-probe experiment on CO, alignment
(FLASH Campaign 2008)

200

Time-dependent alignment of CO,

100

Use IR to align the molecule
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Next step: photodissociation of
Br, (spring 2009)
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