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Abbreviations

BBO beta-Barium borate
CCD Charge-coupled device
cw continuous wave
FROG Frequency resolved optical gating
FWHM Full width at half maximum
GCD greatest common divider
HWHM Half width at half maximum
ODE Ordinary di�erential equation
OKE Optically induced Kerr e�ect
OMA Optical multichannel analyzer
PG Polarization gating
RCS Rotational coherence spectroscopy
RIPS Raman induced polarization spectroscopy
SFG Sum frequency generation
SHG Second harmonic generation
TDSE Time dependent Schrödinger equation
TISE Time independent Schrödinger equation

Constants (SI units)

c = 299792458 m/s speed of light
e = 1.602176462×10−19 C elementary charge
ϵ0 = 8.854187×10−12 F/m dielectric permittivity of vacuum
h = 6.626069×10−34 J s Planck constant
~ = 1.054571×10−34 J s reduced Planck constant
kB = 1.386650×10−23 J/K Boltzmann constant
mu = 1.66057×10−27 kg atomic mass unit
NA = 6.022142×1023 1/mol Avogadro number
R = 8.314472 J/(mol K) universal gas constant
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Conversion of units
Frequency and energy

cm−1 eV J MHz
1 cm−1 1 1.239842×10−4 1.986447×10−23 2.997925×104

1 eV 8065.54 1 1.602177×10−19 2.417988×10−8

1 J 5.03411×1022 6.2415406×1018 1 1.509189×1027

1 MHz 3.33564×10−5 4.135669×10−9 6.626076×10−28 1

Pressure

atm mbar Pa
1 atm 1 1013.3 1.0133×105
1 mbar 9.8692×10−4 1 100
1 Pa 9.8692×10−6 0.01 1
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Abstract

The non-adiabatic alignment of diatomic molecules is examined in experiment and nume-
rical simulations using as an example the nitrogen molecule.
Numerical simulations are carried out to elucidate alignment of rotationally excited mo-

lecules, in particular for laser pulse duration and in the transition region between the non-
adiabatic and adiabatic regimes. Depending on the M quantum number, the interaction
with the laser �eld can involve emission of energy as well as absorption, and these two pro-
cesses lead to opposite motion of the molecular axis with respect to the laser polarization
direction. For a moderately strong laser pulse with a duration comparable to the molecular
rotational period, we show that the crossover from non-adiabatic to adiabatic limits is well
described by a convolution of excitation pulse envelope and sinusoidal molecular response
and it takes place in a uniform way in the region between 0.1 and 1 for the ratio of pulse
duration to rotational period. For higher intensities, the rotational wave packet contains
a greater manifold of coupled rotational levels, for which the degree of adiabaticity varies.
Di�erences in the rotational period in the excited transitions for appropriate laser pulse
parameters lead to the formation of a region in which anti-alignment, or rotational cooling,
dominates over alignment, or rotational heating. Based on the dependence of post-pulse
alignment on the ratio of rotational time and pulse duration, a method for controlling the
J composition of a rotational wave packet is proposed. The laser pulse duration is used
as parameter to achieve selective non-adiabatic interaction in the rotationally cold part of
the thermal distribution. By optimizing the duration of a single pulse, arbitrarily narrow
distributions at low J levels can be formed. A double pulse excitation, where a longer
second pulse acts as a selective dump pulse, allows to prepare non-thermal distributions
centered at high J values.
Experimentally, the decay of alignment in nitrogen and mixtures of nitrogen with hydro-

gen and several noble gases was investigated using ultrafast optical Kerr e�ect spectroscopy.
The very high sensitivity of a collinear modi�cation of the standard setup is quantitatively
determined, and it provides a large dynamic range for decay studies. It is demonstrated
that the analysis of the shape of the homodyne alignment signal contains information on
the ratio of population and coherence parts of alignment, and that thus the small popu-
lation part can be quanti�ed even at moderate laser power. The integrated area of the
homodyne detected alignment revivals is shown to be a robust measure of the degree of
coherence in the rotational wave packet even in the presence of centrifugal distortion. Ex-
periments at di�erent temperatures display long-lived coherences at high temperature. The
cross section for decoherence in pure nitrogen is measured in a temperature range from at
80 K to room temperature, and it decreases from 102 Å2 to 48 Å2. At room temperature,
the cross section for decoherence is equal to the gas-kinetic cross section and to the cross
section for rotational depopulation. In this case, thus pure dephasing does not occur in the
decay of rotational coherence. This is also con�rmed for mixtures of nitrogen with hydro-
gen, helium and argon. For nitrogen and nitrogen-foreign gas mixtures, the cross sections
for decoherence grow stronger with atomic mass than the geometric size of the particles.
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Kurzfassung

In dieser Arbeit wird das nicht-adiabatische Alignment von zweiatomigen Molekülen am
Beispiel von Sticksto� experimentell und mittels numerischer Simulationen untersucht.
Die numerischen Simulationen beleuchten das Alignment von Molekülen in angeregten

Rotationszuständen, besonders für Laserpulse im Bereich des Übergangs vom nicht- adia-
batischen zum adiabatischen Grenzfall. Die Wechselwirkung mit dem elektrischen Feld des
Lasers kann, abhängig von der magnetischen QuantenzahlM , sowohl durch Absorption als
auch durch induzierte Emission erfolgen. Diese Prozesse führen zu entgegengesetzten Be-
wegungen der Molekülachse relativ zur Polarisationsrichtung des Feldes. Wir zeigen, dass
für einen Laserpuls von moderater Intensität, dessen Dauer vergleichbar zur molekularen
Rotationsperiode ist, der Übergang vom nicht-adiabatischen zum adiabatischen Grenzfall
durch eine Faltung von Pulsform und sinusförmiger molekularer Antwort beschrieben wird,
und dass er in einheitlicher Weise im Bereich von 0.1 und 1 für das Verhältnis von Pulsdauer
zu Rotationsperiode statt�ndet. Ein Rotationswellenpaket, das mit höherer Laserintensi-
tät angeregt wird, enthält eine groÿe Zahl von gekoppelten Rotationszuständen. Höher
angeregte Rotationszustände werden dabei aufgrund ihrer schnellen Rotationsperiode bei
wachsender Pulsdauer stärker unterdrückt. Für geeignete Laserpulsparameter entsteht ei-
ne Region, in der Anti-Alignment, und damit die Abkühlung der Rotationsfreiheitsgrade,
über Alignment, gleichbedeutend mit dem Heizen der Rotation, dominiert.
Die Abhängigkeit der Amplitude des feldfreien Alignments vom Verhältnis von Rotati-

onsperiode und Pulslänge wird dazu benutzt, eine Methode zur Kontrolle der J- Zusam-
mensetzung eines Rotationswellenpakets zu entwickeln. Die Pulsdauer wird als Kontrollpa-
rameter eingesetzt, um gezielt kohärente nicht-adiabatische Wechselwirkung im kalten Teil
der Rotationsverteilung zu erzielen. Mit optimierter Pulsdauer kann eine beliebig schmale
J-Verteilung am kalten Ende des Spektrums erzeugt werden. Nicht-thermische Verteilun-
gen in bezug auf die Rotation können durch eine Doppelpulsstrategie, in der der zweite
Puls als selektiver Dump-Puls fungiert, erreicht werden.
Im experimentellen Teil der Arbeit wurde das Abklingen des Alignments in Sticksto�

und Gemischen von Sticksto� und Wassersto� sowie verschiedenen Edelgasen mittels op-
tischer Kerr-E�ekt Spektroskopie untersucht. Die extrem gute Emp�ndlichkeit, die durch
kolineare Propagation von Pump- und Probestrahl in einer Abwandlung des Standardauf-
baus erreicht wird, kann quantitativ bestimmt werden. Es kann damit ein groÿer Messbe-
reich für die Bestimmung der Abklingzeiten der Kohärenz erreicht werden. Eine Analyse
der Kurvenform des homodyn detektierten Alignmentsignals zeigt, dass die Gröÿe des Po-
pulationsbeitrags zum Alignment relativ zum kohärenten Beitrag aus dem Kurvenverlauf
bestimmt werden kann. Der kleine Populationsbeitrag kann damit auch für mäÿig intensi-
ve Anregungspulse bestimmt werden. Wir zeigen weiterhin, dass die integrierte Fläche der
homodyn detektierten Sticksto�-Revivals trotz der durch Zentrifugalkräfte verursachten
Änderungen der Form ein stabiles Maÿ für den Kohärenzgrad des Rotationswellenpakets
darstellt. Experimente über einen groÿen Temperaturbereich zwischen 80 K und 300 K
zeigen langlebige Kohärenzen auch bei hohen Temperaturen. Der Dekohärenzquerschnitt
von reinem Sticksto� nimmt in diesem Temperaturbereich von 102 Å2 auf 48 Å2 ab. Bei
Raumtemperatur entspricht das dem gaskinetischen Querschnitt und dem Querschnitt für
Depopulation. Reine Dephasierung spielt damit in diesem Fall keine Rolle für den Abfall
der Kohärenz. Das wird auch für Gemische von Sticksto� mit Wassersto�, Helium und
Argon bestätigt. Sowohl für reinen Sticksto� als auch für die Gasgemische wachsen die De-
kohärenzquerschnitte stärker mit der molekularen Masse als der geometrische Querschnitt
der Teilchen.
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Introduction

The orientation induced in a gas of polar molecules upon the interaction with an electric
�eld became a "hot topic"for the �rst time in the late 1920's. Based on the theories of
Langevin and Debye [1], the e�ect was used to determine dipole moments of various mole-
cules. More detailed studies demand to achieve a signi�cant reorientation of molecules. In
a static electric �eld, however, this approach requires prohibitively high �eld strength [2, 3],
and has therefore a limited practical applicability. High electric �eld strengths nevertheless
can be routinely realized in a focused laser beam. Around 1990, the possibility to create
rotationally cool ensembles in molecular beams together with the availability of lasers with
su�ciently high intensity provided the experimental means to e�ciently align molecules
[4]. Here, the mechanism of the interaction is di�erent from brute force static orientation,
as in the rapid oscillations of the electromagnetic �eld the interaction with a permanent
dipole is averaged out. Molecules in this case are aligned1, rather than oriented, through
the interaction of the �eld with the anisotropic polarizability [4�6].
Alignment can be created in a molecular sample not only in a cw laser �eld but also

by using an intense laser pulse much shorter than the molecular rotational period. This
so-called non-adiabatic alignment of molecules by ultrashort laser pulses has developed
into an important topic over the last two decades. A peculiarity of this phenomenon is that
due to the inertia of the nuclei, the coherent motion of molecules persists after the turn-
o� of the laser pulse in a rotational wave packet motion [7]. This �eld-free or post-pulse
alignment, which - after initial dispersion - reconstitutes itself periodically in rotational
revivals, has become one of the main tools for the generation of ensembles of molecules
with controllable direction of molecular axes with respect to the laboratory frame (see e.g.
[8�15] and references therein).
Within our project A3 of the Sonderforschungsbereich 450 (Analysis and control of ul-

trafast photoinduced reactions) we proposed to use non-adiabatic alignment to trigger
direction-dependent chemical reactions of dopant molecules trapped in a crystalline host
matrix [16, 17]. This required to develop a sensitive experimental method in order to detect
the subtle e�ects caused by the laser-induced rotational response in a sample. After testing
several techniques I found that the optical Kerr e�ect (OKE) spectroscopy provides the
required high sensitivity for the detection of the anisotropy. In addition, a well-established
set of analytical tools for the evaluation of data is available [18]. The implementation of
OKE for our experiments, the detection of revival dynamics and its decoherence, and the
quantitative analysis thereof constitute the topic of my thesis. To support the interpreta-
tion, I additionally carried out numerical simulations of alignment dynamics in nitrogen.
In particular, in these simulations the e�ects of temperature and pulse duration on the
alignment of rotationally excited molecules are elucidated. The nitrogen molecule is used
as a molecular system throughout, because it is the work-horse of many studies devoted
to investigate fundamental issues of molecular alignment (for references see e.g. [19�29]),
and therefore allows for a quantitative treatment.
The mechanism of molecular alignment in terms of the relevant Hamiltonian and Schrö-

1The term alignment describes the arrangement or position of objects in a straight line or along parallel
lines. Parallel and anti-parallel orientation are equivalent.
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dinger equation is well known [5, 6, 30]. Analytical approaches to the calculation of mo-
lecular alignment, however, are limited to either the impulsive or the classical case in
the rotational ground state due to the overwhelming algebraic complexity of the problem
[31, 32]. Otherwise, much of the theoretical work is based on numerical simulations, which
does not necessarily advance the understanding of the underlying physical processes. In
the theoretical part of this work we use the fact that the relevant Schrödinger equation
describes the molecular alignment well to identify in rotational state-resolved simulations
the relevant physical processes in the alignment. Based on this, we develop analytical mo-
dels to determine the outcome of an alignment experiment without resorting to full scale
numerical simulations. Simulations were carried out after adapting, in collaboration with
Burkhard Schmidt, the program code used in Refs. 16 and 17. In particular, two issues
are addressed, the consequences of which were previously not qualitatively discussed in the
literature.

The �rst issue is to treat alignment of molecules in rotationally excited states. In this
case, the molecule can interact with the electromagnetic �eld by absorption as well as by
emission of a quantum of energy. State-resolved numerical simulations show that these
processes have opposite e�ects on the alignment of the molecular axis. Incorporating the
relative phases of the rotation induced by the �eld into a simple analytical model allows
to predict the outcome of an alignment experiment for �nite temperature. The in�uence
of the excitation pulse length on the amplitude of the post-pulse alignment is understood
qualitatively by the trailing edge of the laser pulse coherently removing a part of the induced
polarization. It can be accounted for quantitatively within the same model by a convolution
of pulse envelope and system response. The results obtained on the directionality- and pulse
length-dependence of molecular alignment are presented in Sec. 2.2 and are published in
Refs. 33 and 34.

Additionally, based on the relationship between pulse duration and post-pulse alignment,
a method is developed to selectively create a rotational wave packet in the cold or the hot
part of a thermal distribution of molecules. This in principle allows to investigate rotational
state-dependent properties using molecular alignment. The proposed method is described
in Sec. 2.3 and published in Ref. 33.

The technical part of this thesis is devoted to the setting up and characterization of an
ultrafast OKE experiment. Implementation and characterization of a standard OKE setup
is described in Sec. 3.2 in continuation of the diploma thesis of Philipp Giese (Ref. 35). It
turned out, however, that a modi�cation of the standard OKE setup with collinearly pro-
pagating pump and probe beams provides much better sensitivity under our experimental
conditions. This collinear setup was combined with a sample cell in a helium-bath cryostat
to perform temperature-resolved measurements of alignment decay in gases. This setup
and its characterization is described in Sec. 3.2. The present work then focused on investi-
gating alignment in dissipative media, and the e�ect of pulses with a duration exceeding
the strictly non-adiabatic limit. The sample cell is a part of Falk Königsmann's setup for
the growth and investigation of para-hydrogen crystals. He will use the OKE method to
study rotational and phonon dynamics in these crystals [36].

All processes involving rotational wave packets require the persistence of rotational co-
herence in time, and this naturally creates an interest in the time scales and mechanisms
that lead to the decay of rotational coherence in the aligned ensemble. In the experimental
part of the thesis, we use non-adiabatic alignment in nitrogen to track and quantify the
decay of coherence in the rotational wave packet. Apart from the coherent revivals, non-
adiabatically aligned molecules also display an increased average alignment in the direction
of the laser polarization. This contribution under normal experimental circumstances is at
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least one order of magnitude smaller than the revival amplitude, and thus hard to re-
liably detect. In experiments on nitrogen at low temperature we show that the average
alignment is observable even at relatively low excitation energies in the particular shapes
of the alignment transients. We �nd evidence for a slower decay of the average alignment
with respect to the coherent revivals, meaning that the randomization of the M quantum
number requires on average more than one inelastic collision. These results are presented
in Sec. 3.3.4.
In the last section of the experimental chapter we report results on the magnitude of

cross sections for alignment decay in nitrogen. Previous experiments [37, 38] observed the
decay in nitrogen at room temperature, and applied a multi-parameter scaling law analysis
using state-resolved decay rates, which did not allow to extract a meaningful cross section
from the data. We show that the decoherence cross section for nitrogen can be obtained in
a straightforward way from the decay of the peak area of revivals in the homodyne detected
optical Kerr e�ect signal. The approach allows to derive the relevant cross section for pure
nitrogen and a variety of collision partners without relying on modeling. The cross section
for decoherence for pure nitrogen shows a strong dependence on temperature, increasing
by more than a factor of two upon lowering the temperature from room temperature to
80 K. This leads to the decay rate of molecular alignment becoming almost independent of
temperature at a constant number density of the gas. The resulting stability of revivals with
respect to temperature may be relevant for the implementation of quantum information
schemes [21, 39]. First results are contained in Jochen Maurer's diploma thesis (Ref. 40)
and Anna Ott's bachelor's thesis (Ref. 41). The complete results are presented in Sec. 3.3.
and published in Ref. 42.
In the general introduction in Chapter 1, the basic concepts of molecular rotations, wave

packet dynamics and laser-induced alignment are brie�y reviewed. The theoretical Chapter
2 and the experimental Chapter 3 are each self-contained and can be read in arbitrary order.
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1 Basic concepts

1.1 Molecular rotation

1.1.1 Rotation of linear molecules

A molecule moving in space without any external perturbation can be described by a sum
of its center-of-mass translational motion and motion governed by internal degrees of free-
dom. These include the radial (vibrational) and angular (rotational) motion of the nuclei
and the electronic response to the nuclear displacement. Within the Born-Oppenheimer
approximation the electronic response is considered instantaneous and is reduced to an
e�ective potential in which the nuclei are moving.
The molecular Hamiltonian 1 is thus expressed as a sum

Hmol = Hcm +Hvib +Hrot. (1.1)

Small molecules usually have large fundamental vibrational frequencies, in the case of
nitrogen ω0 = 2360 cm−1. This value exceeds by far the thermal energy of kT = 210 cm−1

at room temperature and the bandwidth of 120 cm−1 of the pulsed excitation sources
employed in this work. Therefore the vibrational degrees of freedom will not be discussed
further.
Describing rotations of complex molecules with respect to a space-�xed frame of reference

demands extensive algebra involving the third rank tensor of inertia and rotations about
the Euler angles. For linear molecules, however, the problem is considerably simpli�ed and
can be tackled analytically with moderate e�orts.

1.1.1.1 The rigid rotor

M
2

M
1

r
2

r
1

Abbildung 1.1: The rigid rotor.

The simplest way to describe a rotating linear molecule
is to consider the molecule as two point masses M1 and
M2 connected by a massless rod of �xed length R =
r1+r2 and rotating about its center of mass with angular
velocity ω (Fig. 1.1). The moment of inertia for such a
system is expressed as Θ =

∑
iMir

2
i = µR2, with µ =

(M1+M2)/(M1M2) being the reduced mass and R being
the distance between the atoms. The operator for the
rotational Hamiltonian Hrot can thus be written as [44]

Hrot =
J2

2Θ
=

J2

2µR2
. (1.2)

Here J denotes the angular momentum operator of the
molecule, and J the quantum number characteristic of its magnitude. J obeys the usual

1This is the so-called Coulomb Hamiltonian [43]. The full molecular Hamiltonian additionally includes
terms originating from the spin of electrons and nuclei. The contribution of these terms becomes the more
important the more massive the atoms constituting the molecule.
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1 Basic concepts

angular momentum algebra, in particular [Hmol, Jz] = 0 and [Hmol,J2] = 0, and its eigenva-
lues equal

√
~2J(J + 1) with J being an integer [45, 46]. The corresponding eigenfunctions

are the spherical harmonics YM
J (θ, φ). The spherical harmonics are de�ned as

YM
J (θ, φ) =

√
(2J + 1)(J −M)!

4π(J +M)!
PMJ (cos θ)eiMφ, (1.3)

and form a complete set of orthogonal basis functions:∫
YM∗
J (θ, φ)YM ′

J ′ (θ, φ)dV = Cδ(J, J ′)δ(M,M ′), (1.4)

where the constant C depends on the particular normalization of the associated Legendre
polynomials PMJ (cos θ) [47].
For every J value there exist 2J + 1 di�erent functions with projection M = −J,−J +

1, . . . , J − 1, J of angular momentum on an external axis z, which add up to an isotropic
distribution for every J number individually.
The rotational energy in the rigid rotor approximation is expressed as

Erot = BvJ(J + 1), (1.5)

where the moment of inertia has been absorbed into the rotational constant Bv, a quantity
characteristic of the rotational level spacing of the particular molecule. The subscript v
refers to the number of the vibrational level, as the internuclear distance R is in general a
function of v. Due to the small transition energies of rotational excitations, the rotational
constant is usually expressed in units of wave numbers, Bv = h/(8π2cΘ) [cm−1], where
1 cm−1 = 5.034×10−22 J. The rotational constant of the 14N2 molecule in the vibrational
ground state is B0 = 1.989 cm−1 [44]. It increases for lighter molecules, the lightest exis-
ting molecule H2 having B0 = 60.8 cm−1 [44]. For comparison, some rotational constants
of diatomic molecules are collected in Table 1.1. Additionally, frequently an equilibrium
rotational constant Be appears in the literature, in which the internuclear distance has
been averaged to yield an equilibrium value Re. The vibrational excitation energy exceeds
the thermal energy by a factor of 10 for the nitrogen molecule at room temperature. In
this work we therefore use B0 for the vibrational ground state in all calculations.
Pure rotational excitations appear in spectroscopy as a series of almost evenly spaced

lines. The reason for the regular pattern is a quadratic increase of rotational level spacing
with J that leads to the appearance of linearly spaced transition frequencies

∆Erot = Bv(J + 1)(J + 2)−BvJ(J + 1) = 2J + 2 (1.6)

between neighboring rotational levels J and J + 1.

1.1.1.2 The non-rigid rotor

Though the rigid rotor is a very good model for low J-numbers, in case of highly excited
molecules or long observation times of wave packet propagation it becomes necessary to
account for a bond softening as a consequence of the centrifugal force acting on a fast
rotating molecule (Fig. 1.2(a)). The potential for fast rotating molecules thus changes
following the change in internuclear separation, and therefore rotational and vibrational
motions become coupled. Mathematically this corresponds to the Schrödinger equation
being no longer separable for rotational and vibrational degrees of freedom. Far away from
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Abbildung 1.2: (a) Non-rigid rotor. The molecular bond connecting the atoms is �exible
and expands with centrifugal distortion in fast rotations. (b) Rotational energy vs. rotational
quantum number J for 14N2. The red symbols show the rigid rotor approximation, the hardly
visible blue symbols correspond to the dependence corrected for centrifugal distortion. The
inset shows a zoom into the high-J region, where deviations start being visible.

a vibrational resonance, however, it proved to be su�cient to describe the rotational energy
as a power series in J

Erot = BvJ(J + 1)−DvJ
2(J + 1)2 −HvJ

3(J + 1)3 + . . . . (1.7)

The series is in most practical cases terminated after the second order term, where the
constant Dv accounts for the increasing moment of inertia due to centrifugal distortion.
Dv normally is several orders of magnitude smaller than Bv (see Table 1.1). For nitrogen
the centrifugal distortion is especially small owing to the rigidity of the triple bond, and D0

for 14N2 equals 5.76·10−6 cm−1 [44]. Figure 1.2(b) shows the magnitude of the centrifugal
correction to the rotational energy for nitrogen.
Despite its smallness, the centrifugal dephasing is observable in rotational wave packets

that span many rotational levels. The bond softening upon rotational excitation has been
brought to an extreme in the optical centrifuge, where a diatomic molecule is spun so fast
that it eventually is torn apart into its two constituting atoms [48].

B0 in cm−1 D0 in cm−1

H2 60.853 0.0459
D2 30.443 0.0114

14N2 1.989 5.76×10−6

15N2 1.857 5.20×10−6

127I2 0.037 4.25×10−9

Tabelle 1.1: Rotational constants B0 and centrifugal constants D0 in the vibrational ground
state of various diatomic molecules [44, 49]. The rotational constant decreases with increa-
sing mass, the magnitude of the centrifugal contribution is determined by the character of
the internuclear bond.

Rotational transitions can couple to the electromagnetic �eld. To resonantly excite a
rotational level one has to use radiation in the far infrared to microwave region. Because
of the exceedingly low rate of spontaneous emission in the long wavelength regime2 rota-

2The density of states for the electromagnetic �eld in free space grows as ω2, which in case of a
dipole emitter in free space results in the expression for the Einstein coe�cient for spontaneous emission
A = ω3d212/(3πϵ0~c3).
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1 Basic concepts

tional transitions are not observed in spontaneous emission but rather in absorption or as
stimulated emission. In homonuclear molecules, transitions between neighboring rotatio-
nal levels are forbidden [45]. Homonuclear molecules do, however, show rotational Raman
spectra since transitions mediated by an induced dipole via the anisotropy of polarizability
are allowed [50, 51].

1.1.2 Homonuclear molecules

The rotational spectra of homonuclear molecules display lines of alternating intensities. As
an example, in Fig. 1.3 the rotational Raman spectrum of 15N2 is displayed. This structure
is owing to the fact that in homonuclear molecules, and generally all molecules possessing
a center of inversion, the nuclei behave as indistinguishable particles, and therefore the
total molecular wave function must be symmetric for bosonic nuclei or antisymmetric for
fermionic ones [45]. Rotational states with even J number are symmetric (even parity),
states with odd J number antisymmetric (odd parity):

YM
J (π − θ, φ+ π) = (−1)JYM

J (θ, φ). (1.8)

laser

Dv0

anti-Stokes Stokes

Abbildung 1.3: Schematic pure rotational Raman spectrum of a homonuclear molecule dis-
playing lines with alternating intensities.

For two nuclei with nuclear spin I there are (2I + 1)I possibilities to construct an
antisymmetric spin wave function, and (2I + 1)(I + 1) symmetric ones. Including the
(2J + 1)fold degeneracy of a rotational level, one obtains the following weights gs and ga
for symmetric and antisymmetric rotational states :

gbosons = gfermion

a = (2J + 1)(2I + 1)(I + 1), (1.9)

gbosona = gfermion

s = (2J + 1)(2I + 1)I. (1.10)

Generally, one has for the ratio of the weight factors:

ga
gs

=
I

(I + 1)
, (1.11)

and the weight of the relative population wT (J) of a particular J-level is obtained as a
normalized product of degeneracy times the Boltzmann factor e−EJ/kT :

wT (J) =
NJ

N
=
gJe

−EJ/kT

Q(T )
, (1.12)
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Abbildung 1.4: Population of rotational levels for the homonuclear molecules 16O2 (a), 14N2

(b), and 15N2 (c) at room temperature. The red symbols correspond to even J numbers, the
blue symbols to odd J numbers.

where Q(T ) =
∑∞

J=0 gJe
−EJ/kT is the partition function of the canonical ensemble. In

14N2 with a nuclear spin I = 1, the ratio of population of even to odd rotational states is
2:1. The rotational distributions of 16O2, and the two nitrogen species 14N2 and 15N2 are
shown in Fig. 1.4. Usually, the more abundant species is termed ortho-, and less abundant
one para-, thus the even parity species would be ortho-nitrogen, and the odd parity one
para-nitrogen. The convention leads to sometimes confusing classi�cations, e.g. the even
spin species of the hydrogen isotopes are para-hydrogen but ortho-deuterium.
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1.2 Wave packet dynamics

1.2.1 Quantum mechanical wave packets

In order to describe a quantum system, it is necessary to specify its state. This is accom-
plished with minimal complexity using the eigenstates |Φn⟩ of the system, which are the
solutions of the time-independent Schrödinger equation (TISE)

H |Φn⟩ = En |Φn⟩, H = − ~2

2m
∆+ V (r), (1.13)

with En being the corresponding eigenvalue [45]. The eigenstates form a complete orthonor-
mal basis for the description of the quantum system under the given boundary conditions.
The unperturbed system is assumed to reside in one of its eigenstates, or a superposition of
eigenstates with an e.g. thermal distribution of the statistical weight. In the �rst case, one
refers to a pure state, in the second case the state is a so-called mixed state. A pure state
is fully de�ned by a set of numbers corresponding to the eigenvalues of its constituting
eigenstates. A quantum system in an eigenstate, the state being the solution of the TISE,
does not display any time-dependence.
If the quantum system is now subjected to an additional potential, e.g. created by a

laser electric �eld, the states de�ned by Eq. (1.13) are no longer eigenstates for the new
combination of system and �eld. Still, it is convenient to retain the �eld-free eigenstates in
the mathematical description if the perturbation is weak or time-dependent. To describe
the action of the perturbation it is now necessary to modify the original state by an ad-
mixture of other eigenstates, much as in the decomposition of a spectrum into its Fourier
components. The physical mechanism in the interaction is that the system is driven into a
new equilibrium con�guration imposed by the additional external potential. If the excita-
tion is short compared to the time scale of the response, the system remains in a coherent
superposition of �eld-free eigenstates. The coherence stems from the �xed phase relation
given by the well de�ned instant in time of the excitation. An excitation of this kind may
be well localized in time and space and evolve, at least initially, analogous to a bunch of
classical trajectories. In this case, the prepared state is termed a wave packet. Wave packet
states are now widely used to study nuclear and electron dynamics in a time-resolved way
[52�54].
The extent to which the wave packet-like motion of a quantum system corresponds to

a classical trajectory depends on the nature of the potential the wave packet is evolving
in. Figure 1.5(a) shows the displacement versus time for the probability density of a wave
packet created at the time t0 at a displacement r0 in a harmonic potential. The wave
packet oscillates in the potential between the two turning points r0 and rmax with a period
τcl corresponding to the classical frequency of the harmonic oscillator. Throughout the
propagation, the shape of the wave packet is retained. This is, however, a peculiarity of
the harmonic potential, as it is the only potential in which frequency does not depend on
energy. Generally potentials show dispersion, and thus a wave packet is maximally localized
only at one particular time instant, the focusing time τfoc. If the wave packet is created by
resonant excitation, the focusing time can be shifted within a limited region by applying an
excitation pulse with suitable chirp [55]. Under realistic conditions, however, it is impossible
to have it propagate retaining its shape3. This is illustrated in Fig. 1.5(b) for a wave
packet propagating in an anharmonic (Morse4) potential. The di�erence in the frequencies

3Sometimes this is referred to as dephasing. Mostly, however, the term dephasing is reserved for the
loss of phase coherence and in this work it will be used in this context.

4The Morse potential is de�ned as V (r) = De(1− exp[−
√

ke/2De(r − re)])
2 with De being the depth
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Abbildung 1.5: (a) Probability density for a Gaussian wave packet displaced from the center
of a harmonic potential to a starting point r0 propagating in time between r0 and rmax.
The classical round trip time is denoted as τcl. (b) Gaussian wave packet propagating in an
anharmonic (Morse) potential. [57].

associated with the di�erent energy levels leads to the probability density becoming less
localized with increasing propagation time, until it covers the whole propagation region
between r0 and rmax. The small structures are caused by multiple interferences between
the states composing the wave packet. This dispersion is a fully deterministic process and
does not involve a loss of coherence, and the states of the wave packet thus can show
interference even if the localization is lost.

1.2.2 Revivals of quantum wave packets

Dispersion leads to a broadening of a wave packet with increasing time. However, after the
initial spread the oscillations of the states, or of a subset of the states, will rephase in many
cases and form revivals. During these revivals, the wave function takes on a shape that is
close, but not necessarily equal, to its original shape. Revivals are exempli�ed in Fig. 1.6
for rotational wave packets upon displacive and impulsive excitation. For the orientational
state of a molecule, the relevant observable is usually the squared cosine of the angle
θ between the molecular axis and the laser polarization direction. It will be discussed in
greater detail in Sec. 1.3.2 and Fig. 1.9. In the displacive case, the excitation creates a strain
on the medium from which it relaxes back into a new equilibrium. The wave packet thus at
the instant of its creation �nds itself displaced from the new equilibrium position and the
dynamics in the substates starts at maximum amplitude with a common phase. The result
are cosine-shaped oscillations, as exempli�ed in Fig. 1.6(a) for a rotational wave packet
excited by rapidly switching o� an external potential. In the impulsive case, the system
receives a kick from the excitation, meaning that the substates start their propagation at
zero displacement and propagate from there, resulting in sine-like oscillations as displayed
in Fig. 1.6(b) for a rotational wave packet upon the excitation with a short symmetric laser
pulse. The revivals in both cases are an almost ideal copy of the wave packet at the time
of its creation. The small e�ect of centrifugal distortion, however, leads to a progressive
modi�cation of the shape of revivals with increasing time.
To characterize the time development of the wave function, frequently the autocorrela-

of the potential well, re the equilibrium bond distance and ke the force constant. The expression is appro-
ximating the potential for vibrations in a diatomic molecule allowing for analytical solutions [56].
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Abbildung 1.6: Numerical simulation of revivals in the squared alignment cosine in the
propagation of a rotational wave packet in nitrogen at 80 K. (a) Excitation with a laser
pulse with 3 ps rise time and 30 fs fall time and a power density of 5 TW/cm2, and (b)
excitation with a Gaussian laser pulse of 150 fs FWHM duration and a power density of 50
TW/cm2. Black: Shape of the wave packet at the time of its creation τ0. Blue: The wave
packet resumes at the �rst revival time τrev. Red: Wave packet at the eighth revival. The
time scales are shifted by τrev and 8τrev, respectively, to show the similarity of shape. [62].

tion A(t) = ⟨Ψ(t)|Ψ0⟩ is used, which yields the overlap of the propagated wave function
Ψ(t) at time t with the initial wave function Ψ0. In case the initial wave function has a
smooth, e.g. Gaussian shape, this amounts to a convolution with a smooth function, the
e�ect of which is just to broaden the peaks. In these cases, a common and more intuitive
presentation is the time-dependent probability density ⟨Ψ(t) |Ψ(t)⟩. For a rotational wave
packet, the characteristic quantity is the time dependence of the projection of the wave
packet ⟨⟨ cos2 θ ⟩⟩ on an external axis5.
A Taylor analysis of the dependence of energy En on the quantum level n, as it is

performed in Ref. 59, gives insight into the mechanism that leads to the appearance of
revivals. The propagation of the wave packet appears to be governed by distinct time
scales:

τcl =
2π~

|E′(n0)|
, τrev =

2π~
|E′′(n0)|/2

, and τsuperrev =
2π~

|E′′′(n0)|/6
, (1.15)

where E′(n0) = (∂E/∂n)|n=n0 . . . . τcl is associated with the classical period of motion in
the bound state (cf. Fig. 1.5), τrev is the quantum revival time, and τsuperrev is governing
the behavior on even longer time scales. Inserting the relation E(J) = BJ(J + 1) for the
rigid rotor approximation, one obtains a revival time of 1/2B (see also Sec. 1.3.2). The
exact treatment using the formalism of Ref. 59 can be found in Ref. 60. In the case of
nitrogen, the di�erence in the calculated revival times for the non-rigid rotor is negligible
due to the smallness of the centrifugal correction. For systems with purely quadratic ener-
gy dependence, like e.g. the rigid rotor, no times beyond the revival time exist, and the
motion repeats itself perfectly after a time interval corresponding to one revival time. In
most realistic cases, however, the quadratic energy scale is an approximation, and correc-
tions like centrifugal e�ects in rotation lead to the recurrences becoming more and more
imperfect with time (Fig. 1.6). In this case, the rephasing would again lead to a better
reproduction of the original shape on the superrevival time scale [61]. This time, however,
under experimental conditions by far exceeds the achievable coherence times.

5Another wide spread function used to analyze the propagation of wave packets in position- and
momentum space is the Wigner function. The Wigner transform maps quantum mechanical operators
onto phase space:

W (r,p) =
1

(2π)3

∫
Ψ∗(r+ ~s/2)Ψ(r− ~s/2)eipsd3s. (1.14)

Though it is a powerful tool in the study of quantum wave packets and interferences, the Wigner transform
for the higher rotational eigenstates is not established in the literature [58].
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Abbildung 1.7: Left panel: Wave packet propagating in a Morse potential at various time
instants. Four distinct points in time are marked by numbers from 1 to 4 and shown with
expanded time scale in the right panels. 1: The wave packet at the time of its creation. 2:
Time corresponding to half of the revival time τrev. 3: The wave packet at a quarter of the
revival time. 4: The wave packet at one sixth of the revival time [66].

1.2.3 Fractional revivals

A closer look at the wave packet between revival times reveals a rich structure of bursts
of coherence with di�erent amplitudes exhibiting frequencies that are multiples of the
classical rotational period [63, 64]. These fractional revivals for a wave packet propagating
in a Morse potential are displayed in Fig. 1.7. Shortly after the time of its creation, the wave
packet oscillates between the two turning points r0 and rmax with the classical oscillation
time τcl ((1) in Fig. 1.7), breaking up into increasingly small structures with time. At times
between τ0 and the full revival time τrev, several particular instants can be found, where the
wave packet fully or partially regains its initial shape. At half of the full revival time, the
wave packet has resumed its original shape and the oscillation proceeds with the classical
period ((2) in Fig. 1.7). This is termed a half revival. At a quarter of the full revival time
τrev, twice the classical period appears in the motion ((3) in Fig. 1.7), corresponding to
the formation of two copies of the initial wave packet at opposite sides of the classical
trajectory (the �cat state�, named after Schrödingers (in)famous cat [65]). At one sixth of
τrev, an oscillation at three times the classical frequency is observable, corresponding to
the breaking up of the original wave packet into three parts ((4) in Fig. 1.7).
This behavior can be understood by analyzing in detail the phase relationships arising

in the time evolution of the individual states forming the wave packet and is treated in
detail in Refs. 59 and 63. In particular, at t = τrev/2, the wave packet appears to reform
and oscillate at the classical frequency, however half a period out of phase. For a rotational
wave packet, the projection with cos2 θ averages out any fractional revivals higher than half
revivals. As an exception, quarter revivals can be observed in homonuclear molecules, and
they also show a mirror symmetry similar to the one observed in half and full revivals. The
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Abbildung 1.8: Mirror symmetry in fractional revivals. Numerical simulation of the squared
alignment cosine for the �rst revival period of a rotational wave packet in nitrogen gas at
80 K. Four distinct recurrences appear, the full revival at τrev, the half revival at τrev/2, the
quarter revival at τrev/4, and the three quarter revival at 3τrev/4. To emphasize the mirror
symmetry, the red curve is an alignment trace shifted by τrev/2 to later times with respect
to the blue curve [62].

phase relationships for rotational revivals and quarter revivals are exempli�ed in Fig. 1.8.

1.2.4 Decoherence: dephasing and dissipation

Coherence is de�ned as a �xed phase relation between waves. In a wave packet, coherence
is established as the excitation process imposes a common phase on the oscillations bet-
ween eigenstates. In the subsequent propagation, the wave packet can interact with its
environment, and thus its phase and possibly energy will be modi�ed compared to free pro-
pagation. The processes and e�ects that lead to the wave packet losing its original shape
are:

• Dispersion: Dispersion is the broadening of the wave packet due to the di�erence in
phase velocities of the elementary waves. Though the amplitude of the wave packet
is decreased progressively, dispersion does not correspond to a loss of coherence.

• Dissipation, Depopulation or Energy relaxation: Energy relaxation is the ex-
change of energy of a wave packet component with the environment. The mechanism
in our case is a statistical collision and it necessarily is connected with a statistical
change in phase.

• Dephasing: Dephasing is the loss of coherence by energy relaxation or by pure
dephasing, i.e. loss of phase without transfer of energy. Pure dephasing takes place
for example if the individual molecules making up the wave packet are surrounded
by di�erent potentials.

• Decoherence: Decoherence refers to the loss of coherence and is used synonymously
with dephasing.

Dissipation or energy relaxation is associated with a characteristic time scale T1. The loss
of energy in general comes along with a loss of the common phase (dephasing), which is
characterized by the dephasing time T2. The characteristic time related to pure dephasing is
termed T ∗

2 . It is important to notice that it is not the interaction with the environment that
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destroys coherence but rather the randomness of the processes a�ecting di�erent particles6.
Decoherence therefore is an e�ect that occurs as the individual members of an ensemble of
coherently moving particles lose the �xed phase relation in the course of the propagation.

6Various experiments show that even in the presence of collisions the motion of a sub-ensemble of
particles can stay coherent, if only the history of all particles in this sub-ensemble is the same [67�70].
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1.3 Laser-induced molecular alignment

1.3.1 State of the art in the �eld

To manipulate the orientation of molecules with respect to the laboratory frame has been an
active �eld of research over already many decades. The aim is to study direction-dependent
properties of molecules without averaging over orientations or to use the oriented ensemble
as a tool, e.g. to manipulate radiation or to control chemical reactions. One way to �x the
orientation of particles like molecules and nano-objects is to embed them in a matrix like a
glass [71], cryogenic noble gases [72], or polymers [73, 74] that can additionally be stretched
to control the direction in which molecules are oriented [75, 76]. If the molecules are to be
oriented in free space this can be achieved by employing static magnetic or electric �elds
[77, 78]. This approach, also known as brute force orientation, has the drawback of requiring
extremely high dc �eld strength due to the smallness of molecular dipole moments. Very
high �eld strengths, however, are easily reached in the focus of an intense, or a pulsed,
laser beam.
The slow rotational dynamics can be addressed already with picosecond pulse sources,

and thus the ivestigation of coherent rotational dynamics was an object of interest already
relatively early in the history of wave packet studies. The existence of revivals of rotational
wave packets, termed susceptibility echoes, in linear molecular gases was predicted theore-
tically in Ref. 79 by Lin, Heritage and Gustafson in 1971, and later realized experimentally
by the same authors in CS2 vapor [80]. A detailed theoretical treatment of coherent ro-
tational states can be found in Refs. 81 and 82. To study molecular properties such as
rotational and centrifugal constants supported by an analytical theoretical approach ba-
sed on second-order perturbation theory, the Raman-Induced Polarization Spectroscopy
(RIPS) or Rotational Coherence Spectroscopy (RCS) was developed in later years [83]. It
di�ers from what is now commonly termed alignment in the laser intensities applied, which
in the framework of RIPS/RCS are in the perturbative limit. In this limit one observes
rotational wave packet dynamics with alternating peaks of alignment and anti-alignment,
while the overall anisotropy is still negligible. RIPS has been successfully applied to des-
cribe and study rotational coherence in complex symmetric and asymmetric top molecules
[84�88], and to extract either concentrations [89, 90] or polarizability ratios [91, 92] and
temperature [93] from gas mixtures. The alignment of molecules involves the creation of an
anisotropy in the sample, in addition to the coherent revivals which yield no net alignment.
Under steady-state conditions, alignment is caused by the formation of pendular states
in the laser �eld ([4�6]), for a short pulse by a non-thermal population of M -quantum
levels ([7, 9, 30]). Experimental demonstrations of alignment in intense laser �elds were
�rst carried out in species with large anisotropic polarizability like iodine [94�96]. Later,
lighter molecules, as well as symmetric [97] and asymmetric top molecules [86, 98�100]
were treated. Beyond the application of single Gaussian-shaped pulses an optimization of
alignment in the non-adiabatic regime was found to be possible using vibrational resonance
[101, 102] as well as pulse shaping [25, 27, 103�106] and optimal control strategies [107�110].
A combination of a static electric �eld allows to orient rather than align molecules with a
permanent dipole [111, 112], and a combination of adiabatic turn-on with rapid turn o� of
a laser pulse was put forward as possible optimization strategy [113, 114]. Large molecules
are aligned in two [115] or three dimensions [116] using elliptically polarized laser pulses.
Control of alignment of large molecules [14, 117] by shaping the electric �eld of the pulse
was extended theoretically even to control of intra-molecular torsion [118].
Beyond the study of the phenomenon of alignment itself, aligned ensembles of molecules

are used to provide targets with well-de�ned spatial orientation for subsequent investigation
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or manipulation. These include the study of direction-dependent properties, e.g. ionization
[26, 119�123], imaging of molecular orbitals through x-ray di�raction [124�126] or the
generation of high harmonics [12, 13, 20, 28, 127]. Aligned ensembles are also used as
tools, e.g. for the generation of attosecond laser pulses [120, 128�131] or the shaping of
femtosecond pulses [132�137].

In all these experiments, the so-called post-pulse or �eld-free alignment [7] and rotational
revivals are exploited. With the revival period governed by the least common multiple of the
frequencies associated with the transitions excited, the motion of a rotational wave packet
is a relatively slow process compared to the also widely studied vibrational or electronic
wave packets [138, 139]. A manifold of approaches has been developed for the manipulation
of these recurrences by adequately timed control pulses [21�23, 29, 31�33, 107, 140�148]
and even use in quantum information schemes has been demonstrated [21, 39, 140].

1.3.2 The Schrödinger equation for rotational alignment

(a) (b) (c)

q

z

Abbildung 1.9: (a) An ensemble of randomly oriented linear
molecules. (b) Oriented molecules. (c) Aligned molecules.

The term alignment refers to the
molecular axes taking on a de-
�nite direction with respect to
a space-�xed coordinate system.
In contrast to orientation, ali-
gnment does not contain any
discrimination between up and
down directionality (Fig. 1.9).
For the interaction with a linear-
ly polarized laser pulse, the pre-
ferred z-axis of this coordinate

system is usually given by the direction of the electric �eld vector of the laser beam. Here
we will limit the discussion to only the case of linear diatomic molecules. In this case, the an-
gle θ the molecular axis forms with the electric �eld direction z is su�cient to characterize
the alignment of the molecule.

Consider an ensemble of randomly oriented molecules as in Fig. 1.9(a). To quantify the
degree of directionality the molecules show with respect to an external axis z, usually the
expectation value ⟨cos θ⟩ of the angle θ the molecular axis forms with the z axis is calculated,
and subsequently averaged over the ensemble. The ensemble averaged expectation value
will be denoted as ⟨⟨cos⟩⟩. For an isotropic ensemble all directions are equally probable, and
thus ⟨⟨cos θ⟩⟩ = 0. For the oriented ensemble one has ⟨⟨ cos θ ⟩⟩ > 0, however, an aligned
ensemble again has ⟨⟨ cos θ ⟩⟩ = 0. Therefore, to characterize the degree of alignment, the
expectation value of the squared orientation cosine is used. ⟨⟨cos2 θ⟩⟩ = 1/3 for an isotropic
ensemble, and it deviates from this value for oriented as well as for aligned ensembles.

The interaction of a molecule with the electric �eld of a laser pulse is mediated via
the polarizability α by the induced dipole arising from the electrons following the fast
oscillations of the electric �eld (Fig. 1.10). Even if the molecule possesses a permanent
dipole moment, the e�ective potential averaged over the fast oscillations of the laser �eld
is zero and only the induced dipole contributes to the interaction. The potential created by
the electric �eld is determined by the di�erence in polarizabilities along the main axes of
the molecule. For a diatomic molecule in an electronic Σ-state, α∥ parallel to the molecular
axis is larger than α⊥ perpendicular to it. The anisotropy of the polarizability ∆α for a
linear molecule is the di�erence between the polarizability α∥ parallel to the molecular axis
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Abbildung 1.10: (a) A molecule in an aligning laser �eld with �eld strength E and pulse
envelope ε(t). A force on the molecule results if the polarizabilities α∥ and α⊥ are di�erent.
(b) Potential energy of a molecule with anisotropic polarizability ∆α = α∥ − α⊥ in an
electric �eld E versus orientation angle θ. The potential has cos2 θ shape with minima both
for parallel and antiparallel orientation of molecular axis and �eld vector.

and the polarizability α⊥ perpendicular to the axis:

∆α = α∥ − α⊥. (1.16)

Far away from any resonance the potential a linear molecule experiences in a rapidly
alternating �eld7 is described as [5, 6]

Hind(θ, t) = −1

4
∆αE2(t) cos2 θ − 1

4
α⊥E

2(t). (1.17)

The electric �eld E(t) is the amplitude of the electric �eld of the laser. The inertia of the
nuclei corresponds to a rotation on a picosecond time scale, and except for the lightest
molecule H2 [58], does not allow them to follow the fast femtosecond oscillations of the
�eld. The interaction potential is thus determined by only the laser pulse envelope.
The rotational alignment of a linear diatomic molecule is described by the time dependent

Schrödinger equation (TDSE), rewritten in dimensionless form for generality:

i~
B

∂

∂t
Ψ =

H(t)

B
Ψ. (1.18)

Here, Ψ is the molecular wave function, and B the rotational constant of the molecule [141].
Analytical solutions of Eq. (1.18) exist for the impulsive and the classical limit [31, 32],
as well as in the approximation of second-order perturbation theory [37]. For strong non-
adiabatic pulses of �nite duration, however, one has to resort to numerical evaluation of
the rotational dynamics. Our numerical simulations of alignment dynamics were carried
out by adapting a MATLAB code modeling the interaction of a diatomic molecule with a
laser �eld with Gaussian pulse envelope, as it was used in Refs. 16 and 17. It is based on
the WavePacket 4.7 software package [152], and will be described in greater detail in the
following chapter.
The Hamiltonian for the non-resonant molecule �eld interaction is the sum of the Ha-

miltonian of the free molecule H0 and the potential induced by the electric �eld Hind(t):

H(t) = H0 +Hind(t), (1.19)

7This is the leading term of the multipole expansion derived by applying the rotating wave approxima-
tion. The derivation is outlined in Refs. 6 and 149 following Refs. 82, 150, 151.
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1.3 Laser-induced molecular alignment

where

H0 = BJ2 with H0|JM⟩ =
(
BJ(J + 1)−DJ2(J + 1)2

)
|JM⟩, (1.20)

and J denoting the angular momentum operator. B is the rotational constant and |JM⟩
is a rotational eigenstate characterized by the angular momentum quantum number J and
its projection onto the laser polarization direction M . The last J- and time-independent
term in Eq. (1.17) for the induced Hamiltonian is usually dropped at this point, as it does
not give rise to any dynamics.
Frequently, the parameters ∆α, E, and B are combined to yield a dimensionless quantity

∆ω characteristic of the strength of the interaction of the particular molecule with the laser
�eld:

ω∥ =
α∥E

2(t)

4B
, ω⊥ =

α⊥E
2(t)

4B
, (1.21)

∆ω = ω∥ − ω⊥ =
∆αE2(t)

4B
. (1.22)

For the 14N2-molecule in the vibrational ground state one has B/hc = 1.989 cm−1 [44] and
∆α = 0.89 Å3 [1] with a characteristic rotational molecular time unit of ~/(2B) = 8.38 ps.
A weak pulse is characterized by a ∆ω of order of 10, strong pulses translate into ∆ω of
several 100. The limit of the experimentally feasible power density is given by the onset of
competing nonlinear processes such as ionization. For nitrogen, this limit is reached around
∆ω = 500, corresponding to a power density of 1014 W/cm2 for a 165 fs pulse [153, 154].
At this power density, the interaction potential exceeds the rotational energy up to the
J = 15 rotational level in nitrogen. In the experimental part of this work, pulses will be
applied with ∆ω ≈ 50, corresponding to the rotational energy of the J = 4 level.
The rotational quantum state of a molecule is usually expanded in terms of eigenstates

of the free rotor |J ′M ′⟩ as

|ΨJM (t)⟩ =
∑
J ′M ′

c
(JM)
J ′M ′ (t)|J ′M ′⟩, (1.23)

where the time-dependence of the coe�cients is accounting for the mixing of free rotor
states during the pulse and after and where the initial conditions are given by c(JM)

J ′M ′ (t =
0) = δJJ ′δMM ′ . After the termination of the pulse, the dynamics is reduced to analytical
propagation of the coe�cients for the functions representing the eigenstates of the free
rotor.
Spherical harmonics are a convenient choice for the set of basis functions, being the

eigenstates of the free rotor. WithM being still a good quantum number owing to ∆M = 0
for the excitation process with linearly polarized light, they form a natural basis even for
the combined molecule-�eld system.

1.3.3 Density matrix representation

The alignment of a diatomic molecules is quanti�ed by the expectation value of the squared
alignment cosine cos2 θ of the angle between molecular axis and laser pulse polarization
direction. In a standard experiment, a thermal ensemble of molecules is studied. It can be
conveniently described by the density matrix formalism, which was introduced to the �eld
of alignment in Refs. 155 and 156. The density matrix ρ̂ for a system in a mixed state is
de�ned as ρ̂ =

∑
J w(J)|ΨJM (t)⟩⟨ΨJM (t)|, which can be cast in |JM⟩-representation as

ρ̂(t) =
∑
J ′M ′

∑
J ′′M ′′

ρJ ′M ′J ′′M ′′(t)|J ′M ′⟩⟨J ′′M ′′| (1.24)
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with
ρJ ′M ′J ′′M ′′(t) =

∑
JM

w(J)(c
(JM)
J ′′M ′′(t))

∗c
(JM)
J ′M ′ (t). (1.25)

The time-evolution of the density operator ρ̂ is expressed in terms of the quantum
Liouville-von-Neumann equation:

dρ̂(t)

dt
= − i

~
[Ĥ0 + Ĥind(t), ρ̂], (1.26)

where the initial density is chosen corresponding to a thermal ensemble. Though alignment
of quantum state-selected molecules has recently been demonstrated experimentally [14,
15, 157], separating molecules into speci�c quantum states remains a very demanding task
[158]. Thus, with few exceptions, e.g. para-hydrogen [36], in an experiment, one observes
a �density packet� resulting from averaging of densities rather than wave functions in the
thermal ensemble. The dynamics of the ensemble is characterized by the ensemble averaged
squared alignment cosine ⟨⟨cos2 θ⟩⟩(t), which is expressed in terms of the density operator
ρ̂(t) as

⟨⟨cos2 θ⟩⟩(t) = Tr{cos2 θρ̂(t)}, (1.27)

where Tr denotes the trace of the matrix product.
With alignment in a thermal ensemble one has to carefully distinguish between the values

associated with individual molecules in originally pure rotational states, and the thermal
average. In our notation, the expectation value ⟨cos2 θ⟩JM describes the mean alignment
of a wave packet, as the dynamics originates solely from the coherent superposition of
rotational transitions excited in the molecule-�eld interaction of one originally pure state
|J,M⟩. The wave packet state is denoted as |ΨJM ⟩ with the probability density ρJM ,
with the subscript JM referring to the initial pure state characterized by a set of quantum
numbers J andM . ⟨⟨cos2 θ⟩⟩J represents the mean alignment averaged over all wave packets
originating from the rotational level J . The corresponding density packet is described as
incoherent averaging with equally weighted M -states:

ρJ(t) =
1

2J + 1

J∑
M=−J

ρJM (t). (1.28)

The mean alignment of a thermal density packet with additional averaging over all
populated rotational levels is represented as ⟨⟨cos2 θ⟩⟩T . The time-dependent density in
this case is expressed as

ρT (t) =
∑
J

wT (J)ρJ(t), (1.29)

with the distribution of the coe�cients wT (J) given by the thermal Boltzmann distribution
and nuclear spin e�ects according to Eq. (1.12).

1.3.4 Adiabatic alignment

According to the adiabatic theorem, the transition probability for a quantum system to
a di�erent state upon a perturbation becomes in�nitely small if only the perturbation is
evolving slow enough and there is a su�cient energy gap between the occupied state and
other possible eigenstates [159�161]. For adiabatic alignment, the laser pulse must be much
longer than the characteristic rotational timescales in the aligned system. Molecules are
aligned only during the interaction with the �eld, the rotational states being transferred
into their adiabatically correlated pendant, the so-called pendular states [4, 162, 163]. The
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Abbildung 1.11: Numerical simulation of adiabatic alignment induced in 14N2 at 80 K by a
Gaussian laser pulse with 5 ps FWHM and a power density of 10 TW/cm2. (a) ⟨⟨ cos2 θ ⟩⟩
versus time (blue line). The pulse envelope is shown as a gray line. Alignment is high only
during the pulse and removed with the trailing edge. (b) Logarithmic plot of the population of
J levels for the state |Ψ80⟩. The state during the rising edge of the pulse is described by an
increasingly large number of populated J levels, while the M quantum number is conserved.
With the trailing edge of the pulse, the distribution is returned to its initial value [62].

pendular states are eigenstates for the combined molecule-�eld system, which in their
shape re�ect the cylinder symmetry of the problem. For every free rotor state there is an
adiabatically correlated pendular state characterized by the quantum numbers M , which
for linearly polarized light is conserved and still a good quantum number and J̄ , the
nominal value of the angular momentum that adiabatically correlates with the free rotor
state. For a long laser pulse, the free rotor states adiabatically evolve into pendular states
during the leading edge of the pulse and back into free rotor states during the trailing
edge. The ensemble averaged expectation value of the squared alignment cosine and the
evolving distribution of free rotor states in the |Ψ80⟩ rotational wave packet describing
adiabatic alignment is shown in Fig. 1.11 for 14N2 at 80 K. High degrees of alignment
can be reached by Rabi-type oscillations via rotational ladder climbing during the pulse
with the applicable �eld strength only limited by the onset of ionization in the sample
[164, 165]. The adiabatic alignment of molecules is used in the experiment mostly to align
large molecules, for which the time scale for possible revivals is exceedingly large because
of very small rotational level spacing [14, 157, 166]

1.3.5 Non-adiabatic alignment

In the non-adiabatic limit the laser pulse is signi�cantly shorter than the rotational period
of the molecule. In this case, the molecular response time is too slow to follow the rapidly
changing potential. The induced polarization cannot be coherently re-emitted, and thus
the rotationally excited molecules persist in their motion after the turn-o� of the pulse.
Figure 1.12(a) displays the coherent rotational motion in a selection of |ΨJM ⟩ rotational
levels.
The common phase imprinted in the rotationally excited ensemble by the laser pulse

yields wave packet dynamics with revivals of alignment after the turn-o� of the pulse, as is
it shown in Fig. 1.12(b). For very short pulses, due to the inertia of nuclei, the maximum
of alignment is reached after the maximum of the pulse. This situation is referred to as
post-pulse or �eld-free alignment [7, 30]. The period with which the pattern repeats itself
is given by the inverse of twice the rotational constant of the molecule. This periodici-
ty can be understood by considering the rotational frequencies of the excited molecules.
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Abbildung 1.12: Numerical simulation of rotational dynamics in an ensemble of 14N2 at 80 K
induced by a Gaussian laser pulse with 40 fs FWHM and a power density of 10 TW/cm2.
(a) Dynamics in the ρ0, ρ2, ρ4, and ρ8 rotational density packets and the ensemble average
displaying prominent revival features at characteristic time intervals (b). Oscillations in the
individual rotational levels add up constructively to form overall revivals at times de�ned by
the GCD of the frequencies. The full revival time is indicated in (a) as τrev and the time
characteristic for the half revival as τ1/2 [62].

Every rotational eigenstate J is associated with an energy E(J) = BJ(J + 1). The transi-
tion frequencies ωrot for Raman-type transitions with ∆J = ±2, represent the oscillation
frequencies of these superpositions, and are expressed as

ωrot ∝ E(Jf )−E(Ji) = B(Ji ± 2)(Ji ± 2 + 1)−BJi(Ji + 1) = 2B(±Ji + (2± 1)), (1.30)

where Jf = Ji ± 2 ≥ 0 must be ful�lled.
In case of only one initial state J excited by a weak pulse, the post-pulse dynamics would

proceed with exactly this frequency (Fig. 1.12(a)). For a thermal ensemble, however, the
observable oscillations arise from the beating of rotations of molecules with a thermal initial
J distribution. The beating pattern displays dynamics governed by the greatest common
divisor (GCD) of the beating frequencies. In the case of the frequencies of Eq. (1.30) one
has ω0→2 = 6B,ω1→3 = 10B,ω2→4 = 14B,ω3→5 = 18B, . . . . The GCD for this series
is exactly 2B and determines the timescale for the appearance of full revivals, denoted
as τrev in Fig. 1.12(a) (see slso Sec. 1.2.2). At half of this time (denoted as τ1/2) a half
revival appears, which is a mirror image of the full revival as discussed Sec. 1.2.2. Both
major revivals show a sine-like shape typical for an impulsive excitation process. Half
and full revivals appear in the temporal alignment trace of all diatomic molecules. The
features around one quarter and three-quarters of the revival time are, however, peculiar
for homonuclear molecules.
Homonuclear molecules in general exist in two subspecies with symmetric and antisym-

metric nuclear spin states (cf. Sec. 1.1.2). These species do not easily convert into each
other, as the conversion requires a nuclear spin �ip. In 14N2 with the nuclear spin I = 1,
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Abbildung 1.13: Numerical simulation of rotational dynamics in an ensemble of 14N2 at 80 K
induced by a Gaussian laser pulse with 40 fs FWHM and a power density of 50 TW/cm2.
The total squared alignment cosine (black line) is additionally shown decomposed into the
parts due to even (red line) and odd (blue line) rotational states. Times for quarter and
three-quarter revivals are indicated by vertical arrows [62].

molecules in even rotational levels are twice as abundant (ortho-nitrogen) as molecules
in odd rotational states (para-nitrogen). Raman-type excitations do not mix the two sub-
species due to the ∆J = ±2 selection rule. Each species has a progression of rotational
frequencies as in Eq. (1.30) with the spacing in energy increased by a factor of two, and
thus the spacing in time decreased equally by a factor of two. The alignment transients
for ortho- and para-nitrogen are plotted separately in Fig. (1.13) as red and blue lines, re-
spectively. The transients add up constructively at the half and full revival times. At times
that correspond to one quarter and three quarters of the revival time, however, alignment
peaks appear to be in opposite phase for even and odd rotational states. For heteronuclear
molecules these quarter- and three-quarter-revivals exactly cancel each other, for homo-
nuclear molecules they partially survive due to even or odd states being more populated
[140]. An extreme case is represented by 16O, where due to the nuclear spin I = 0, only
even rotational levels are populated, and the quarter revivals display the same amplitude
as half and full revivals [167, 168].

1.3.6 Population and coherence parts of alignment

For a random ensemble of diatomic molecules, all angles of orientation of the molecular
axis with respect to an external axis appear with equal probability, and the average of the
squared orientation cosine amounts to ⟨⟨cos2 θ⟩⟩ = 1/3. The coherent post-pulse alignment
results in deviations to the positive as well as to the negative side around an average value
larger than 1/3. Oscillations and the o�set from 1/3 are contained in the o�-diagonal and in
the diagonal elements of the density matrix, respectively, which can easily decomposed into
these parts. In the diagonal elements projecting a state |JM⟩ onto itself the population of
the eigenstates |JM⟩ is represented. The diagonal population part of the squared alignment
cosine will be referred to as ⟨⟨cos2 θ⟩⟩p following the convention of Ref. 155:

⟨⟨cos2 θ⟩⟩p(t) =
∑
J ′M ′

⟨J ′M ′| cos2 θ|J ′M ′⟩ρJ ′M ′J ′M ′(t), (1.31)

which is time-dependent only as long as population is redistributed under the action of the
external �eld. The ∆M = 0 selection rule for excitation with linearly polarized light leads
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Abbildung 1.14: Numerical simulation of rotational dynamics in an ensemble of 14N2 at 80 K
induced by a Gaussian laser pulse with 40 fs FWHM and a power density of 10 TW/cm2.
(a) Squared alignment cosine decomposed into its ⟨⟨cos2 θ⟩⟩c(t) and ⟨⟨cos2 θ⟩⟩p(t) parts. (b)
Total ⟨⟨cos2 θ⟩⟩, corresponding to the sum of the ⟨⟨cos2 θ⟩⟩c(t) and ⟨⟨cos2 θ⟩⟩p(t) parts [62].

to the value of ⟨⟨cos2 θ⟩⟩p increasing beyond the isotropic value of 1/3 as for every additional
J level reached in the rotational ladder climbing the highest M quantum numbers, which
have the smallest projection on the polarization axis, are not populated.
The coherence part of the squared alignment cosine is accordingly [155] expressed as

⟨⟨cos2 θ⟩⟩c(t) =
∑

J′ ̸=J′′
M′ ̸=M′′

⟨J ′M ′| cos2 θ|J ′′M ′′⟩ρJ ′M ′J ′′M ′′(t). (1.32)

The o�-diagonal matrix elements represent the coherences between di�erent eigenstates
and for a particular non-zero ρJ ′M ′J ′′M ′′ oscillate at the beating frequency of the two
eigenenergies. The coherence contribution ⟨⟨cos2 θ⟩⟩c can by de�nition take on positive
or negative values, depending on whether the direction of molecular axes at a particular
instant in time tends to increase or to diminish the alignment with respect to the laser �eld
direction. The total alignment trace and its decomposition into ⟨⟨cos2 θ⟩⟩c and ⟨⟨cos2 θ⟩⟩p
is shown in Fig. 1.14. By de�nition, for all times one has ⟨⟨cos2 θ⟩⟩(t) = ⟨⟨cos2 θ⟩⟩p(t) +
⟨⟨cos2 θ⟩⟩c(t). Note that the changes in ⟨⟨cos2 θ⟩⟩p under our experimental conditions are
only about 2×10−3, and one order of magnitude smaller than for ⟨⟨cos2 θ⟩⟩c(t).

26



2 Numerical simulations

2.1 Simulation methods

Within the framework of Raman Induced Polarization Spectroscopy (RIPS) and Rota-
tional Coherence Spectroscopy (RCS) analytical expressions for the time dependence of
⟨⟨ cos2 θ ⟩⟩ were derived by a second order perturbation theory analysis [37, 83]. This ap-
proach captures the dynamics resulting from coherent coupling of rotational levels by a
single Raman transition, however, it fails if a signi�cant repopulation of rotational levels
is involved. This repopulation, on the other hand, contributes to the dynamics already at
moderate �eld strengths (∆ω ≈ 10, comparable to our experimental conditions). Therefore,
as soon as non-perturbative laser intensities are employed, the problem is referred to as
alignment of molecules rather than rotational coherence, and one has to resort to numerical
modeling of the dynamics.
Our numerical simulations of non-adiabatic alignment were carried out in collaboration

with Dr. Burkhard Schmidt (project C5 of Sfb 450, Department for Mathematics, Free
University Berlin). They were performed by adapting a MATLAB code used in Refs. 16 and
17 to model the interaction of a diatomic molecule with a laser �eld, using the WavePacket
4.7 software package [152]. The program numerically solves the dimensionless Schrödinger
equation

i
~
B

∂ |ΨJM ⟩(t)
∂t

=
H(t)

B
|ΨJM ⟩(t), (2.1)

in state space with subsequent thermal averaging. This is equivalent to the solution of a set
of coupled ordinary di�erential equations (ODE) for the time-dependent coe�cients dJM (t)
of a state vectorΨ =

∑
JM dJM (t)YM

J . The statistical weight w(J) for every |ΨJM (t)⟩ state
is determined from the multiplicity wI(J) of symmetric and anti-symmetric nuclear spin
states and the rotational partition function (see also Sec. 1.1.2) according to

w(J) = wI(J)(2J + 1)
e−BJ(J+1)/kBT∑

J wI(J)(2J + 1) exp [−BJ(J + 1)/kBT ]
, (2.2)

where T denotes the rotational temperature and kB being the Boltzmann constant. In units
of kB/B the dimensionless temperature Θ for 14N2 corresponds to 28 at 80 K, and 105 at
300 K. Due to the small spacing of rotational levels a large number of states is populated
even at low temperature. The 14N isotope is a boson with I = 1. Thus the homonuclear
molecule 14N2 displays two subspecies with symmetric and antisymmetric nuclear spin
states with weven

I = (2I + 1)(I + 1) = 6 and wodd
I = (2I + 1)I = 3.

The original code used in Refs. 16 and 17 was extended to account for nuclear spin
statistics, and to decompose the squared alignment cosine into its coherence and population
parts (see Sec. 1.3.3). If not otherwise stated, all graphs displaying rotational alignment
dynamics were generated using this program.
The numerical solution of the Schrödinger equation Eq. (2.1) is performed for every po-

pulated rotational state | JM⟩ using a MATLAB inbuilt ODE solver (ode113) optimized
for the solution of non-sti� problems based on a variable order multistep Adams-Bashforth-
Moulton algorithm with adaptive timesteps [169]. All computations are performed in di-
mensionless units using molecular time units ~/B to achieve optimal accuracy. The cuto�
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in J for the initial state vector is set to typically 10−4 of the total population. The numeri-
cal basis was extended to more than the populated states to account for rotational ladder
climbing during excitation. This overhead ranges from 10 states for moderate intensities to
30 states for high intensities or adiabatic alignment to assure that numerical convergence
is achieved. On the time axis, the numerical integration is extended to typically ±5σ with
σ being the variance of the laser pulse. In this part of computations, the centrifugal dis-
tortion e�ects are neglected due to the relative shortness of the time scale. The numerical
integration routine then returns a new wave function ΨJM =

∑
J ′M ′ c

(JM)
J ′M ′ | J ′M ′⟩ which

is already a superposition of pure rotational states. This new wave function is then propa-
gated under �eld-free conditions by multiplication with the propagator e−iH(t−t0) with the
time t in reduced molecular time units ~/B, and a resolution corresponding to typically
33 fs to match the resolution of experimental data:

|ΨJM (t)⟩ = e−iH(t−t0) |ΨJM (t0)⟩, H = J(J + 1)−DJ2(J + 1)2/B. (2.3)

For every ΨJM (t) the time-dependent expectation value of the squared alignment cosine
is split into its population and coherent part and evaluated in a spherical harmonics basis
according to

⟨JM | cos2 θ | JM⟩ = 1

3
+

2

3

(J(J + 1)− 3M2)

(2J + 3)(2J − 1)
(2.4)

for the diagonal elements giving ⟨cos2 θ⟩p and

⟨JM | cos2 θ | (J + 2)M⟩ =
((2J + 1)(2J + 5)(J + 1−M)(J + 2−M)(J + 1 +M)(J + 2 +M))

1
2

(2J + 1)(2J + 3)(2J + 5)
, (2.5)

⟨JM | cos2 θ | (J − 2)M⟩ =
((2J − 3)(2J + 1)(J − 1−M)(J −M)(J − 1 +M)(J +M))

1
2

(2J − 3)(2J − 1)(2J + 1)
. (2.6)

for the o�-diagonal elements coupling di�erent states and yielding ⟨cos2 θ⟩c. These are
the only non-vanishing matrix elements, which, keeping in mind that cos2 θ = Y 0

2 , can
be found by evaluating the corresponding Wigner 3j symbols [170]. ⟨cos2 θ⟩p and ⟨cos2 θ⟩c
are calculated for every state J by summing up the contributions of all existing M levels.
From this, the ensemble averaged expectation values ⟨⟨ cos2 θ ⟩⟩p and ⟨⟨ cos2 θ ⟩⟩c are then
calculated by summing up the individual contributions of all states | JM⟩ multiplied with
their respective statistical weight w(J).
Computations were run on personal computers with typically 1.5 GHz processors and

512 MB RAM. With these settings, the calculation of ⟨⟨ cos2 θ ⟩⟩ at the experimentally
relevant temperature of 80 K for an excitation pulse of 165 fs, corresponding to nume-
rically computing the dynamics of all states up to J = 17, took about 5 minutes. The
time consumption is relatively weakly dependent on the total length of the trace, as the
propagation after the pulse turn-o� requires only the fast matrix multiplication. Most of
the computation time is required by the ODE solver. With every state | JM⟩ being com-
puted successively, the computational complexity scales approximately as

∑
J(J+1) ≈ J2.

Additionally, the duration of the excitation pulse determines the time span covered by
numerical integration, and thus the pulse length enters linearly in the computation time.
Though the shape of the oscillations is mainly determined by highly populated J levels,
and within these mainly by states with low M number, for a quantitative analysis it is
nevertheless important to include also states with little in�uence on the dynamics, as they
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are important in obtaining correct values for the population contribution and the isotropic
starting value of 1/3.
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2.2 Laser-induced alignment of rotationally excited molecules

In this Section, we numerically investigate the post-pulse alignment of rotatio-
nally excited diatomic molecules. We show that:

• Depending on the M quantum number, the interaction with the laser �eld
can involve emission of energy as well as absorption, and that these two
processes lead to opposite motion of the molecular axis with respect to
the laser polarization direction.

• For a laser pulse duration comparable to the molecular rotational period,
the crossover from non-adiabatic to adiabatic limits is well described by a
convolution of excitation pulse envelope and sinusoidal molecular response
and that it takes place in a uniform way in the region between 0.1 and 1
for the ratio of pulse duration to rotational period.

• For higher intensities, the rotational wave packet contains a greater ma-
nifold of coupled rotational levels, for which the degree of adiabaticity
varies. Di�erences in the rotational period in the excited transitions for
appropriate laser pulse parameters lead to the formation of a region in
which anti-alignment, or rotational cooling, dominates over alignment, or
rotational heating.

2.2.1 Directionality e�ects

Rotationally excited molecules can exchange energy with the laser �eld by absorption and
by stimulated emission in Stokes- and anti Stokes-processes. With the additional selection
rule∆M = 0 in a linearly polarized �eld, this leads to a modi�cation of the mean alignment
of the molecules. Figure 2.1 shows the mean alignments

p0JM = ⟨JM | cos2 θ|JM⟩, (2.7)

from M = 0 to M = 8, where ⟨JM | cos2 θ|JM⟩ is given by Eq. (2.4), of a state |JM⟩
onto the laser polarization direction. For constant M , corresponding to the states coupled
in the interaction with a linearly polarized laser, the curves are monotonically increasing
functions of J , approaching a common limiting value of 1/2. The only exception is the
curve for M = 0, which overshoots at small J and returns to 1/2. For all rotational states
one has

⟨⟨cos2 θ⟩⟩J =
1

2J + 1

J∑
M=−J

p0JM =
1

3
. (2.8)

A ∆J = +2,∆M = 0 rotational transition thus leads to an increase in the mean alignment
because of the increase in the value with J for constant M and also because the highest
M states cannot be populated. In the following, we refer to this ascent of the ladder of
rotational states as an aligning transition. Classically, this corresponds to a narrowing of
the cone the molecular axis forms with the �eld polarization direction and at the same time
an acceleration of the motion in the direction of the �eld vector, caused by the increase in
rotational energy, see left inset of Fig. 2.1.
The ∆J = −2,∆M = 0 rotational transition, on the other hand, decreases the mean

alignment. This descent on the J-ladder will be referred to as anti-aligning transition.
Classically, the molecule loses rotational energy to the �eld, and the axis moves away from
the polarization direction into anti-alignment, see right inset of Fig. 2.1. In strong �elds,
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Abbildung 2.1: Plot of the diagonal elements of the cos2 θ-matrix ρ0JM = ⟨J,M | cos2 θ|J,M⟩
from M = 0 to M = 8. The dashed horizontal line represents the average value of 1/3. Left
inset: Increase in molecular alignment upon a ∆J = +2, ∆M = 0 transition. Right inset:
Decrease of alignment in a ∆J = −2, ∆M = 0 transition.

the motion away from the polarization direction is eventually stopped and a librational
motion about the polarization axis is enforced [2, 5].
The matrix elements for the ascending and descending transitions to the J + 2 and

the J − 2 rotational levels are given by the o�-diagonal elements of the transition matrix
according to Eqs. (2.5) and (2.6) and will be abbreviated as

p+JM = ⟨J,M | cos2 θ|J + 2,M⟩, and (2.9)

p−JM = ⟨J,M | cos2 θ|J − 2,M⟩. (2.10)

These matrix elements show a dependence very similar to the diagonal ones plotted in
Fig. 2.1, rising for a constant M from a certain minimal value asymptotically to 1/2. Figu-
re 2.2 shows the ratio p+JM/p

−
JM from J = 2 to J = 8. The transition to the higher rotational

state is thus favored because of the better overlap, with the di�erence for probabilities of
absorption and emission being most pronounced for J ≈M , i.e. the largest possibleM . An
exception is again the case of M = 0, where the curve is essentially J-independent after
an initial increase.
The ensemble-averaged squared alignment cosine is expressed in terms of the coe�cients

of the wave function according to Eq. (1.25) and the projection matrix elements according
to Eqs. (2.5) and (2.6) as

⟨⟨cos2 θ⟩⟩T (t) =
∑
J′M′
J′′M′

⟨J ′M ′| cos2 θ|J ′′M ′⟩
∑
JM

wT (J)ρ
(JM)
J ′M ′J ′′M ′(t), (2.11)

where wT (J) is given by Eq. (1.12), and

ρ
(JM)
J ′M ′J ′′M ′(t) = |ΨJ ′′M ′(t)⟩⟨ΨJ ′M ′(t)| =

(
c
(JM)
J ′′M ′(t)

)∗
c
(JM)
J ′M ′ (t)|J ′′,M ′⟩⟨J ′,M ′|. (2.12)
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For the coe�cients of the freely evolving wave packet after the termination of the laser
pulse at time tf one has

c
(JM)
J ′M ′ (t > tf ) = c

(JM)
J ′M ′ (tf ) exp

[
i
B

~
J ′(J ′ + 1)(t− tf )

]
. (2.13)

Using Eqs. (2.4-2.6), Eq. (2.11) can be rewritten as

⟨⟨cos2 θ⟩⟩T (t) =
∑

J ′M ′ p0J ′M ′
∑

JM wT (J)ρ
(JM)
J ′M ′ (tf ) + (2.14)∑

J′M′
J+2,M′

p+J ′M ′ exp
[
−iB~ (4J

′ + 6)(t− tf )
]∑

JM wT (J)ρ
(JM)
J ′M ′J+2M ′(tf ) +∑

J′M′
J−2,M′

p−J ′M ′ exp
[
iB~ (4J

′ + 2)(t− tf )
]∑

JM wT (J)ρ
(JM)
J ′M ′J−2M ′(tf ).

Here, the time-independent �rst term gives the temporal average, about which the ali-
gnment is oscillating. The frequencies contributing to the time-dependent signal are

−B(4J ′ + 6) for ∆J = +2, and (2.15)

B(4J ′ + 2) for ∆J = −2. (2.16)

Note that Stokes- and anti-Stokes transitions contribute with opposite sign to the time-
dependent alignment dynamics.
The post-pulse alignment observed in a ρJM rotational wave packet upon the non-

adiabatic excitation with a short laser pulse of moderate power density is exempli�ed
in Fig. 2.3(a) using the ρ80, ρ86, and ρ88 rotational wave packets. Plotted are the time-
dependent squared alignment cosines ⟨cos2 θ⟩JM for the corresponding wave functions. Ac-
cording to Fig. 2.2, the observed dynamics should show some directionality-dependent pe-
culiarities. For the ρ80 wave packet, the transition probabilities for ∆J = +2 and ∆J = −2
transitions are almost identical. For the case of ρ86, the ratio of transition matrix elements
is 1.7, favoring the ∆J = +2 rotational transition. The resulting alignment pattern for the
ρ80 and ρ86 wave packets thus is a beating of two oscillations, the frequencies of which are
given by the transition energies of 75. 6 cm−1 to the J = 10 and 59.7 cm−1 for the J = 6
rotational levels. The rotational periods for these transitions are 0.441 ps and 0.559 ps,
respectively. The value of ⟨cos2 θ⟩JM in the J → J +2 transition is increased beyond p0JM
(Fig. 2.1), while the value of ⟨cos2 θ⟩JM in the J → J − 2 transition is decreased. The
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Abbildung 2.3: (a) Numerical simulation of wave packet dynamics in the ρ80, ρ86, and ρ88
rotational states upon the excitation with a Gaussian laser pulse of 30 fs FWHM and a power
density of 50 TW/cm2. (b) Direction averaged densities ρ8 under the same conditions. (c)
Thermally averaged density packet ρT with weighting of states corresponding to 80 K. In all
parts, the �rst quarter and half revival times are marked by vertical dashed lines.

overall dynamics of the wave packet can thus be decomposed into two counterpropagating
and thus beating parts.

For the ρ88 rotational wave packet, the coupling to the J−2 rotational level is forbidden,
as M > J − 2. The resulting dynamics, displayed in the lower trace in Fig. 2.3(a), are
sinusoidal with the single frequency corresponding to the J = 8 → 10 rotational transition.
The directional average ρ8 in Fig. 2.3(b) retains the characteristic beating amplitude, as
for most of its M -substates the coupling to lower rotational levels is possible.

The ensemble average of the alignment at a temperature of 80 K is displayed in Fig. 2.3(c).
It shows a pronounced revival peak at τ1/2 = ~/(4B) = 4.18 ps and a smaller feature at
τ1/4 = ~/(8B) = 2.1 ps. This quarter revival is particular for homonuclear molecules and
originates from the imperfect cancellation of contributions from even and odd rotational
states due to the di�erent statistical weights in the thermal distribution [63]. In the indi-
vidual rotational levels, the quarter revivals appear with the same amplitude as full and
half revivals [22].

The times for the �rst quarter and �rst half revivals are highlighted in the time traces
of Fig. 2.3 by dashed vertical lines. Where both aligning and anti-aligning transitions are
present, the curves for the individual wave packets in Fig. 2.3(a) display a remarkably low
amplitude of alignment at the revival times. This is due to the mutual cancellation caused
by the counterpropagating ∆J = +2 and ∆J = −2 parts. High values of alignment are
reached at intermediate times. This alignment, however, is averaged out in the ensemble
averaged ⟨⟨cos2 θ⟩⟩T ., which explains the strong decrease of alignment amplitude in the
revivals upon heating [164, 171]. At high temperature, a large fraction of molecules is
thermally rotationally excited, and transitions occur to both the lower and the higher lying
rotational states. The higher the original J rotational level, the more substates can make
an anti-Stokes transition and the more complete is the mutual cancellation of alignment
and anti-alignment around the revival times.
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Abbildung 2.4: Dependence of maximal deviation of post-pulse values of the ensemble ave-
raged population contribution ⟨⟨cos2 θ⟩⟩p (solid circles) and coherent contribution ⟨⟨cos2 θ⟩⟩c
(open circles) from their respective isotropic values on laser pulse power density. The results
of numerical simulations for alignment in 14N2 upon excitation by Gaussian laser pulses
with pulse durations of 30 fs, 60 fs, and 100 fs FWHM at a temperature of 80 K are plotted
on a double-logarithmic scale. Solid lines represent overlaid quadratic dependences, and das-
hed lines overlaid linear dependences. The limiting value of 1/2 is represented by the dotted
horizontal line.

2.2.2 Pulse power e�ects

To quantify the response of a system to a laser pulse with a given duration, additional-
ly the in�uence of the pulse power density has to be taken into account. The e�ciency
of a Raman-type process like the non-resonant rotational excitation generating molecular
alignment in general depends quadratically on the applied laser intensity. However, the
quadratic dependence in population of levels does not necessarily translate into a qua-
dratic dependence of the squared cosine ⟨⟨cos2 θ⟩⟩. In Fig. 2.4 the maximal amplitudes
reached in numerical simulations of alignment in 14N2 at 80 K by the ensemble averaged
expectation values ⟨⟨cos2 θ⟩⟩p and ⟨⟨cos2 θ⟩⟩c above their �eld-free values of 1/3 and zero,
respectively, are plotted on a double-logarithmic scale. The population part, represented by
solid circles and solid lines, very well follows a quadratic dependence over a wide range of
power densities. The maximal amplitude reached by the coherence contribution ⟨⟨cos2 θ⟩⟩c
after the pulse equally well can be described by a linear dependence over a range of power
densities up to 100 TW/cm2, which corresponds to an interaction strength of ∆ω ≈ 500 in
dimensionless units. At higher power densities, both parts show a saturation behavior in
the simulated alignment as they approach the limiting value of 1/2 [156], represented by
the dotted red line. However, alignment in such high �elds is competing with ionization,
making this region inaccessible to alignment experiments. A closer inspection of the over-
laid lines reveals that the intercepts at lines of constant intensity depend quadratically in
the case of ⟨⟨cos2 θ⟩⟩p and linearly in the case of ⟨⟨cos2 θ⟩⟩c on the relative pulse power den-
sities. Thus, for moderate intensities the parameter de�ning the amplitudes of alignment,
i.e. ⟨⟨cos2 θ⟩⟩c, reached by non-adiabatic excitation is the total energy contained in the
laser pulse, con�rming the �ndings of Ref. 164. The same behavior was also noted for the
classical limit [31].
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2.2 Laser-induced alignment of rotationally excited molecules

2.2.3 Pulse duration e�ects

2.2.3.1 Adiabatic vs. non-adiabatic dynamics

A quantum wave packet with its characteristic recurrences in time is formed by coherently
exciting a superposition of a �nite number of quantum states with discrete frequencies,
which persist in coherent motion after the excitation pulse is turned o� [59, 63]. To initiate
this post-pulse coherent dynamics, the perturbation of a set of quantum states by the
laser �eld must be short compared to the characteristic transition frequencies. In this
case, termed non-adiabatic, the coupling of states at the time of the excitation imprints
a common phase on the subsequent evolution, and the laser �eld is turned o� too fast to
allow for complete elimination of the induced polarization (cf. Sec. 1.3.2). Non-adiabatically
excited wave packets can be manipulated in a number of ways by applying shaped pulses or
pulse trains to achieve constructive or destructive interferences, and thus to amplify or to
erase the coherent post-pulse motion [172, 173] (cf. Sec. 1.3.1). In contrast, for an adiabatic
interaction, the perturbation of the quantum system by the laser proceeds on a time scale
slow enough for every state of the system to evolve into the adiabatically correlated state
and to return fully reversibly back into its initial condition.
The parameter de�ning whether the interaction is classi�ed as adiabatic or non-adiabatic

is the ratio of the timescale characteristic of the molecular motion, in the present case the
rotational period τrot, and the duration of the laser pulse τp the molecule interacts with.
For very long pulses (τp ≫ τrot) the interaction is classi�ed as adiabatic, and for very
short pulses (τp ≪ τrot) it is classi�ed as non-adiabatic. To determine the character of the
interaction of a nitrogen molecule with a laser pulse of a given duration, one has to �nd the
rotational state the molecule occupies and the characteristic rotational period associated
with it. The rotational distribution for the 14N2-molecule is exempli�ed in Fig. 2.5(a) for
80 K, close to the liquefaction temperature of 77.4 K, and at room temperature. Due to
the small spacing of rotational levels a large number of states is populated even at low
temperature. With the frequencies derived from Eq. (1.30) as (4J +6)B/~ for a transition
from J to J + 2 the characteristic rotational periods are 2.79 ps, 1.19 ps, 0.69 ps, 0.44 ps
and 0.24 ps for the J = 0 → 2, J = 2 → 4, J = 4 → 6, J = 8 → 10, and J = 16 → 18 tran-
sitions of the 14N2-molecule, respectively (Fig. 2.5(b)). The behavior of rotational quantum
states interacting with a laser pulse in the completely adiabatic and the completely non-
adiabatic regimes has been investigated in Refs. 164 and 111. These limiting cases, however,
are not su�cient for a description of alignment under typical experimental conditions. For
the nitrogen molecule and a typical Ti:sapphire laser pulse of 30 fs FWHM duration the
partly adiabatic regime is reached already for the J = 12 → 14 rotational Raman transi-
tion. At room temperature, molecules occupying rotational levels with J ≥ 12 comprise
about a quarter of the total population. The pulse duration of the wide-spread Ti:sapphire
ampli�ed �ber oscillators with 150 fs FWHM exceeds the strictly non-adiabatic limit in
nitrogen for all except the J = 0 → 2 rotational transitions. The segregation into adiabatic
and non-adiabatic parts with the rotational distribution is therefore expected to play an
important role under standard experimental conditions.

2.2.3.2 Interaction with a weak laser pulse

In Fig. 2.4 we showed that for moderate pulse power densities the parameter de�ning the
amplitudes of alignment reached by non-adiabatic excitation is the total energy contained in
the laser pulse. Deviations appear if the laser pulse starts approaching the rotational period
of the molecules. Owing to the complexity of the problem, there is a lack of qualitative
or semi-quantitative models explaining the physical processes behind this behavior and
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Abbildung 2.5: (a) Population of rotational levels for 14N2 at 80 K (black symbols) and
300 K (red symbols). 14N being a boson with I = 1, nuclear spin statistics for homonucle-
ar molecules requires the even J levels being twice more populated than the odd ones. (b)
Semilogarithmic plot of rotational period τrot vs. J quantum number.

allowing to develop an intuition as to the outcome of an alignment experiment under
given conditions. The existing analytical descriptions, moreover are restricted to the J = 0
rotational state as calculations become prohibitively complex for rotationally excited levels.
We show that for moderate laser power an analytical qualitative model, convolving the laser
pulse envelope with a rotational response with appropriate frequency, describes surprisingly
well the dynamic observed in individual rotational levels as well as the transition between
the non-adiabatic and adiabatic regimes.
Within the approximation of an undepleted two-level system, the response of a quantum

state to a perturbation is described by a sinusoidal oscillation at the beating frequency ω of
the eigenenergy of the two levels [174]. For a Gaussian laser pulse with �nite duration, the
convolution of the sinusoidal system response with the laser pulse envelope can be evaluated
analytically and leads to oscillatory post-pulse dynamics at the transition frequency ω with
a maximal amplitude exponentially dampened by the squared ratio of rotational frequency
to pulse duration:

ρJ ′M ′J ′+2M ′(t) ∝
∫ ∞

−∞
exp

(
−at′2

)
sinω(t− t′)dt′

=

∫ ∞

−∞
exp

(
−at′2

)[
sinωt cosωt′ + sinωt′ cosωt

]
dt′. (2.17)

The second term in the sum integrates to zero, and thus the expression is reduced to

ρJ ′M ′J ′+2M ′(t) ∝ sinωt

∫ ∞

−∞
exp

(
−at′2

)
cosωt′dt′ = exp

(
−ω

2

4a

)
sinωt, (2.18)

corresponding to oscillatory post-pulse dynamics at the transition frequency ω with a
maximal amplitude exponentially dampened by the squared ratio of rotational frequency
to pulse duration. In terms of rotational transitions, the convolution yields the magnitude
of the o�-diagonal elements of the density matrix ρJ ′M ′J ′±2M ′(t) up to a J-dependent
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amplitude, and the frequency ω is the J-dependent frequency of the rotational transition.
[37, 38].
Now we proceed to apply this model to the non-adiabatic to adiabatic transition and

the decay of the alignment amplitude brought about by this. To characterize the rotational
timescale we choose the transition to the J + 2 rotational level because the oscillation is
faster than for the ∆J = −2 rotational transition and thus it poses a stricter limit on the
pulse duration. The pulse duration is characterized by a = 4 ln 2/τ2p , with τp being the
FWHM of the pulse envelope. Transforming the units into the dimensionless ratio of pulse
FWHM to rotational period (Fig. 2.5(b)) by setting ω2

J/4ap = π2/(4 ln 2)(τp/τrot(J))
2 one

can transform Eq. (2.18) into a universal dependence

ρJ ′M ′J ′+2M ′(t) ∝ exp

[
− π2

4 ln 2

(
τp

τrot(J ′)

)2
]

(2.19)

for the post-pulse amplitude of all J levels plotted as black solid curve in Fig. 2.6. To
show that this dependence really holds for coherent rotational dynamics, we numerically
solve Eq. (1.26) for a range of pulse durations from 20 to 1280 fs FWHM. The transition
from the non-adiabatic to the adiabatic limit obtained from the numerical simulations for
rotational levels between J = 0 and J = 16 is shown in Fig. 2.6 as colored symbols. The
simulated maximal post-pulse amplitude of the coherent contribution ⟨cos2 θ⟩c normalized
by the amplitude ⟨cos2 θ⟩c,max reached for the shortest pulse is plotted for each J versus the
ratio of pulse duration to rotational period τrot of the corresponding J → J +2 transition.
The variation of amplitudes with pulse duration con�rms the analytic model of Eq. (2.17).
A least squares �t of a Gaussian dependence (gray curve) to the data results in a FWHM of
1.01 in dimensionless units compared to 4 ln 2/π (≈0.88) for the result of the convolution.
Up to a ratio of 0.1, or the rotational period exceeding the pulse duration by at least a
factor of 10, the relative values of ⟨cos2 θ⟩c remain close to unity for all J . Though the most
e�cient pulse appears to be a δ-pulse, the decay in amplitude is slow enough to justify the
assumption that in this region the alignment amplitude depends only on integrated pulse
power density. In the region around the �at top of the Gaussian, the interaction thus can
be classi�ed as non-adiabatic. In case of signi�cant rotational ladder climbing, the limiting
frequency for non-adiabatic interaction is the one of the highest excited transition. For
ratios between 0.1 and 1, a pronounced decrease in amplitude appears, as the spread in
phase accumulated during the pulse duration leads to a growing destructive interference
between oscillations originating from the leading and the trailing edge of the pulse. Beyond
a ratio of unity, and the pulse duration exceeding the rotational period, the amplitude of
coherent post-pulse dynamics is reduced to zero. In this case, the fully adiabatic limit is
approached.
It is remarkable that all J states follow the same decay on this dimensionless scale. For

states separated by more than one order of magnitude in the timescale of their rotational
period, there exists a completely adiabatic regime for the high energy state and almost non-
adiabatic behavior for the low-energy state. Figure 2.6 together with Fig. 2.4 can be used
to predict e�ciencies of alignment for pulses with di�erent lengths and for arbitrary tem-
peratures by taking into account the proper statistical weight for every J state (Eq. (2.2)).

In Fig. 2.6, the alignment decay appears to be shifted to a somewhat longer timescale
compared to the limit set by the ∆J = +2 rotational transitions. This is accounted for by
incorporating both J-increasing and J-decreasing rotational transitions into the model. For
the rotational transitions allowed for a thermally excited molecule, the possible transition
frequencies and periods are given according to Eqs. (2.15) and (2.16) by ω+ = −B(4J +6)
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Abbildung 2.6: Semilogarithmic plot of the relative post-pulse coherent contribution ⟨cos2 θ⟩c
from selected J states (colored symbols) normalized by the respective coherent contribution
after the shortest pulse ⟨cos2 θ⟩c,max vs. ratio of Gaussian pulse FWHM to rotational period
of the J → J + 2 transition. All pulses have identical integrated power density. The solid
lines represent the square of a convolution of the Gaussian excitation pulse envelope with
a sinusoidal response (black) and the least-squares �t of a Gaussian function to the data
(gray). The dashed horizontal line represents the limiting value of unity.

and τ+ = 2π/ω+ for ∆J = +2, and by ω− = B(4J − 2) and τ− = 2π/ω− for the ∆J = −2
transition, which is allowed for all states with M ≤ J − 2. In case both transitions are
allowed, using Eq. (2.14) for the alignment cosine the mean alignment scales with the pulse
duration as

⟨cos2 θ⟩JM (t) ∝ p0JM + p+JM exp

(
− π2

4 ln 2

τ2p
τ2+

)
sin (ω+t) (2.20)

+ p−JM exp

(
− π2

4 ln 2

τ2p
τ2−

)
sin (ω−t) ,

where p0JM is the mean alignment of ρJM , and p+JM and p−JM are transition probabilities
according to Eqs. (2.5) and (2.6).
Equations (2.17) and (2.20) show that the post-pulse amplitude of coherent oscillations

depends on the ratio of pulse duration to rotational period. For long pulses, the amplitude
is exponentially dampened with a damping constant π2τ2p /(4 ln 2τ

2
J ′→J ′′). For rotational

periods at least an order of magnitude slower than the laser pulse duration, the interaction
can be classi�ed as non-adiabatic, while the adiabatic limit is reached as soon as the laser
pulse duration starts exceeding the rotational period.
With di�ering ratios of p+JM and p−JM (Fig. 2.2), the transition from the non-adiabatic

to the adiabatic limit is expected to show a dependence on the M quantum number.
As τ− is always larger than τ+, the anti-Stokes contribution is less dampened than the
Stokes counterpart. Figure 2.7 shows a plot of the oscillatory component of the post-pulse
amplitude of alignment normalized to its value in the non-adiabatic limit versus laser
pulse duration for the ρ80, ρ86, and ρ88 rotational wave packets. The amplitude in the
ρ88 rotational wave packet decreases faster than either of the two wave packets with both
J-increasing and -decreasing oscillations, with the ρ86 packet showing a faster decrease
than ρ80. The post-pulse amplitude of the ρ88 wave packet follows almost ideally the curve
given by Eq. (2.17) as exp[−π2τ2p /(4 ln 2τ2J=8→10)], represented in the �gure by a solid line.
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Abbildung 2.7: M -dependence of the transition from non-adiabatic to adiabatic regime. The
amplitude of the post-pulse alignment normalized to the non-adiabatic limit is plotted versus
the FWHM duration of a Gaussian laser pulse with constant integrated power density corre-
sponding to 50 TW/cm2 for 30 fs FWHM for the ρ80, ρ86, and ρ88 rotational wave packets.
The lines represent the transition according to Eq. (2.17) with the period of the rotational
transitions J = 8 → 10 (solid), and J = 8 → 6 (dotted).

The normalized amplitudes of the ρ80 wave packet is adequately described by substituting
the frequency of the J = 8 → 6 rotational transition into Eq. (2.17), represented by the
dotted line in the �gure.
The decrease of the amplitude of the post-pulse alignment is thus in�uenced by e�ects

of rotational frequency as well as e�ects of directionality. The rotational periods of the two
possible transitions set the limits for the non-adiabatic to adiabatic transitions, while the
localization of a particular ρJM wave packet in this transition area is determined by its M
quantum number.

2.2.3.3 Interaction with an intense laser pulse

After the interaction with an intense laser pulse, the �nal rotational density of a molecule is
described by a superposition of many rotational levels, which are populated by sequential
Raman transitions from the original |J,M⟩ state. The phase shift between the correspon-
ding oscillations and a signi�cant transfer of population between rotational levels makes
it di�cult to apply the semi-empirical model (Eqs. (2.17) and (2.20)) described above. Fi-
gure 2.8(a) shows the J distribution resulting from the excitation of the |J = 8,M = 0⟩
rotational level with a laser pulse of 30 fs FWHM duration and a power density of 50
TW/cm2, with the time axis corresponding to ±5σ. Here, we select the M = 0 substate
because in this case directionality e�ects are irrelevant as p+J0 ≈ p−J0 (Fig. 2.2). A broad dis-
tribution of rotational levels is populated after the termination of the pulse. In Fig. 2.8(b)
the magnitude of the population of the rotational levels after the termination of the pulse
is displayed for the pulse of Fig. 2.8(a) (green squares) and various laser pulses of di�erent
duration but identical integrated power density. On the side of low J levels, as in the case
of a weak pulse, the distribution of population is similar for equal integrated power density.
For short pulses, this is true also for the J-increasing transitions. Note that as expected
from the transition probabilities displayed in Fig. 2.2 for M = 0, the J + 2 and J − 2
rotational states are populated with almost equal probability. This is not true for cases
other than M = 0, where the J-increasing transition is favored by better overlap.
For longer pulses, however, one observes on the J-increasing side a less e�cient transfer
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Abbildung 2.8: (a) Logarithmic contour plot of the population of J rotational levels with the
example of the ρ80 rotational wave packet upon the excitation with a Gaussian laser pulse of
30 fs FWHM duration and an power density of 50 TW/cm2. (b) Semilogarithmic plot of the
relative population of J levels at t > tf upon the excitation of the |J = 8,M = 0⟩ state with
laser pulse of various durations with integrated power density corresponding to the pulse in
(a).

of population. The higher the excited level, the stronger short pulses are favored, and
the population of higher excited and faster oscillating rotational levels is notably reduced
with increasing pulse duration. This behavior is caused by the non-adiabatic to adiabatic
transition, which depends on the particular rotational frequency, see Fig. 2.7. This is an
e�ect independent of the directionality, as it is governed only by the ratio of rotational
period of the particular transition and laser pulse duration. If during the interaction with
a strong laser pulse rotational ladder climbing leads to the population of multiple rotational
levels, the di�erent frequencies associated with the transitions cause a shifting of the onset
of the non-adiabatic to adiabatic transition over the individual components of a wave
packet originating from a single |J,M⟩ state.
Figure 2.9 shows the population of rotational levels in the ρ80 rotational wave packet

upon the excitation with a laser pulse of 0.5 ps FWHM, which is on the border of the
adiabatic limit for the J = 8 rotational level. The time axis corresponds to ±5σ of the
laser pulse. The rotational periods associated with the J = 8 → 10 and J = 8 → 6
rotational transitions are 0.441 ps and 0.559 ps, respectively. In part (a) of Fig. 2.9, the
case of a weak laser pulse of 5 TW/cm2 is displayed. In this case, the dynamics is adiabatic
for the Stokes-transition, with the population being completely transferred back with the
trailing edge of the pulse from the J = 10 rotational level, and almost adiabatic with some
remaining population in the J = 6 rotational level for the anti-Stokes transition.

Figure 2.9(b) shows the excitation with a strong laser pulse of 50 TW/cm2. During the
interaction, many rotational states are populated through rotational ladder climbing. The
post-pulse population, however, is determined by the non-adiabatic to adiabatic transition,
which depends on the particular period of the transitions. The population created at the
high energetic side with high rotational frequency in the J = 10 to J = 16 rotational
levels is largely transferred back with the trailing edge of the pulse. The slowly oscillating
transitions to the lower rotational states already fall into the transition regime to the non-
adiabatic case and do not respond in the same way to the trailing edge. A large part of
the population transferred there is retained after the turn-o� of the pulse. Note that this
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Abbildung 2.9: Contour plot of the population of J rotational levels with the example of the
ρ80 rotational wave packet upon the excitation with a Gaussian laser pulse of 0.5 ps FWHM
duration and an power density of 5 TW/cm2 (a) and 50 TW/cm2 (b).

corresponds to a decrease in mean rotational energy upon the interaction with a strong
laser pulse. A similar behavior is observed in all M states, with the condition of ∆M = 0
limiting the accessible lower lying rotational levels.

2.2.4 Rotational heating vs. rotational cooling

The results of the above two sections show, how J and M quantum numbers in�uence the
molecular alignment in di�erent ways. The state of rotational excitation, J , sets the overall
time scale for non-adiabatic or adiabatic interaction through the rotational transition pe-
riods. The M quantum number determines whether along with absorption also stimulated
emission of energy is allowed, and the relative contributions of each. Depending on the M
state, thus two partial wave packets displaying aligning and anti-aligning motion can be
created by the interaction with a linearly polarized laser pulse. Here, the transition matrix
elements p+/−JM favor a J-increasing transition for M ≈ J , and tend to equal values for
J >> M .
The transition from the non-adiabatic to the adiabatic regime depends on the ratio

of rotational period and laser pulse duration, and thus is faster on the high J-side of
the rotational distribution. For increasing laser pulse duration rotational energy is more
e�ciently transferred from the aligning than from the anti-aligning part of the rotational
wave packet by the trailing edge of the laser pulse. Figure 2.9 exempli�es this for �xed pulse
duration and two di�erent powers. To determine, to which extent the rotational energy of
the wave packet can be in�uenced by such e�ects we performed numerical simulations for
the |J = 8,M = 0⟩ state over a range of pulse durations between 0.01 ps and 0.6 ps and
pulse powers between 1 TW/cm2 and 100 TW/cm2. Figure 2.10 shows surface plots of the
rotational energy, represented by the expectation value of ⟨J(J + 1)⟩, versus laser pulse
power and duration for the ρ80, ρ86, and ρ88 rotational wave packets and the directional
average ρ8. The expectation value ⟨J(J + 1)⟩ for the J = 8 rotational level is 72. Values
close to this between 70 and 75 are displayed in the �gure as gray area. Higher values
are represented by contour lines of darker color, and lower values by lighter color. In
Fig. 2.10(a) for the ρ80 rotational wave packet for short laser pulses up to a power density
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Abbildung 2.10: Expectation value of J(J+1), as a measure of rotational energy, as a func-
tion of laser pulse duration and power density for the (a) ρ80, (b) ρ86, and (c) ρ88 rotational
wave packets, and the M -averaged ρ8 density packet in (d). The gray area corresponds to
70 < J(J + 1) < 75, with the value for the initial J = 8 being 72.

of 40 TW/cm2 no signi�cant change in the rotational energy is visible. Above this power
density, an increase in rotational energy can be observed. An increase in the mean rotational
energy corresponds to heating of the rotational degrees of freedom. Going to longer pulse
duration, however, there appears at a pulse duration of about 0.15 ps, corresponding to
about one third of the rotational period, an almost vertical line marking a region with no
net transfer of energy. For shorter pulses, ⟨J(J +1)⟩ is increasing, but on the side of longer
pulse duration the dominating e�ect is a decrease in the rotational energy, or rotational
cooling. It reaches an extremum for a pulse with a power density of 60 TW/cm2 and a
duration of 400-450 fs. In this region the rotational energy is reduced by half compared to
its original value.
A quite similar structure can be observed for the ρ86 rotational wave packet with a

vertical border at 0.25 ps pulse duration separating the region with preferred rotational
heating from the one with preferred rotational cooling independently of the pulse power
(Fig. 2.10(b)) up to a power of about 70 TW/cm2. Here, the region of rotational heating is
larger than in the case of ρ80, as expected from the transition probabilities of Fig. 2.2. For
the ρ88 wave packet in Fig. 2.10(c), the emission of energy is forbidden due the requirement
of M conservation, and thus the surface shows the expected increase in mean energy with
pulse power and pulse duration up to the onset of the adiabatic regime. The M -averaged
values for ρ8 in Fig. 2.10(d) yield a region with preferred heating for short pulses and very
high power, and a region with preferred cooling for long pulses of moderate to high power.

This change in rotational energy is expected to in�uence the post-pulse alignment ob-
served in the particular wave packets. In Fig. 2.11 we plot the relative deviation of the
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Abbildung 2.11: Relative deviation from p0JM of the time-averaged post-pulse alignment
⟨⟨cos2 θ⟩⟩p,JM for the ρ80, ρ86, and ρ88 rotational wave packets and the M -average ρ8. The
inset shows the time-dependent alignment of ρ80 upon the excitation with a Gaussian laser
pulse of 0.5 ps FWHM duration and a power density of 50 TW/cm2.

time-averaged post-pulse alignment ⟨⟨cos2 θ⟩⟩p,JM from the value of p0JM given by Eq. (2.4)
for pulse durations between 0.01 ps and 0.6 ps and a constant power density of 50 TW/cm2

for the densities of Fig. 2.10. The time-averaged post-pulse alignment is a measure for the
overall anisotropy created in the sample by the laser pulse. It corresponds to the populati-
on part of alignment, as de�ned in Sec. 1.3.3. The curves show a behavior expected from
the transfer of energy surface of Fig. 2.10, with the ρ80 and ρ86 wave packets displaying a
decrease in alignment for all but the shortest pulses, and the ρ88 wave packet showing an
increase. In all cases one observes a maximum or minimum, respectively, after which the
transition to the adiabatic limit tends to reduce the post-pulse anisotropy to zero.
The inset of Fig. 2.11 shows the time-dependent alignment dynamics ⟨cos2 θ⟩(t) in the

ρ80 wave packet in response to a laser pulse of 0.5 ps FWHM duration and a power
density of 50 TW/cm2. The coherent superposition of rotational transition gives rise to an
oscillatory post-pulse alignment pattern. While the laser pulse is on, the molecule is forced
into anti-alignment, as expected from the net transfer of energy out of the molecules shown
in Fig. 2.9.
From Fig. 2.10(a) and (b) it is obvious that the rotational energy is decreased more

e�ciently in theM = 0 case than in the case ofM = 6. In Fig. 2.11, however, ⟨⟨cos2 θ⟩⟩p,86
shows a much more pronounced decrease than ⟨⟨cos2 θ⟩⟩p,80. The average anisotropy is thus
not only related to the overall amount of rotational energy in the wave packet but also to
theM quantum number of the states. Indeed, Fig. 2.1 shows, that the change in alignment
upon a rotational transition depends on J and on M . A rotational transition, in which
J ≫M does not lead to any notable change in alignment. In the case of Fig. 2.11, this is
best ful�lled by the ρ80 wave packet, which indeed does show a relatively small change in
average alignment despite a large change in rotational energy. The alignment decrease is
more pronounced in the case of ρ86, which in comparison loses less energy to the pulse.

2.2.5 Discussion

In this section, we examined the in�uence of directionality and pulse duration on the rota-
tional alignment of rotationally excited molecules. Molecules in rotationally excited states
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can interact with a laser pulse not only by absorbing energy but also by stimulated emission.
The extent to which these processes are present in the interaction depends on one hand
via the M quantum number on the directionality of the molecular angular momentum,
and on the other hand via the particular transition frequencies to higher and lower lying
rotational states also on the pulse duration. The transition to higher rotational levels corre-
sponds to an aligning motion of the molecule, and the transition to lower rotational levels
to an anti-aligning motion. A semi-empirical approach combining two two-state models can
qualitatively account for the shape and amplitude of post-pulse alignment induced by a
laser pulse of moderate power density. With increasing J number, a decreasing amplitude
of alignment at the rotational revival times is observed due to the mutual cancellation of
aligning and anti-aligning dynamics. At high laser power, rotational ladder climbing and
a phase shift accumulating between oscillatory components causes deviations from this
simple behavior. The di�erence in the frequencies associated with the respective rotational
transitions leads to the possibility of the faster oscillating aligning part of the wave packet
being more a�ected by the laser pulse duration than the anti-aligning part. For an appro-
priate combination of laser pulse duration and energy and molecular rotational frequency,
a region is created in which rotational cooling, and thus post-pulse anti-alignment, prevails
over rotational heating, or post-pulse alignment.
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2.3 State selection in non-resonant excitation of wave packets

In this Section, we demonstrate that the J composition of a rotational wave
packet in a thermal ensemble can be controlled by using the laser pulse duration
as parameter. In particular, we show that:

• By optimizing the duration of a single pulse, arbitrarily narrow distribu-
tions at low J levels can be formed.

• A double pulse excitation, where a longer second pulse acts as a selective
dump pulse, allows to prepare non-thermal distributions centered at high
J values.

2.3.1 Formation of rotationally cold wave packets

In case of resonantly excited transitions, the laser frequency distribution serves as parame-
ter to address a speci�c set of quantum states and to determine the frequency content of a
wave packet. For non-resonantly excited wave packets like rotational wave packets excited
by Raman transitions, however, to achieve selectivity appears more challenging. In this and
the following subsection, we propose a method to shape the composition of rotational wave
packets by using the pulse duration as an active tool for selectively tuning the interaction
from non-adiabatic to adiabatic for a subset of quantum states. For a �xed pulse length low
J states lie on the non-adiabatic and high J levels on the adiabatic side, with the border
shifting to higher J for shorter pulses. We illustrate that, starting from a thermal ensemble,
long pulses can be used to excite the slow, and thus low-energy part of the J distribution.
In a consequent extension we demonstrate that a combination of a short pump and a long
dump pulse enables to select the high energetic part. The dump pulses therefore can be
shaped to quench non-adiabatically only the cold side of the distribution generated by the
pump, leaving the dynamics of rotationally hot molecules unchanged.
As the coherent response to pulses of equal integrated power density can be considered

equal within the non-adiabatic limit (Fig. 2.4), we carry out all following simulations
for pulses with identical energy content but di�erent pulse length. Pulse duration and
power densities are correlated with 80 fs, 160 fs, 320 fs, 640 fs, and 1280 fs FWHM laser
pulse duration corresponding to 16 TW/cm2, 8 TW/cm2, 4 TW/cm2, 2 TW/cm2, and
1 TW/cm2, respectively, and to simplify the notation we will state only the pulse duration
in the following.
In Fig. 3.26 the response to excitation with pulses of identical integrated power density

and di�erent duration is exempli�ed by numerical simulations of ⟨⟨cos2 θ⟩⟩c,J for selected
rotational states. The non-adiabatic limit of interaction is represented in Fig. 2.12(a) for
dynamics for the ρ0 rotational density packet upon excitation with laser pulses of 80 fs,
320 fs, and 640 fs FWHM. The pulse durations are short compared to the 2.79 ps rotational
period of the J = 0 → 2 transition. The dynamics following the 80 fs and 320 fs excitation
appears identical, and only for the 640 fs excitation pulse a small reduction in amplitude
is observed. The crossover to adiabatic behavior is visible in numerical simulations for
dynamics starting from initially J = 8 in Fig. 2.12(b). With the same pulse parameters
as above, large amplitude post-pulse oscillations appear only for the shortest excitation
pulse of 80 fs FWHM, for 320 fs excitation the amplitude of coherent oscillations is much
lower, and it is essentially reduced to zero for the longest pulse examined. The dominant
timescale in this case is the 440 fs rotational period for the J = 8 → J = 10 transition,
bringing the 320 fs excitation pulse well into the crossover region from non-adiabatic to
adiabatic, and causing completely adiabatic behavior for the 640 fs FWHM pulse.
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Abbildung 2.12: (a) Numerical simulation of ⟨⟨cos2 θ⟩⟩c in 14N2 for the ρ0 rotational density
packet upon excitation with Gaussian laser pulses with the same integrated power density
and a FWHM of 80 fs (solid black line), 320 fs (solid red line), and 640 fs (solid green
line). The respective laser pulse envelopes are represented by dashed lines. (b) Numerical
simulation of alignment dynamics for the ρ8 rotational density packet with pulse lengths
and intensities as in (a).

For short pulses, the amplitudes created during the pulse duration add up constructively
and coherent motions persists after the pulse turn-o�. For longer pulse durations, the
polarization induced during the leading edge of the pulse is coherently removed with the
trailing edge. Within the adiabatic approximation, the free rotor states evolve into pendular
states [5], the eigenstates of the combined molecule-electric �eld system, and back into free
rotor states, while the population of adiabatically corresponding levels is maintained at all
times. Thus, for a long pulse, no net excitation is transferred to the system and alignment
is high only during the pulse.
In the experimental observable ⟨⟨cos2 θ⟩⟩ all regimes of response can be contained depen-

ding on the number of populated rotational levels and laser pulse duration. The rotational
transitions contributing to the post-pulse alignment can be recovered from the Fourier
transform of the time-dependent alignment trace. Using Eq. (2.14) the Fourier transform
of ⟨⟨cos2 θ⟩⟩(t) is expressed as

⟨⟨cos2 θ⟩⟩(ω) =
∫ ∞

−∞
e−i~ωt⟨⟨cos2 θ⟩⟩(t)dt

=
∑
J′M′
J′′M′′

ρJ ′M ′J ′′M ′′(tf )⟨J ′M ′| cos2 θ|J ′′M ′′⟩ × δ(BJ ′(J ′ + 1)−BJ ′′(J ′′ + 1)− ~ω).(2.21)

With the appropriate selection rules ∆J = ±2,∆M = 0 for the matrix elements of cos2 θ,
this expression for ω > 0 is reduced to

⟨⟨cos2 θ⟩⟩(ω) = (2.22)∑
J ′ δ(−B(4J ′ + 6)− ~ω)

∑
M ′ ρJ ′+2,M ′,J ′M ′(tf )⟨J ′M ′|cos2θ|J ′ + 2M ′⟩+∑

J ′ δ(B(4J ′ + 2)− ~ω)
∑

M ′ ρJ ′−2,M ′,J ′M ′(tf )⟨J ′M ′|cos2θ|J ′ − 2M ′⟩.

The Fourier transforms thus contain the contribution of the o�-diagonal elements of the
density matrix. The population part, being time-independent after the pulse, does not
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Abbildung 2.13: Fourier transforms of alignment traces from numerical simulations of
⟨⟨cos2 θ⟩⟩c,T in 14N2 at 80 K upon excitation with Gaussian laser pulses of 40 fs (a), 320 fs
(b), and 1280 fs (c) FWHM (solid lines). The curve in (c) has been multiplied by a factor
of 10. The green line in (b) and (c) represents the Fourier transform upon 40 fs excitation.
The respective ⟨⟨cos2 θ⟩⟩c,T vs. time is plotted in the insets.

(b)

Abbildung 2.14: (a) Numerical simulation of ⟨⟨ cos2 θ ⟩⟩ in 14N2 at 80 K upon excitation
with a laser pulse of 40 fs FWHM with an power density of 10 TW/cm2 (red line) and a
laser pulse of 2 ps FWHM and an power density of 0.2 TW/cm2 (blue line). For better
visibility, the amplitude of the blue line has been multiplied by a factor of 10. (b) Rotational
dynamics observed in an experiment on solid para-H2 upon excitation with a laser pulse of
160 fs FWHM, the pulse duration greatly exceeding the fundamental rotational period ~/6B
of 90 fs [36].
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contribute to the non-zero frequency part of the Fourier spectrum. The amplitudes with
which individual coherences appear are determined by ρJ ′±2M ′J ′M ′ and the respective
projections ⟨J ′M ′| cos2 θ|J ′ ± 2M ′⟩ [175].

The crossover to adiabatic behavior with increasing pulse duration can be used to create
a rotationally cold density packet within a thermal ensemble by selectively exciting only
molecules in low rotational levels. Selective excitation in this context refers to the post-
pulse dynamics, as the alignment induced in rotationally hot molecules during the pulse
is adiabatically removed with the trailing edge. Fourier power spectra derived from nume-
rically simulated post-pulse coherent dynamics by solving Eq. (1.26) and Eq. (1.32) upon
excitation of a thermal ensemble of 14N2 at 80 K with laser pulses of 40 fs, 320 fs, and
1280 fs FWHM are displayed in Fig. 2.13(a), (b), and (c), respectively. The time traces
are given in the corresponding insets. The Fourier spectrum upon excitation with the 40 fs
pulse (Fig. 2.13(a)) spans about 10 rotational transition frequencies, while the number of
rotational levels signi�cantly populated at a temperature of 80 K is about 11 (Fig. 2.5(a)).
The crossover to adiabatic behavior for this pulse length starts at J = 9, at a fraction of
0.1 of the timescale of the J = 9 → 11 transition of 400 fs. Up to this level, the amplitudes
of the individual rotational transitions are not masked by partial destructive interferences
during the pulse duration. At room temperature, however, a large part of the populated
rotational states would already fall into the crossover region to adiabatic behavior for 40 fs
pulse duration (Fig. 2.5), and for the fully non-adiabatic limit pulse durations of 19 fs and
shorter have to be used.

For the thermal ensemble at 80 K, the crossover is realized by increasing pulse durati-
ons beyond 40 fs. In Fig. 2.13(b) the Fourier spectrum recovered upon excitation with a
pulse of 320 fs FWHM (black line) is shown compared to the spectrum upon 40 fs exci-
tation (dashed green line). The Fourier spectrum appears narrower and centered on the
low-energetic side compared to the states populated in the thermal ensemble. The decrease
in amplitude is signi�cant starting from the peak representing the J = 2 → 4 rotational
transition, and the amplitude is essentially reduced to zero above J = 8 → 10. The time
trace in the inset of Fig. 2.13(b) shows broader revival structures compared to Fig. 2.13(a),
also indicating a narrower frequency distribution. Extending the pulse duration further,
the frequency content of the post-pulse dynamics can be narrowed even more, as is exem-
pli�ed in Fig. 2.13(c) for a pulse of 1280 fs FWHM. Here the J = 0 → 2 transition is
dominating in the post-pulse dynamics, and all frequencies above J = 2 → 4 are comple-
tely suppressed. Note that the Fourier spectrum in Fig. 2.13(c) has been multiplied by a
factor of 10 for better visibility compared to the dashed green (thermal) spectrum. It is
thus not the thermal ensemble of molecules being rotationally cooled by a long pulse, but
rather the periodic dynamics is restricted to molecules in low rotational states. The small
amplitude of coherent post-pulse oscillations (inset) is due to the low statistical weight
of the contributing levels in the thermal ensemble. Characteristic of the adiabatic limit is
the high amplitude of alignment during the pulse, which is not any more recovered in the
post-pulse oscillations. The revival features in the time trace of Fig. 2.13(c) compared to
Fig. 2.13(b) appear still broader, the time scale of the beating pattern, however, is similar
in all cases, as it is governed by the largest common divisor of the rotational periods, i.e.
2B or 8.38 ps. In the extreme case, for excitation with pulses signi�cantly exceeding the
J = 1 → 3 characteristic time in FWHM, only the J = 0 → 2 transition will contribu-
te and a crossover from a 2B to a 6B revival period will appear. This is exempli�ed by
numerical simulations for nitrogen in Fig. 2.14(a), and in Fig. 2.14(b) by experimental
observations on the fast rotating para-H2, where a pulse of 160 fs FWHM already greatly
exceeds the fundamental rotational period of 90 fs [36]. In these cases, the shape of the
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alignment trace changes from the typical beating pattern with sharp, well localized peaks
to a sine-shaped oscillation at a single frequency. For experimental methods insensitive to
an isotropic background, such as optical Kerr e�ect [36, 176] or transient grating [22, 177]
detection, applying a long pulse thus serves to selectively monitor the coherent dynamics
of rotationally cold molecules within thermal surroundings. A potential application is to
study decoherence of rotational wave packets in a state-selective way.

2.3.2 Formation of rotationally hot wave packets

In the previous section, we discussed how a long pulse serves to prepare a J density packet
distribution centered at low J . In this section, we introduce a scheme to shift the rotational
distribution to high J quantum numbers. A �rst pulse excites a wide range of rotational
transitions, and now an appropriately designed second pulse has to eliminate the low J
part.
Constructive and destructive interference in rotational wave packets induced by a pair

or train of laser pulses are well known from extensive studies in the literature. Our con-
tribution complements these methods by allowing to selectively excite coherent rotational
dynamics in molecules residing in a particular band of the rotational distribution of a ther-
mal ensemble. In this way a non-thermal density-packet with adjustable J composition
can be created from a thermal ensemble. As in the rotational wave packet nuclei are mo-
ving rather than electrons, the fast oscillations of the electric �eld within the laser pulse
envelope are averaged out within the rotating wave approximation, and the only control
parameter is the timing of the second pulse with respect to the �rst one [147]. To achieve
destructive interference, the dump pulse has to be applied at half a revival time past the
pump pulse, corresponding to 4.19 ps or the root of ⟨⟨cos2 θ⟩⟩c at the half revival time
for 14N2. The density packet of the �rst pulse evolves up to the negative anti-alignment
indicated by τ1/2 in Fig. 1.14(b) while the second pulse generates the alignment maximum
visible in Fig. 1.14(b) just after t = 0. Both traces are mirror images of each other and in
the superposition they cancel.
For the destructive interference to take place it is not necessary that the dump pulse be

identical to the pump pulse. Pulses within the non-adiabatic limit create an almost identical
response in a particular rotational state (Fig. 2.6), and therefore destructive interference
can be achieved by applying a dump pulse di�ering in duration from the pump pulse if
the integrated power density is the same. In Fig. 2.15 the e�ect of dump pulses of various
duration following the excitation with a 40 fs pump pulse is quanti�ed relative to the
rotational period of a particular excited J → J + 2 transition. The maximal amplitude
of ⟨cos2 θ⟩c after the dump pulse normalized by the maximal post-pulse ⟨cos2 θ⟩c after the
pump pulse is plotted as colored symbols versus the ratio of dump FWHM to rotational
period for a range of J levels between 0 and 16. The curve gives the e�ciency of de-
excitation for a particular ratio of pulse length to rotational period, and thus can be used
to predict e�ciencies of dump pulses of various lengths for arbitrary temperatures. As
for the dependence of the degree of alignment on pump duration shown in Fig. 2.6, the
curve shows two distinct regimes with non-adiabatic and adiabatic behavior, and between
those a crossover region covering one order of magnitude in pulse duration. Once more,
a remarkable common behavior for all J is observable. As for the pump case, the non-
adiabatic limit extends up to a pulse width of ten percent of the rotational period, in this
region maximal destructive interference is achieved. The fully adiabatic region sets in at
pulse durations equal to the rotational period, where the presence of the dump pulse does
not a�ect the degree of alignment. The dependence can be qualitatively described by the
model of a convolution of Gaussian pulse with sinusoidal response. Introducing a second
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Abbildung 2.15: Semilogarithmic plot of the relative coherent contribution ⟨cos2 θ⟩c after
the dump pulse for non-adiabatic dynamics starting from selected J stated normalized by
⟨cos2 θ⟩c,max after the pump vs. ratio of Gaussian pulse FWHM of dump pulse to rotational
period of the J → J + 2 transition. All pulses have equal integrated intensities. The solid
black curve represents the dependence of amplitude on dump pulse duration according to Eq.
(2.24). The limiting value of unity is represented by the dashed horizontal line.

pulse shifted in time by the half revival time τ1/2, the convolution can be written and
analytically solved as

ρJ ′+2M ′J ′M ′(t) ∝ (2.23)∫ ∞

−∞

[√
ap
π exp

(
−apt′2

)
sinω(t− t′) +

√
ad
π exp

(
−adt′2

)
sinω(t+ τ1/2 − t′)

]
dt′

=
[
exp

(
− ω2

4ap

)
− exp

(
− ω2

4ad

)]
sinωt.

Here the pump and dump pulses with durations τp and τd are characterized by ap =
4 ln 2/τ2p , and ad = 4 ln 2/τ2d , respectively, and the rotational transition frequency ω = (4J+
6)B/~ as in Eq. (2.17). In case of a non-adiabatic pump, the �rst exponential tends to unity,
and the maximal post-pulse amplitude of ρJ ′+2M ′J ′M ′(t) resulting from the interference of
dynamics excited by the pair of pulses is accordingly expressed as

ρJ ′+2M ′J ′M ′ ∝ 1− exp

[
− π2

4 ln 2

(
τd
τrot

)2
]
. (2.24)

This curve is plotted in Fig. 2.15 as solid black line and it very well describes the
dependence of amplitudes on dump pulse duration. The relatively large scatter of data for
di�erent J states in the full simulation is due to a small phase shift appearing between the
J levels of the ensemble. Varying the timing of the dump pulse can optimize the interaction
with a particular state, there exists, however, no zero-e�ect pulse pair with which perfect
destructive interference for all levels can be achieved. This behavior has been attributed
in the literature to general properties of the three-dimensional rotor [148]. We prefer the
explanation that the impossibility to coherently de-excite all states of the ensemble by
an identical dump pulse is owing to an individual phase picked up by the population
starting from di�erent J rotational levels. Figure 2.16(a) shows the relative population of
the rotational levels upon excitation of the J = 8,M = 0 level with a laser pulse of 40
fs FWHM and a power density of 100 TW/cm2. At this high intensity, several J-levels
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Abbildung 2.16: (a) Numerical simulation of population of J rotational level during the
interaction of the J = 8,M = 0 state of 14N2 with a laser pulse of 40 fs FWHM with a
power density of 100 TW/cm2. Several rotational levels are populated by rotational ladder
climbing, every step inducing a time delay in the population. (b) ⟨⟨cos2 θ⟩⟩c,J for selected
J levels in 14N2 upon excitation with a pump pulse of 40 fs FWHM with a power density
of 5 TW/cm2 (upper panel) and 50 TW/cm2 (lower panel). Half of the rotational revival
time (4.19 ps) is indicated by the vertical arrow. The inversion point of the ⟨⟨cos2 θ⟩⟩c-
curves coincides with this time for all states for low-intensity excitation, and is signi�cantly
di�erent for di�erent states for high-intensity excitation.

are accessed by rotational ladder climbing, which therefore leads to a shift in time with
the closest levels populated earlier than the remote ones. If one associates a sine-shaped
oscillation with every of these transitions, their sum will display a phase shift with respect
to the laser pulse maximum which additionally depends on the original rotational level
via the rotational energy di�erence between neighboring levels. A small di�erence entails
a fast population transfer, and thus the lowest rotational levels should pick up the largest
phase shift in the excitation process. In Fig. 2.16(b) this e�ect is displayed together with
the dependence of the phase shift on power. The top panel displays the oscillations in
several rotational levels upon excitation with a relatively low-intensity laser pulse. This
pulse leads to a coupling to only the J ± 2 levels, with the oscillations being in phase and
starting at the laser pulse maximum. The ⟨cos2 θ⟩c curves therefore all cross in one point,
this point additionally being the center of inversion where a π-pulse would start the mirror
image of the original wave packet. At higher intensity with more rotational levels accessed
(Fig. 2.16(b)) the phase shift is signi�cant, being more pronounced in the low rotational
levels. We veri�ed that indeed the optimal timing of a dump pulse, as expected from this
�gure, does shift to later times from originally half of the rotational revival time for the
low rotational states. For an excitation power of 30 TW/cm2 in a 40 fs FWHM laser pulse,
the optimal timing for the dump pulse is shifted to 4.29 ps in the J = 0 rotational level
compared to 4.2 ps for the J = 8 rotational level (Fig. 2.16(b)).
The e�ect of optimized dump pulses on dynamics in the J = 0 and J = 8 rotational

levels is shown in Fig. 2.17. The timing of the dump pulses has been chosen to optimize
the destructive interference in the particular state. In Fig. 2.17(a) dump pulses of 40 fs,
320 fs, and 640 fs FWHM are applied after excitation with a 40 fs pump pulse. For this
rotational transition, all these dump pulse durations are well below the adiabatic limit, and
consequently act almost equally on the dynamics. The 40 fs and 320 fs dump pulses essenti-
ally reduce the post-pulse oscillation amplitude to zero, while small amplitude oscillations
are observed for the 640 fs dump pulse, indicating the onset of crossover to the adiabatic
limit. With a 440 fs characteristic time for the J = 8 → 10 rotational transition, the 320 fs
and 640 fs FWHM dump pulses are well within the crossover region to adiabatic behavior.
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Abbildung 2.17: ⟨⟨cos2 θ⟩⟩c,J in 14N2 form the ρ0 rotational density packet upon excitation
with a pump pulse of 40 fs and a dump pulse at a delay of 4.29 ps of 40 fs (solid black
line), 320 fs (solid red line), and 640 fs (solid green line) FWHM. The respective laser pulse
envelopes are represented by dashed lines. b) Numerical simulation of alignment dynamics
for the ρ8 rotational density packet with pulse lengths and intensities as in (a). The time
delay of the dump pulse is 4.2 ps.

This is demonstrated in Fig. 2.17(b), displaying post-pulse coherent oscillations starting
from the J = 8 rotational level. The 40 fs dump pulse erases the oscillations, while large
amplitude dynamics is observable after the 320 fs and 640 fs dump pulses. The presence
of a slowly varying �eld thus does not a�ect the coherent dynamics. Naturally, the �xed
phase relation, giving rise to coherent oscillatory motion, existing before the application of
the adiabatic �eld persists also after its turn-o�.

For a thermal ensemble with a distribution in J , the e�ect of a dump pulse of �xed
duration thus changes over the J spectrum. In Fig. 2.18(a), the Fourier power spectrum
for numerically simulated destructive interference in a thermal ensemble of 14N2 at 80 K
upon application of an identical pair of pump and dump laser pulses of 40 fs FWHM is
plotted. The timing of the dump pulse was chosen to minimize the amplitude of post-pulse
oscillations (inset). For comparison, the Fourier spectrum resulting from excitation with a
40 fs pump pulse (Fig. 2.13) is plotted as dashed green line. The symmetric dump pulse
of Fig. 2.18(a) removes the bulk of the spectrum from the coherent dynamics, while in the
wings small contributions are surviving. Note, however, that for better comparison of shape,
the black spectrum was multiplied by a factor of 5, and thus in the plot appears overly large.
The destructive interference in the di�erent spectral regions can be further optimized by
slight changes in the timing of the dump pulse [148]. From the discussion in the previous
section, it follows that all pulses that contain the same energy but di�er in duration have
the same e�ect in coherently exciting a rotational wave packet, as long as they can be
considered non-adiabatically short for the J set considered. Consequently, also a dump
pulse must only be equal in the energy content to coherently de-excite the wave packet,
however only within the non-adiabatic limit. Now we proceed to violate this condition for
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Abbildung 2.18: Fourier transforms of alignment traces from numerical simulations of
⟨⟨cos2 θ⟩⟩c,T in 14N2 at 80 K upon application of a pair of Gaussian laser pulses of 40 fs
duration for the pump and 40 fs (a), 320 fs (b), and 640 fs (c) FWHM (solid black lines)
for the dump pulse delayed by 4.195 ps. The curve in (a) has been multiplied by a factor
of 5. The green spectra represent the Fourier transform upon excitation with only a single
40 fs FWHM pump pulse. The respective ⟨⟨cos2 θ⟩⟩c,T vs. time is plotted in the insets with
the timing of the pulses indicated by vertical arrows.

a subset of J levels. In Fig. 2.18(b) the e�ect on the Fourier spectrum of a dump pulse
equal in timing and energy content to the case of Fig. 2.18(a) but with a pulse duration
of 320 fs FWHM is plotted. In the time trace, the coherent oscillations persist after the
dump pulse (inset), however with an amplitude that appears much reduced. The Fourier
transform of the trace reveals that the spectrum after the dump pulse, represented by the
black line, is lacking the low energy part compared to the single-pulse case (dashed green
line). Figure 2.18(c) displays the Fourier transform of the oscillations after application of
a 640 fs FWHM dump pulse. This pulse, as expected, appears to a�ect only the lowest J
levels.

Long dump pulses thus interact selectively with the red part of the spectrum. Indeed,
destructive interference is achieved irrespectively of the duration of the dump pulse as
long as it is within the non-adiabatic limit, which is exactly true for the red wing of the
rotational distribution. Rotational transitions for which the dump pulse is long enough
to interact adiabatically, however, are not a�ected by its presence. As a result, the wave
packet spectrum after application of an asymmetric pair of pump and dump pulses appears
shifted to higher energies compared to the original case. The shift is not due to heating
but rather due to selective de-excitation of the red wing of the wave packet spectrum back
to the original isotropic distribution. Tuning the pulse width of the dump pulse allows to
control the limits of de-excitation and to generate narrow non-thermal wave packet spectra.
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2 Numerical simulations

The large crossover region form non-adiabatic to adiabatic, however, demands to sacri�ce
large amplitudes in case spectral purity is required.

2.3.3 Discussion

We thus demonstrated that adapting the pulse duration in non-resonant excitation of wave
packet states can serve as a tool to achieve spectral selectivity otherwise not permitted by
the non-resonant nature of the process. For a quantum system with transition frequencies
strongly increasing with the quantum number, increasing the excitation pulse length leads
to a selective excitation of the low energetic side of the spectrum, as higher lying levels are
adiabatically transferred back into their original state. In double-pulse experiments, the
length of the second (dump) pulse can be adjusted to selectively eliminate the red wing of
the spectrum by tuning it into the adiabatic limit for the blue wing. The J composition of
the resulting alignment signal may be far from the temperature of the environment. With
both schemes together, low J and high J rotational density packets can be designed. The
selectivity of the method depends on the non-equidistant spacing of quantum levels, and is
expected to increase with increasing level spacing, e.g. for rotational wave packets in O2 or
H2. Note, however, that in these approaches of shaping the spectra of coherent oscillations,
no signi�cant population transfer between states is involved but rather the coherent rota-
tional motion is restricted to a certain subpopulation, with the bulk of molecules forming
an isotropic thermal background. From the viewpoint of experiments, it is thus favorable
to employ a technique only sensitive to deviations from isotropy such as, e.g. the detection
of time-dependent changes in birefringence in an optical Kerr e�ect or transient grating
experiment.
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3.1 Optical Kerr e�ect spectroscopy

Molecular alignment is measured experimentally by various techniques, including disso-
ciative ionization (e.g. in Refs. 95, 96) and Coulomb explosion with subsequent fragment
detection (e.g. in Refs. 14, 15, 178). Optical techniques measure the induced anisotropy via
the optical Kerr e�ect [42, 176] or transient induced gratings [22, 177, 179]. The optical
techniques o�er a usually better signal to noise ratio, and additionally the measured signal
amplitudes can be directly related to the microscopic alignment [176, 180�182]. In this
work, we detect the alignment using ultrafast optical Kerr e�ect spectroscopy.
The Kerr e�ect corresponds to the induction of an anisotropy in a material by an electric

�eld. It is named after John Kerr who discovered in 1875 that by application of a strong
electric �eld an otherwise isotropic material can become birefringent [183]. The material
dependent Kerr constant K relates the change in refractive index ∆n to the square of the
applied electric �eld:

∆n = λ0KE
2, (3.1)

where λ0 is the vacuum light wavelength. All media display a Kerr e�ect, while its linear
counterpart, the so-called Pockels e�ect, can only appear in case of no inversion symmetry.
The electric �eld inducing the anisotropy can be created by an intense light source, such

as a laser. The e�ect is then termed optical Kerr e�ect or AC Kerr e�ect. The nonlinear
polarization in this case is expressed as

P = ε0

(
χ(1) + χ(3)|Eω|2

)
Eω. (3.2)

Here χ(1) and χ(3) denote the linear and third order nonlinear susceptibility [184, 185],
respectively, and Eω = Eω cos(ωt) is the electric �eld of the light source. With the relation
n =

√
1 + χ for the refractive index, one obtains for χ(3) << n20

n(I) = n0 +
3χ(3)

8n0
|Eω|2 = n0 + n2I, (3.3)

where I(r, t) is the intensity, and n2 with the dimension of 1/intensity is the so-called
nonlinear refractive index.
Important e�ects following from n2 for very high intensities are self-focusing [186], which

is a consequence of its spatial part, and self-phase modulation [187] which is a consequence
of the temporal part. At lower intensities, the optical Kerr e�ect is an important tool
in spectroscopy. All materials display an instantaneous anisotropic response to an intense
polarized laser pulse as the electronic orbitals are deformed in the �eld. In media consisting
of non-spherical particles, reorientation can occur following the electronic polarization, and
its build-up and decay is studied by optical Kerr e�ect spectroscopy. The instantaneous
Kerr response from the electronic polarization and the slower reorientation dynamics of
anisotropic particles are exempli�ed in Fig. 3.1(a) and (b), respectively.
In optical Kerr e�ect spectroscopy the anisotropy which builds up in a sample following

excitation with linearly polarized light is studied [18, 188�190]. The use of short laser pulses
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Abbildung 3.1: (a) Optical Kerr e�ect response of 1600 mbar argon (solid line) at 300 K
upon the excitation with a 780 nm laser pulse with 165 fs FWHM duration (dashed line)
in our setup. The electronic response is instantaneous, the broadening relative to the pump
pulse arises from a convolution with the probe pulse duration. (b) Schematic optical Kerr
e�ect response of an anisotropic liquid. The dashed line represents the pulse envelope, the
solid line the material response. Reorientation of the liquid molecules creates an anisotropy
that persists even after turn-o� of the pulse. The decay of the signal is related to orientational
relaxation.
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Abbildung 3.2: Principle of an optical Kerr e�ect experiment.(a) A strong linearly polarized
pump pulse (purple) passes an initially isotropic sample. The electric �eld of the pump
induces an anisotropy in the sample. (b) A weak probe pulse (blue) polarized at 45 degrees
with respect to the pump passes the sample with a time delay ∆t. At the presence of an
anisotropy in the sample, the polarization of the probe changes to elliptic, and a fraction
of the intensity is transmitted through the analyzer set perpendicular to the initial probe
polarization onto the detector.
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3.1 Optical Kerr e�ect spectroscopy

in time-resolved optical Kerr e�ect spectroscopy allows to follow the time-dependence of the
anisotropy and thus to study reorientation and relaxation processes [191, 192]. An intense
linearly polarized pump pulse far o� resonance from any electronic, vibrational or rotational
transition in the sample induces reorientation of the sample particles by interaction with
either permanent or pump-induced dipole moments (Fig. 3.2(a)). The pump is followed by a
weak linearly polarized probe pulse delayed by a variable time∆t, probing the birefringence
that appears in the sample upon the reorientation of its particles. Under non-resonant
conditions, as in this work, birefringence is the dominating e�ect induced by the pump
laser. Approaching a resonance leads to a growing additional dichroism, which is neglected
in our case [193]. The polarization of the probe becomes elliptic as it is split up into an
ordinary and an extraordinary beam depending on the momentary position of the main
axes of birefringence in the sample. An analyzer with its polarization set perpendicular to
the original probe polarization in the presence of birefringence transmits the induced out-
of-plane component of the probe electric �eld (Fig. 3.2(b)). By this method, the build-up,
time-development and decay of non-resonant molecular alignment can be studied.
To describe the experiment quantitatively, one considers the e�ect of the system response

to the pump pulse on the electric �eld of the probe pulse. Derivations of the system response
in a Kerr e�ect experiment can be found in Refs. 190 and 18. Here we brie�y outline the
derivation following Ref. 18.
The electric �eld Ep of the probe laser pulse propagating in z direction at a time t can

be written as
Ep(z, t) = εpe

i(kz−ωt), (3.4)

where εp is the magnitude of the probe electric �eld before the sample, k is the wave vector,
and ω the light frequency. In the presence of a pump intensity-dependent refractive index
n2I, the wave vector becomes intensity-dependent according to k(I) = 2π/λ(I) = ωn(I)/c,
with n(I) = n0 + n2I. The probe electric �eld can thus be expressed as

Ep(z, t) = εp exp

[
iω

(
(n0 + n2I)z

c
− t

)]
= εp exp

[
iω
(n0z
c

− t
)](

1 +
iωn2Iz

c

)
+ . . . ,

(3.5)
where the right hand side is the �rst order of a Taylor series of the exponential for a small
nonlinear refractive index. n2I can be calculated by convolution from the system response
tensor R1234 and the temporal pro�le of the pump intensity I0(t):

n2I =

∫ t

−∞
dt′R1234(t− t′)I0(t′). (3.6)

Abbildung 3.3: The four frequencies interacting
in the optical Kerr e�ect experiment. Transiti-
ons occur between the levels labeled | 1⟩ and | 2⟩
via the virtual level | i⟩.

The four indices of the system response
tensor R1234 correspond to the four Cartesi-
an components of the frequencies involved
in pump and probe steps of the experiment
(Fig. 3.3). ω1 and ω2 are frequencies contai-
ned in the bandwidth of the pump, exciting
a rotational transition from | 1⟩ to | 2⟩ via
a stimulated Raman process and a virtu-
al level | i⟩. ω3 and ω4 are responsible for
the Raman-type probe process. Under our
experimental conditions (Fig. 3.2), the po-
larizations of ω1 and ω2, and also of ω3 and
ω4 are equal. The pump pulse in the experiment is linearly polarized and propagates in z
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direction, its polarization direction will be denoted as x. The probe pulse is polarized at an
angle ϕ with respect to the pump pulse, and the analyzer is set perpendicular to the probe
polarization at an angle ψ to the pump. The polarization geometry is shown in Fig. 3.4.
Maximum sensitivity is achieved for ϕ = −ψ = 45 degrees.
The electric �eld of the probe at time delay ∆t in the direction of the analyzer ψ can

thus be expressed as a superposition of the modi�ed probe �elds in x and y directions:

Ep,ψ(t,∆t) =

[
εp,i(t−∆t)eiω(

n0z
c

−t+∆t)
(
1 +

iωz

c

∫ t

−∞
dt′Riiii(t− t′)I0(t′)

)]
cosψ

+

[
εp,j(t−∆t)eiω(

n0z
c

−t+∆t)
(
1 +

iωz

c

∫ t

−∞
dt′Riijj(t− t′)I0(t′)

)]
sinψ. (3.7)

pump

analyzerprobe

Abbildung 3.4: Polarization settings in an op-
tical Kerr e�ect experiment.

Here, i and j in the indices denote the unit
vectors in x and in y directions. The re-
latively simple form of Eq. (3.7) is caused
by the simple form of the system response
tensor in an initially isotropic transparent
medium. In this case, only the components
Riiii and Riijj exist.
In many experiments, the probe polari-

zer is detuned by a small angle ϑ from the
perpendicular direction with the analyzer
(Fig. 3.4). In this case, a small fraction of
the probe intensity is transmitted onto the
detector even in absence of birefringence in
the sample. This time-independent signal is referred to as an out-of-phase local oscillator.
Including the detuning by the angle ϑ, the probe electric �eld in x and y directions is
expressed as

εp,i = εp(cosϑ cosϕ− i sin θ sinϕ) (3.8)

and
εp,j = εp(cosϑ sinϕ− i sin θ cosϕ) (3.9)

in terms of the initial probe envelope εp. The time-dependent intensity I(∆t) recorded by
the detector is the time average of the square of the electric �eld Ep(t). The recorded signal
is expressed as a sum of three components:

I(∆t) =
⟨
Ip sin2 ϑ

⟩
t
+ Ihom(∆t) + Ihet(∆t). (3.10)

The �rst component is the constant contribution due to the local oscillator. The second
component is the homodyne signal, also referred to as the quadratic signal, and the third
component is the so-called heterodyne signal, or linear signal. The homodyne signal results
from the square of the out-of plane electric �eld appearing as a consequence of the change
in the probe polarization:

Ihom =

⟨∣∣∣∣∣εp(t− τ)
ωz

c

∫ t′

−∞
dt′Ra(t− t′)I0(t′)

∣∣∣∣∣
2⟩

t

. (3.11)

Here Ra is the e�ective system response tensor with Ra = Riiii cosϕ cosψ+Riijj sinϕ sinψ.
Ihom is called the quadratic signal as it depends quadratically on the pump intensity I0.

The homodyne signal is always positive, as it measures only a deviation from isotropy but
not its direction.
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The heterodyne signal results from the interference of the local oscillator with the mo-
di�ed electric �eld of the probe:

Ihet = 2

⟨
Ip(t− τ) sinϑ

ωz

c

∫ t′

−∞
dt′Ra(t− t′)I0(t′)

⟩
t

. (3.12)

This is referred to as the linear signal as the dependence on pump intensity is linear. Depen-
ding on the detuning angle ϑ, the heterodyne signal can change its sign, the interference
can be destructive or constructive. In addition to the amplitude of birefringence, the he-
terodyne signal contains information on the momentary position of the fast and the slow
axis of birefringence in the sample due to the interference with the local oscillator.
The system response tensor is the macroscopic manifestation of microscopic reorientation

processes that occur in the sample following the excitation by the linearly polarized pump.
Now we return to the angle θ characterizing the alignment of the axis of a diatomic molecule
with respect to the laser polarization direction (see Sec. 1.3.1). To extract meaningful
information on the microscopic processes from the measured quantities Ihom and Ihet a
quantitative relation of Ra and the microscopic observable cos2 θ has to be established.
This was accomplished within the framework of RIPS and RCS by a perturbation theory
approach [37]. In Refs. 176 and 194 it was con�rmed that the proportional relation between
the measured signal and the expectation value of cos2 θ is universally valid also for non-
perturbative pump intensities, and one has

Ihom ∝
[
⟨⟨cos2 θ⟩⟩ − 1

3

]2
(3.13)

for the homodyne detected signal and

Ihet ∝
[
⟨⟨cos2 θ⟩⟩ − 1

3
+ C

]2
(3.14)

for the heterodyne detected signal. The related all-optical transient grating and four-wave
mixing methods also are sensitive to ⟨⟨cos2 θ⟩⟩ [180�182]. The full angular distribution
is recovered in the Coulomb-explosion based detection of the distribution of molecular
fragments [19, 178].
These expressions will be used in the following chapter to derive phase lags and inten-

sity ratios for our experiment, thus providing a quantitative measure of the laser-induced
alignment.

3.2 The experimental conditions

In the present work, the degree of molecular alignment induced by a strong pump pulse
in gas phase nitrogen had to be detected in a range of temperatures between room tempe-
rature and the liquefaction temperature of the sample (80 K). To this end, two di�erent
setups have been constructed. In a standard setup for the ultrafast detection of the opti-
cally induced Kerr e�ect we derive pump and probe beam from the same laser beam and
cross them in the sample at a small angle (Fig. 3.5). For the temperature dependent mea-
surements a setup with collinear pump and probe of di�erent colors for maximum overlap
under the spatially restricted conditions of a helium-bath cryostat was used (Fig. 3.6) 1.

1An experimental setup with collinear pump and probe geometry was built for comparative evaluation
within the diploma thesis of Jochen Maurer [40]. For the temperature-resolved experiments we used a
similar setup constructed around a helium-bath cryostat by Falk Königsmann.
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Abbildung 3.5: Standard experimental setup for measurement of the ultrafast optically in-
duced Kerr e�ect. Pump and probe are derived from the same laser beam and cross in the
sample at a small angle (see text).

3.2.1 Standard setup with crossed pump and probe

An optical Kerr e�ect experiment involves the creation of an anisotropy in a sample by
a Raman-type process, and its time-resolved detection through the modi�cation of the
polarization status of a probe pulse. The requirements regarding the laser source are that
pulses be short compared to the timescale of sample dynamics and relatively intense, given
the non-resonant nature of the process. The particular color of the pump and probe laser
beams is of minor importance as long as o�-resonant processes prevail. In the standard
optical Kerr e�ect setup therefore the fundamental of a Ti:sapphire laser is used to provide
both pump and probe, which overlap in the sample at a small angle, and after the sample
the probe beam is discriminated spatially (Fig. 3.5) by blocking the pump beam.
The laser source in our setup is a commercial Ti:sapphire ampli�ed erbium-doped �ber

oscillator (Clark CPA 2001 MXR) emitting pulses of 165 fs pulse duration (FWHM) with
a repetition rate of 1 kHz at a central wavelength of 780 nm with a total power of 900 mW.
A fraction of 10 percent of the total output is split at a beam splitter (BS1) into two parts,
the stronger of wich (up to 90 mW) being used as a pump, and the weaker (up to 1 mW)
as a probe.
The pump is passed by means of dielectric mirrors over a commercial (Physik Instrumente

M.505PD) computer controlled delay stage with a resolution of down to 1µm (6.67 fs) and
a total range of 15 cm (corresponding to 1 ns) to provide a tunable delay between pump
and probe. After this it passes through a Glan-Thomson polarizer (P2), the polarization of
which is set to an angle of 45 degrees with respect to the vertical. The tilted polarization
of the pump was favored over tilted polarization of the probe, as in the beam path of
the pump no dielectric mirrors are used after the polarizer. Before the pump polarizer, a
half-wave plate (λ/2, Thorlabs) is inserted to act as a continuously tunable �lter for the
adjustment of intensity of the pump. Given the initially imperfect polarization of the input
laser beam, this combination made it possible to cover almost two orders of magnitude in
pump power (2 mW - 90 mW). The pump is then focused by a lens of 15 cm focal length
(L1, quartz or BK7) into a home-built gas cell with a free optical path of 30 cm between
two CaF2 windows (diameter 1 in, thickness 2 mm), and after the sample is stopped by a
beam block. The gas cell is constructed to host sample pressures from 10 mbar up 5 bar,
monitored by pressure gauge (MKS Baratron).
The polarization of the probe is set to an angle of 45 degrees with respect to the pump
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by a Glan-Thomson polarizing prism (P1, Gebr. Halle Nach�.) for homodyne detection, or
deviating from this by few degrees for heterodyne detection. As in the beam pump path,
a half wave plate (λ/2) in front of the polarizer acts as a continuously tunable �lter. After
the polarizer, a quarter wave plate (λ/4) is inserted in the probe beam path to compensate
for strain-induced birefringence. Zero-order, low-order and broadband (450-800 nm) wave-
plates (all fabricated by Thorlabs) were tested and found to be equal in performance as
the dominating e�ect introducing spurious ellipticity was the wavelength-dependence of the
birefringence of the optical components rather than the quality of the wave plate. Probe
and pump are then focused into the sample by the same 15 cm lens (L1) to overlap in the
focus of the lens at a small angle. To separate the signal from out-of focus contributions
as they can arise in e.g. windows, after the sample the probe beam is cleaned by confocal
imaging of the overlap region via a 15 cm lens (quartz or BK7) in a 2f-geometry onto
an aperture (A, 30 µm diameter pinhole). The transmitted beam is then collimated by
another 15 cm focal length lens (L3, quartz or BK7) and �ltered by an analyzing Glan
Thomson polarizing prism (P3, Gebr. Halle Nach�.), the axis of which is set to -45 degrees
with respect to the pump. Probe polarizer and analyzer form a matched pair of polarizers
with a nominal extinction ratio of up to 6·10−5, though the achievable dynamic range is
limited by the quality and strain-induced birefringence in the optical components.
The intensity transmitted through the analyzer is then detected by a �ber-coupled CCD-

based optical spectrometer (Ocean Optics) with 2048 pixels and a resolution of 0.4 nm per
pixel (total wavelength range 340-1150 nm) and recorded on a computer. The linearity of
the detector was found to be excellent with respect to intensity as well as to integration time
over more than three orders of magnitude [35]. The relatively low sensitivity of the Ocean
Optics spectrometer compared to e.g. cooled CCD cameras is of minor importance as the
signal level can be easily adjusted by changing the probe intensity. The dynamic range of
the �ber-optic spectrometer of three orders of magnitude for a �xed integration time could
not be matched by liquid-N2 cooled CCD cameras available in the laboratory. The whole
setup is steered from a personal computer by means of a home-written LabView routine
controlling the step width of the delay stage, integration time and number of averages for
the detector as well as the recorded wavelength range. The program was optimized using
the LabView inbuilt pro�ler for fast performance, as a typical experiment covers a range
of some 100 ps, corresponding to some 1000 steps with 40 µm (266 fs) resolution. The
minimum time spent on measuring one point is set to 1 s to average over 1000 pulses
for good data quality as the detector cannot be reliably triggered. For every second of
measurement in the �nal version the program additionally takes an overhead of 200 ms.
The total measuring time spent is typically about 1 hr per trace, during which sample and
laser have to be kept stable.

3.2.2 Setup with collinear pump and probe

While the standard version of the setup was used successfully for measurements at room
temperature, measurements at low temperature were performed with a setup connected
to a He-bath cryostat hosting the sample compartment. The cryostat is otherwise used
in the group for experiments on cryogenic hydrogen, and the sample is kept in a copper-
enclosed cell of 3 cm thickness (Fig. 3.6) in thermal contact with liquid helium or nitrogen
depending on the desired temperature regime. In this case, the restricted accessibility makes
it necessary to deviate from the crossed pump and probe scheme, as during the adjustment
the foci of the beams are likely to be placed on a window, with the intensity in both beams
being substantially higher than the damage threshold of CaF2. Therefore, an experimental
approach described in Ref. 103 was adapted to our system, in which the pump and probe
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Abbildung 3.6: Experimental setup for measurement of the ultrafast optically induced Kerr
e�ect with collinear alignment of pump and probe beams (see text).

beams propagate collinearly and are discriminated spectrally rather than spatially. Aside
from easier adjustment, the approach has the additional advantage of providing a large
interaction volume even for lenses with relatively short focal length. It can thus combine
high intensity with high sensitivity.
The laser source was the same commercial Ti:sapphire ampli�er (Clark CPA 2001 MXR)

seeded by an inbuilt erbium-doped �ber oscillator, and at a later stage by an external
�ber oscillator (IMRA femtolite 780). In both cases, the spectrum of the fundamental was
centered around 780 nm with a pulse duration of 165 fs at a repetition rate of 1 kHz.
Seeding by the inbuilt �ber oscillator resulted in an output power of up to 900 mW and
pulse-to-pulse �uctuation exceeding 2 percent. The external oscillator showed improved
values of 1 W total output power with a pulse-to-pulse stability of about 1 percent.
A fraction of the laser fundamental is frequency doubled in a nonlinear crystal (BBO,

beta-barium borate) such that most of the intensity passes the crystal unmodi�ed. The
fundamental is then separated from the weak second harmonic by means of a dichroic mirror
(BS1), and passed through a pump beam path similar to the one described in the previous
section. The second harmonic, to be used as a probe, passes a variable telescope (L3, L4)
to adjust the divergence of the beam as to compensate for the wavelength-dependence of
refractivity of lenses. Otherwise the probe beam path before the sample is similar to the
one described in the previous section. All lenses in the probe beam path are quartz, the
ones in the pump beam path of quartz or BK7. Due to the wavelength-resolved nature of
the detection, no e�orts were made to compress the probe pulse after frequency doubling.
Before the entrance widow of the cryostat, the two beams are overlapped spatially on

a dichroic mirror (BS2), and focused into the sample by a 15 cm lens (L5, quartz). The
sample compartment is an enclosed copper gas-cell of 3 cm length with two CaF2 win-
dows (diameter 1 in, thickness 2 mm). It is attached to the cold �nger of a bath cryostat
(CryoVac), operated as a nitrogen-bath cryostat to provide tunable temperatures between
close to liquid nitrogen temperature (80 K) and room temperature. The temperature is
adjusted by regulating the �ow of liquid nitrogen to the cold �nger by a needle valve and
monitored through the voltage across a semiconductor diode. The sample cell can host
pressures between 1 mbar and 1000 mbar, monitored by a vacuum gauge. The cold �nger
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Abbildung 3.7: (a) Schematic of the experimental geometry in the overlap region of pump
and probe. The sample compartment is a copper-enclosed gas cell of 3 cm length mounted
inside a He-bath cryostat, and surrounded by an additional radiation protection shield. (b)
Schematic of a close-up of the interaction volume around the beam waist of the focused
beams. The focal radius is given by w0, the interaction region is denoted by l = 2zR, with
zR being the Rayleigh length.

is surrounded by a radiation shield, also with CaF2 windows of 2 mm thickness, and the
outer wall of the cryostat with CaF2 windows of 4 mm thickness (Fig. 3.7(a)). A schematic
close-up of the interaction volume of the pump and probe beams is shown in Fig. 3.7(b).

After passing through the sample, the two beams are collimated by a second lens identical
to the focusing lens (L6) and passed though the analyzer (P3) set to - 45 degrees with
respect to the pump polarization. An aperture (A, 30 µm pinhole) serves to select a small
area of the collimated probe beam, as the number of windows passed within the cryostat
deteriorates the polarization properties of the probe to an extent that severely limits the
experimental resolution. Though the setup is in principle similar to the one used in the
z-scan technique [195�197], capable of delivering information on nonlinear refraction and
nonlinear absorption at the same time, the large inhomogeneities in altogether six windows
did not allow this re�nement. The nonlinear absorption, however, under our far o�-resonant
conditions is expected to be small compared to birefringence. After the sample, the intense
pump radiation is then suppressed by spectral �ltering by a colored glass �lter (F, Newport,
BG 38), and the transmitted probe is detected and recorded as described above.

3.2.3 Laser pulse properties

In all experiments, the fundamental of a Ti:sapphire laser was used as a pump laser. The
pulse spectrum was characterized with CCD-based �ber-coupled optical multichannel ana-
lyzer (Ocean Optics), which was calibrated by means of mercury and neon spectral stan-
dards (Lambda Physik). A spectrum of the pump laser is shown in Fig. 3.8(a). The pulse
is characterized by a close to Gaussian spectrum with a FWHM of 8 nm, centered a wave-
length of about 780 nm. Slightly varying central wavelengths for the pulses in the following
�gures originate from the change of the seed source from inbuilt SErF oscillator to the
external IMRA femtolite 780 in the course of the work. The FWHM of 8 nm corresponds
to a bandwidth of 130 cm−1 in energy, within which rotational transitions with ∆J = 2
up to J = 20 in nitrogen are contained. A FWHM bandwidth of ∆E1/2 = 130 cm−1 or
∆ν1/2 = 4 THz for the pump translates into a Fourier-limited pulse width of ∆t1/2 ≈ 110 fs
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l l

Abbildung 3.8: Spectra of (a) the pump laser (Ti:sapphire fundamental) centered at 782 nm
(red symbols) with a Gaussian �t with FWHM of 8 nm shown as gray line, and (b) its second
harmonic at 390 nm (blue symbols) as it is used for probing in the collinear setup (Gaussian
�t with 3.7 nm FWHM shown as gray line).

w1

w2

t

2w1

2w2

w +1 w (t)2

w1

w2

t

I(t)

P1

P2 P3

(a) (b)

Abbildung 3.9: Schematic setup for SFG FROG (a) and PG FROG (b). In a SFG FROG
experiment, two pulses centered at the frequencies ω1 and ω2 overlap in space on a non-
centrosymmetric nonlinear crystal, e.g. BBO. If the pulses overlap in time and in space,
the sum frequency (ω1 + ω2)(τ) appears. A PG FROG setup is largely equivalent to an
ultrafast optical Kerr e�ect setup. The observable is the elliptic component I(τ) in the
linearly polarized probe pulse (blue) induced if the pump pulse (red), polarized at 45 degrees
with respect to the probe, overlaps in time and space with the probe in the nonlinear medium.

FWHM according to [198]

∆t1/2 =
2 ln 2

π

1

∆ν1/2
. (3.15)

The actual pulse duration was determined by means of a frequency resolved optical ga-
ting (FROG) method [199]. In FROG, a gate pulse with well known properties serves to
characterize a probe pulse by a nonlinear optical interaction in a nonlinear medium. The
signal resulting from this interaction has to be separated from the individual e�ects of both
pulses, and appears only at times, when both pulses overlap in the medium spatially and
temporally with a possible additional dependence on the instantaneous phase, amplitude
and wavelength of the gate pulse. FROG is a powerful tool that in principle allows to reco-
ver amplitude and phase of the probe pulse from inverting a energy vs. time delay surface
by appropriate algorithms [199]. In our case, however, the detailed phase of the pulses is
irrelevant to the experiment. Furthermore, spectra and temporal envelopes of the pulses
display a close to Gaussian shape. Therefore, the analysis of the FROG traces was limited
to extracting pulse width and chirp (change in color over the pulse duration) by assuming
Gaussian envelopes.
The pump pulse (Ti:sapphire fundamental) was characterized by means of a sum fre-

quency generation (SFG) FROG. In this method, the nonlinear interaction is SFG in a
non-centrosymmetric nonlinear medium, in this case a 0.1 mm thick BBO crystal cut for
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Abbildung 3.10: SHG FROG surface of the Ti:sapphire fundamental, resulting from a con-
volution of pump and probe pulses, both of which are derived from the fundamental beam.
On the left panel the projected spectrum of the second harmonic is displayed. On the bottom
panel the integrated trace (red line) over time is plotted together with a least-squares �t to a
Gaussian envelope (gray line) yielding a FWHM of (235 ± 5) fs for the convolution.

type II phase matching [185]. The laser fundamental serves as both pump and probe, thus
e�ectively a second harmonic generation (SHG) takes place. Both laser pulses create their
second harmonic in the BBO independently of each other, however, frequency conversion
has to satisfy not only energy conservation but also momentum conservation. The doubled
frequency originating from interaction of both pulses therefore is emitted from the crystal
along the center of the two beams (Fig. 3.9(a)). A wavelength vs. time delay surface from
this experiment is shown in Fig. 3.10. Being a second-order method and equivalent to an
autocorrelation, the SHG FROG trace is symmetric in time and does not reveal the pre-
sence of any chirp [199]. On the left panel of Fig. 3.10 the projected spectrum of the second
harmonic is shown, and on the bottom panel the integrated intensity over delay time. The
generation of the second harmonic takes place with an amplitude equal to the product of
the two electric �elds. In our case it amounts to a convolution of two identical Gaussian
pulses, yielding a Gaussian envelope with the FWHM increased by a factor of

√
2:∫ ∞

−∞
A1 exp

(
t2

2∆t2

)
A2 exp

(
(t− τ)2

2∆t2

)
dt = Ã exp

(
τ2

2(2∆t)2

)
. (3.16)

The FWHM of the convolved trace was determined by least-squares �tting to a Gaussi-
an envelope to be (235 ± 5) fs. Recalculated into the FWHM of the original pulse this
corresponds to 165 fs, a value also supported by later measurements with a commercial
autocorrelator.
For measurements at room temperature, the same parameters also apply to the probe

pulse. This was veri�ed by performing an in situ polarization gating (PG) FROG experi-
ment in argon gas at 900 mbar pressure and room temperature in the sample compartment
(Fig. 3.9(b)). The PG FROG method relies on the instantaneous electronic polarization
in a nonlinear medium, which results in birefringence modifying the polarization of a pro-
be pulse. The principle is the same as of the optically induced Kerr e�ect, the choice of
nonlinear media, however, is limited to materials with purely electronic response, as slow
reorientation of particles would distort the image of the trailing edge of the pulse. In a
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Abbildung 3.11: (a) PG FROG surface of the probe pulse derived from the Ti:sapphire fun-
damental in argon gas at room temperature an 900 mbar pressure. The pattern is symmetric
in time, indicating the absence of chirp. (b) PG FROG trace from (a) integrated over the
spectrum (solid blue line) and Gaussian envelope �tted by a least-squares procedure (gray
line). The Gaussian �t has a FWHM of (175 ± 4) fs, corresponding to a pulse FWHM of
157 fs (pulse envelope shown as dashed black line).

PG FROG trace a chirp shows as a tilt of the resulting pattern in time. The trace resul-
ting from using the fundamental as both pump and probe is shown in Fig. 3.11(a). It is
symmetric in time and thus shows that the fundamental, when being used as a probe does
not display any chirp. From this experiment the pulse width was determined by �tting the
integrated spectrum with a Gaussian envelope (Fig. 3.11(a)) and extracting the width τ
of the original pulse according to [199]

τFROG =

√
τ2pump

2
+ τ2probe, (3.17)

where τFROG is the FWHM of the convolution of two Gaussian functions with FWHM of
τpump and τprobe for pump and probe, respectively. The pulse width of the pump has to be
halved as the Kerr e�ect depends quadratically on the electric �eld of the pump pulse. The
Gaussian �t yields a FWHM of (175 ± 4) fs, resulting in a probe pulse width of 157 fs,
largely consistent with the 165 fs for the pump obtained by SHG FROG.
For the ultraviolet probe pulse in the colinear geometry, in situ characterization via the

PG FROG method delivered a probe FWHM too large to be consistent with the broadening
observed in the rotational revivals. This is most likely due to an overwhelmingly large
nonlinear response from the windows of the gas cell compared to argon gas as a nonlinear
medium. The UV probe pulse duration was determined by �tting the numerically simulated
alignment signal to the rotational revivals observed and was found to be about 130 fs
FWHM for the unchirped pulse.
Color aberrations in the optical components of the setup lead to the ultraviolet probe

usually displaying a chirp (Fig. 3.12(a)). Given the wavelength-resolved nature of the de-
tection, no e�orts were made to compensate for chirp in the experiment. To account for
the e�ect of the chirp on our data, we implemented a computer code numerically removing
the chirp by shifting data lines for individual points in the spectrum with respect to each
other. The goal is achieved if the signal appears at the same time in all spectral channels.
Figure 3.12(b) shows the e�ect of computationally compensating for the chirp by shifting
the traces at the longer wavelength pixels successively more backward in time. The typical
tilted surface arising from a chirped pulse in turned into an upright one, thus reducing
the total width in time of the revival from 0.7 to 0.6 ps. In Fig. 3.12(c) the e�ect of this
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l l

Abbildung 3.12: (a) Wavelength vs. delay time surface plot of the second harmonic of the
Ti:sapphire fundamental at the time of the �rst revival in N2. The pulse displays a negative
chirp highlighted by the dashed red line following the center of intensity of the alignment
peak. (b) Chirp computationally compensated by shifting the red pixels backward in time
to achieve a non-tilted surface. (c) Integrated intensity of the uncorrected signal (black) in
comparison with the corrected one (red).
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Abbildung 3.13: Experimentally detected heterodyne signals in air under ambient conditions
with opposite detuning ϑ (see Fig. 3.4) of the local oscillator in top and bottom traces.
The sample is excited by a Gaussian laser pulse of 160 fs FWHM and a power density of
20 TW/cm2. The revivals for nitrogen and oxygen are marked by black and gray vertical
lines, respectively.

compensation on the integrated spectrum is shown. The corrected signal (red) is better
modulated and narrower in time than one derived from the raw data (black).

3.2.4 Homodyne vs. heterodyne detection

Molecular alignment is detected in a Kerr e�ect experiment through modi�cation of the
polarization properties of a probe pulse. The total detected intensity (cf. Sec. 3.1) is in
general a sum of the contributions of a local oscillator E2

Lo, the heterodyne signal 2ELoEs
and the homodyne signal E2

s [18], see also Eqs. (3.13) and (3.14):

Idet ∝ E2
Lo ± 2ELoEs + E2

s . (3.18)

For heterodyne detection, the amplitude of the local oscillator is chosen to be larger than
the expected signal. The heterodyne contribution then dominates with respect to the ho-

67



3 Experiments

0 2 4 6 8 10 12
-10

-5

0

5

10

 

 

in
te

n
s
it
y
 [

a
rb

. 
u

n
it
s
]

time delay [ps]

Abbildung 3.14: Di�erence of the two experimental traces of Fig. 3.13 yielding the pure
heterodyne signal. In addition to the amplitude of the birefringence signal it also measures
the relative direction of fast and slow axes in the sample.
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Abbildung 3.15: Sum of the two experimental traces of Fig. 3.13 yielding the pure homodyne
signal (gray line). The black line is the signal from an experiment with detection adjusted
to ϑ = 0 for homodyning (scaled down and upshifted for better visibility). In the homodyne
signal, all deviations from the isotropic sample lead to positive deviations from a baseline
ideally equal to zero.

modyne one. It depends linearly on the interference of the signal electric �eld and the local
oscillator and thus shows deviations from the isotropic value to the negative as well as to
the positive side, depending on the relative phase of signal and local oscillator.
The local oscillator is created by turning the probe polarizer by a small angle ϑ (Fig. 3.4

of Sec. 3.1). This creates a small elliptic polarization in the probe, with the direction of
rotation of the electric �eld vector determined by the direction in which the probe polarizer
was detuned with respect to the quarter-wave plate. The resulting perpendicular electric
�eld interferes with the elliptic component induced by the birefringence in the sample, and
the interference can be constructive and destructive depending on the relative phase. In
this sense, heterodyne detection measures in addition to the amplitude of the birefringence
signal also the direction of fast and slow axes in the sample.
In a single experimental run, however, according to Eq. (3.18), the heterodyne signal

is always overlaid by a homodyne contribution. The relative amplitude of this homodyne
signal can be suppressed by increasing the amplitude of the local oscillator. This comes at
the expense of reducing the dynamic range in the detector, as the quadratic in�uence of the
local oscillator electric �eld quickly leads to saturation. To obtain a pure heterodyne signal
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one therefore in general has to perform two successive experiments with opposite setting
of the local oscillator. The scheme is illustrated by a set of measurements for air at room
temperature in Fig. 3.13. The traces show a superposition of nitrogen and oxygen dynamics
leading to a complex pattern of recurrences. Every peak of the revival trace can be assigned
to a particular species. Note that in the contributions from oxygen the quarter revivals are
as pronounced as the full and half revival due to the peculiar nuclear spin statistics. The
relative weight of the oxygen contribution is greater than the partial pressure due to the
larger anisotropy of the polarizability. The detected intensities are described as

I+det ∝ E2
Lo + 2ELoEs + E2

s (3.19)

I−det ∝ E2
Lo − 2ELoEs + E2

s . (3.20)

The di�erence of the two intensity traces yields the pure heterodyne signal:

I+det − I−det ∝ ELoEs. (3.21)

The pure heterodyne signal derived from the two experimental runs shown in Fig. 3.13 is
displayed in Fig. 3.14.
The sum of the intensities of the two experimental runs yields the homodyne signal:

I+det + I−det ∝ E2
Lo + E2

s . (3.22)

The homodyne signal derived from the two traces of Fig. 3.13 is shown in Fig. 3.15 as gray
line. For a homodyne experiment, the amplitude of the local oscillator is set to zero. The
signal is always positive as it depends only on the square of the amplitude of the signal
electric �eld. The homodyne signal of air is shown in Fig. 3.15 as a black line. Homodyning
has the advantage over heterodyning of requiring only a single experimental run. In addi-
tion, the signal is essentially background-free, which is optimal regarding the sensitivity of
the detection. Additionally, homodyning is less demanding regarding stability of the laser
system and sample as it requires no exact reproduction of experimental conditions.
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3.3 Analysis of revival signal

This section is devoted to the analysis of the alignment signal. We show that:

• The collinear pump-probe geometry of our setup o�ers an interaction
length of up to 1 mm and a high sensitivity.

• A spectrally broad probe pulse introduces an intrinsic local oscillator with
wavelength-dependent phase.

• In a homodyne detected experiment, the small population contribution
can be observed simultaneously with the large coherence contribution by
analyzing the signal shape.

• Changes in alignment signal shape upon collision-induced decay give evi-
dence of a slower decay of the population part with respect to the cohe-
rence part.

3.3.1 Dependence on pressure, intensities and temperature

A Kerr e�ect experiment including the pump and the probe process is described as a
χ(3) nonlinear optical process (cf. Sec. 3.1). Its magnitude should depend on the applied
intensities to the third power, composed of a quadratic dependence on pump intensity and a
linear dependence on the intensity of the probe [180]. We veri�ed both dependencies for our
setup. Figure 3.16(a) shows the dependence of the signal intensity on pump power, which
is indeed to very good approximation quadratic. In Fig. 3.16(b) the linear dependence on
probe power is displayed. Both measurements show that the expected dependences are
reproduced experimentally in a quantitative way.
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Abbildung 3.16: (a) Dependence of the intensity of the homodyne detected signal on pump
intensity in nitrogen under ambient conditions. The black dots represent measured data, and
the red line a least-squares �t of a parabola to the data. The quadratic dependence expected
for a second-order nonlinear optical process (stimulated pump-induced Raman process) is
veri�ed. (b) Dependence of the intensity of the homodyne detected signal on probe power in
nitrogen at room temperature. The intensity of the detected signal (black dots) is linearly
related to the intensity of the probe (linear regression shown as blue line).

The non-adiabatic alignment of an ensemble of molecules is equivalent to the creation
of a rotational wave packet [7]. A rotational wave packet is a coherent superposition of
rotational dynamics of individual particles, and thus the amplitude of the wave packet
grows quadratically with the number of particles in the ensemble. Every particle amplitude
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Abbildung 3.17: Dependence of the intensity of the homodyne detected signal in nitrogen on
pressure. The black dots represent measured signal intensities at a series of pressures, the
green line is a least-squares �t of a parabola to the data. The quadratic dependence is clearly
veri�ed, and also substantiated by further measurements up to 5 bar (data not shown).

adds in phase, i.e. interferes constructively with the others in the wave packet. The intensity
recorded by a detector is proportional to the time-average of the square of the electric
�eld. For a number of oscillators with electric �eld amplitude Ei and frequency ωi, the
instantaneous intensity for an incoherent and a coherent superposition is given as:

Iincoh =

N∑
i=1

(Ei sinωit)
2 ∝ N (3.23)

Icoh =

(
N∑
i=1

Ei sinωit

)2

∝ N2. (3.24)

The signal intensity is found by subsequent time averaging. In the incoherent superposition,
the intensities of the individual oscillators add up independently, leading to a linear increase
with the number N (Eq. (3.23)). In a coherent superposition, the electric �elds of the
oscillators add up in phase, and the intensity is calculated as the square of the sum of
electric �elds. In this case, represented by Eq. (3.24), the intensity grows proportional to
the number of oscillators squared.
In the experiment, this coherent behavior of the aligned ensemble of gas molecules shows

as a quadratic increase of signal intensity with pressure, displayed in Fig. 3.17. It should
be noted that the wave packet-like behavior of the gas molecules is the result of the fact
that the molecules do not interact. They rather evolve independently of each other in the
same potentials and thus modify in the same way the probe electric �eld which reads out
the degree of alignment.
In Fig. 3.18, numerically calculated curves for the homodyne detected signal at two di�e-

rent power densities are overlaid with experimentally measured data points. The agreement
between theory and experiment is excellent, which will allow in the following sections to
draw quantitative conclusions from the comparison of the experimental data with numeri-
cal simulations.
Additionally, the temperature dependence of the detected signal is a valuable tool to

investigate the agreement between theory and experiment. A rise in the temperature in-
creases the number of populated J-levels (see Fig. 2.5). According to the reasoning of Sec.
2.2, this decreases the amplitude of oscillations around the revival times. Figure 3.19 de-
monstrates the excellent agreement of simulation with the experiment by comparing the
simulated homodyne signal from 14N2 following an excitation pulse with experimentally
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Abbildung 3.18: Comparison of numerically simulated (red solid line) and experimentally
measured (black circles) homodyne detected alignment signal from three-quarter revival to
�rst revival in nitrogen gas at 80 K and a laser pulse intensity of (a) 5 TW/cm2 and (b) 10
TW/cm2.
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Abbildung 3.19: (a) Numerical simulation of ⟨⟨ cos2 θ ⟩⟩T (see Eq. (2.11)) in 14N2 upon
excitation with a Gaussian pump pulse of 160 fs FWHM with an intensity of 8 TW/cm2 at
the time of the �rst half revival. (b) Homodyne intensity calculated from the simulated trace
according to (⟨⟨cos2 θ⟩⟩−1/3)2 (see Eq. (3.13)). (c) Experimentally detected homodyne signal
at similar temperatures and a pressure of 900 mbar corrected for the in�uence of density.
The signal appears broadened with respect to the simulation due to the convolution with
the probe pulse, the quantitative agreement with the simulation after correcting for particle
density is very good.
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Abbildung 3.20: E�ect of the presence of birefringence in a sample on the polarization of
the probe pulse. The probe pulse is initially linearly polarized at 45 degrees (see Fig. 3.4)
with respect to the pump polarization (left inset). The polarization at the exit is turned into
an elliptic one (right inset).

determined parameters (pulse FWHM 160 fs, intensity 8×1012 W/cm2, Gaussian envelope)
with the experimentally measured signal at a constant pressure of 0.9 atm. The experimen-
tal signal has been corrected for the in�uence of increasing number density with decreasing
temperature by multiplication with a factor proportional to the temperature. The increase
in the value of the squared alignment cosine with decreasing temperature expected from
the simulated traces and Fig. 2.5 is very well reproduced in the experimentally detected
signal intensities. With this agreement of simulation and experiment, we use the compari-
son of simulated and experimental data to quantify the degree of rotational alignment in
the sample. As an alternative, one may deduce the degree of alignment from a direct mea-
surement of the nonlinear refractive index [200, 201], however, this method would su�er
from large uncertainties in the reference values.

3.3.2 The interaction volume

In a homodyne, or quadratic, detection scheme, probe polarizer and analyzer are cros-
sed, yielding ideally no transmitted intensity in the presence of an isotropic sample (see
Eq. (3.13)). All deviations from isotropy give rise to an elliptic component in the probe and
thus a signal on the detector (Fig. 3.20). The amount of ellipticity to be expected under our
experimental conditions can be calculated from the phase lag accumulated by the compo-
nent of the probe electric �eld in the direction of the aligned molecular axes (extra-ordinary
beam, e.o.) compared to the component perpendicular to it (ordinary beam, o.). With the
wavelength in the sample being λo./e.o. = λ/no./e.o., where λ is the vacuum wavelength,
and no./e.o. the ordinary or extraordinary refractive index, the probe beam accumulates a
phase shift ϕ between ordinary and extraordinary component. The polarization at the exit
then is elliptic rather than linear.
Elliptically polarized light is usually described in the form of an electric �eld vector with

two components Ex and Ey, corresponding to ordinary and extraordinary direction:

Ep(r, t) = E

(
cos(ko.z − ωt)
cos(ke.o.z − ωt)

)
= E

(
cos(2πno.λ z − ωt)
cos(2πne.o.λ z − ωt)

)
. (3.25)

Here, ω is the light frequency, and z the propagation direction. The di�erence in refractive
index between the directions is given as ∆n = ne.o. − no.. Inserting this equation into the
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expression for the electric �eld vector Eq. (3.25) results in

Ep(r, t) = E

(
cos(2πno.λ z − ωt)

cos(2πno.λ z − ωt+ ϕ(z))

)
, (3.26)

where the phase lag ϕ between x (o.) and y (e.o.) components is introduced according to

ϕ =
2π∆n

λ
z. (3.27)

The refractive index of a gas at moderate densities can be approximated using the
Lorentz-Lorenz equation [202] as n ≈ 1+2πNα, whereN is the number density of molecules
per unit volume, and α the polarizability. The maximal anisotropy of polarizability in the
aligned ensemble is given by ∆α(⟨⟨cos2 θ⟩⟩ − 1

3), where the anisotropy of polarizability is
weighted by the degree of alignment achieved. The di�erence in refractive index for the
probe beam is thus given by

∆n = 2πN∆α

(
⟨⟨cos2 θ⟩⟩ − 1

3

)
. (3.28)

For nitrogen the number densities at 1 atm pressure at 295 K and 80 K are N = 2.4×1019

cm−3 and N = 9.1 × 1019 cm−3, respectively. With the anisotropic polarizability ∆α of
about 0.89×10−24 cm3 (Ref. 1), the maximal possible ∆n for perfect alignment equals
∆nmax = 3.4× 10−4 for 80 K, and ∆nmax = 8.7× 10−5 for 295 K.
To determine the power density of the pump laser, the foci of several lenses employed

in the experiment were measured by a scanning knife-edge method [203]. In the di�raction
limited case, the beam waist w0 (Fig. 3.7(b)) equals [202]

w0 =
1.78λf

D
, (3.29)

where f is the focal length of the lens, λ the laser wavelength, and D the diameter of
the beam on the lens. The theoretical limit corresponds to about 10 µm for a f = 15 cm
lens and a beam diameter of 2 cm. Experimentally, for lenses between 5 cm and 20 cm
focal length a value of about 35 µm was determined [35, 40], depending only weakly on
the focal length f . Thus, as the focal diameter is relatively far from its di�raction-limited
value and apparently dominated by optical aberrations rather than the focal length of the
particular lens, we assume a focal diameter of 2w0 = 35 µm for all our experiments. With
the focal diameter as determined above, the power density in the temperature-dependent
measurements was set to 10 TW/cm2 or below in the focus.
Along the optical axis z, the beam then expands according to

w(z) = w0

√
1 +

(
z

zR

)2

, (3.30)

where zR = πw2
0/λ ≈ 1 mm is the so-called Rayleigh length, resulting in an e�ective

interaction volume of the shape schematically depicted in Fig. 3.7(b). This has to considered
as an upper limit in our case, since our w0 is substantially exceeding the di�raction limited
value. Due to the geometry of the setup a relatively long focal length of 15 cm had to be used
with the consequence of an only slowly expanding beam, and higher power densities are
already likely to damage the windows in the cell. The maximal value for (⟨⟨cos2 θ⟩⟩− 1

3) that
can be obtained under our experimental conditions is calculated from numerical simulations
to be about 0.087 at 80 K and 0.047 at room temperature, using a power density of 10
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TW/cm2. The theoretical calculation for∆n under experimental conditions therefore yields
4.7× 10−5 at 80 K and 0.61× 10−5 at room temperature.
The accumulated phase lag per unit length according to Eq. 3.27) thus amounts to ϕ/(z

[mm]) = 44 degrees/mm at 80 K, and 6 degrees/mm at room temperature. Under optimal
conditions, the resolution of a matched pair of polarizers is 10−5 degrees. With a collinear
pump-probe geometry, the spatial overlap can be close to 1 mm. Depending on the amount
of spurious birefringence, thus a dynamic range of 5 orders of magnitude can be achieved
in the experiment.
To con�rm this high sensitivity, we determined the ellipticity induced in a linearly pola-

rized probe pulse by 0.9 atm of nitrogen at a temperature of 80 K upon the excitation with
a pump pulse of 160 fs duration and an intensity of 8 TW/cm2. Extrapolating the above
values to these conditions [33] we arrive at a theoretical phase lag of 25 degrees/mm.
The phase lag from the experimental side can be determined from the ratio of total

probe intensity and the intensity of the elliptic component after the passage of the sample.
With the coordinate system de�ned as in Fig. 3.20, the projection of the probe electric
�eld onto its original polarization direction is given by the vector product with the vector
1/

√
2(1, 1), and the projection on the direction orthogonal to the original polarization is

given by the vector 1/
√
2(1,−1). The electric �eld in these directions is expressed as

E · 1√
2

(
1
±1

)
=

E√
2

[
cos

(
2πno.
λ

z − ωt

)
± cos

(
2πno.
λ

z − ωt+ ϕ(z)

)]
, (3.31)

with the − signifying orthogonal detection and the + signifying parallel detection. The
detected intensity is proportional to the time-average of the square of the electric �eld in
the respective direction:

I∥ ∝
⟨
E2
[
1 + cosϕ(z) +

1

2
cos

(
4πno.
λ

z − 2ωt

)
+cos

(
4πno.
λ

z − 2ωt+ ϕ(z)

)
+

1

2
cos

(
4πno.
λ

z − 2ωt+ 2ϕ(z)

)]⟩
t

(3.32)

I⊥ ∝
⟨
E2
[
1− cosϕ(z) +

1

2
cos

(
4πno.
λ

z − 2ωt

)
− cos

(
4πno.
λ

z − 2ωt+ ϕ(z)

)
+

1

2
cos

(
4πno.
λ

z − 2ωt+ 2ϕ(z)

)]⟩
t
, (3.33)

where angular brackets with subscript t denote the time averaging, as an e�ect of which
all temporally oscillating cosines cancel. Including only the surviving terms, the equations
can accordingly be rewritten as

I∥ ∝ 1 + cosϕ (3.34)

I⊥ ∝ 1− cosϕ. (3.35)

The experimentally observable quantity is the ratio of maximal (I∥ + I⊥) to minimal
intensity I⊥. By combining Eqs. (3.34) and (3.35) one obtains for the phase lag ϕ:

I⊥
(I∥ + I⊥)

≈ sin
ϕ

2
. (3.36)

From the ratio of intensities measured for parallel and perpendicular setting of probe
polarizer and analyzer we derive an experimental phase lag of 13 degrees. The length of
the overlap region z0 thus can be estimated to be about 0.5 mm long using Eq. (3.27). This
is also in good agreement with the experimentally determined upper limit of 1 mm for the
Rayleigh length.
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Abbildung 3.21: (a) Spectrum of the probe pulse in the collinear experiment observed through
crossed probe polarizer and analyzer. The spectrum displays a typical M-shape with the
extinction being best in the center of the spectrum, and higher intensity in the wings due
to the wavelength-dependence of birefringence of the optical components. Perfect extinction
cannot be achieved across the whole spectrum with only di�ractive optics. (b) Illustration
of the relative phase of the electric �eld in the blue and red wing of the spectrum around
a zero crossing of a rotational revival. The black line represents the intensity transmitted
in the absence of birefringence in the sample. The blue and red lines show the shape of the
transmitted intensity for small detuning. In one case (blue) the interference is constructive
in the blue wing and destructive in the red wing, in the other case (red) the opposite is the
case.

3.3.3 E�ects of a spectrally broad probe pulse

The optical Kerr e�ect technique with homodyne detection can o�er a dynamic range of
about 5 orders of magnitude (see Sec. 3.1) and is thus ideally suited to measure decays over
many lifetimes. Care must be taken, however, to avoid the e�ects of spurious birefringence
in the optical components of the setup and a possible unwanted heterodyne contribution
introduced by this. In the standard implementation, an ultrafast detected optical Kerr
e�ect experiment features a narrow-band �lter in front of the (usually integrating) detector
[18]. This is caused by the fact that strain-induced birefringence and other spurious e�ects
arising from interaction of the probe laser �eld with components of the experimental setup
tend to be wavelength-dependent. This dependence is small, however at extinction ratios
of 10−4 or 10−5 between crossed polarizers, achievable in this type of experiment, even
small variations across the pulse spectrum lead to a signi�cant in�uence on the detected
signal. Using the full spectral information content in the probe pulse can reveal additional
information on the particular processes taking place in the interaction of sample and laser
[204�207]. Multidimensional Raman techniques have been reviewed in Ref. 208.

The probe laser pulses employed in this work exhibited a bandwidth of 8 nm for the
Ti:sapphire fundamental centered at 780 nm, and 3.5 nm for its second harmonic centered
at 390 nm (Fig. 3.8(a) and (b), respectively). After careful adjustment of the polarizing
optics for minimal transmission, the wavelength-dispersed intensity distribution on the
spatially resolving CCD detector reproducibly showed an M-like shape with a minimum
at the center wavelength and higher intensity in the wings (Fig. 3.21). This phenomenon
can be explained by assuming that the polarization of the electric �eld of the probe pulse
acquired a wavelength-dependent elliptical component.

The electric �eld of elliptically polarized light is described as in Eq. (3.25) as a two-

76



3.3 Analysis of revival signal

Abbildung 3.22: (a) Envelope of a Gaussian spectrum (blue line) centered around λ0 and
amplitude of the electric �eld in the direction perpendicular to the original probe polarization
(red line) for a phase lag linear in (λ−λ0) (see Eq. (3.39)). The dashed gray line represents
zero elliptical polarization, and the elliptic component is growing linearly with increasing
detuning from the center wavelength. (b) Envelope of the electric �eld of the Gaussian spec-
trum (blue line) and the projection of a �eld with elliptic polarization according to (a) onto
the axis perpendicular to the polarizer (red line). Perfect extinction is achieved in the center,
and the M-shaped pattern observed in the experiment shows up in the wings with opposite
direction of the ellipticity in blue and red wing.

component vector

E(r, t) =

(
Ex cos(kz − ωt)

Ey cos(kz − ωt+ αy)

)
, (3.37)

where Ex and Ey are the magnitudes of the electric �eld vector E in x and y direction
perpendicular to the propagation direction z, k is the common wave vector, ω the angular
frequency, and αy the phase shift between x and y components of the �eld. For a spectrally
broad pulse, Ey and αy can depend on the wavelength λ. The fraction of the �eld that
is transmitted through an analyzer set in y direction is only the y component, and the
intensity measured by the detector is proportional to the time-average of the square of the
electric �eld. This time-average can be written as

⟨E2⟩t = E2
y(λ)

⟨
cos2(ωt+ αy)

⟩
t
. (3.38)

Clearly, the wavelength-dependent phase in the cos-term becomes insigni�cant by time
averaging. The dependence of the y component of the electric �eld on wavelength is to
�rst order described as a linear gradient weighted by a Gaussian spectral envelope (Fig.
3.22(a))

Ey(λ) = (λ− λ0)dEy e
− (λ−λ0)

2

2∆λ2 . (3.39)

In the adjustment procedure, the center wavelength λ0 is used to minimize Ey(λ). The
phase lag therefore crosses zero at λ = λ0 (Fig. 3.22(a)) and determines the minimum
in Fig. 3.22(b) (red line). Assuming that the interaction with the sample, being far o�
resonant, does not have any wavelength-dependence itself, the detected intensity Idet cor-
responds to the square of a wavelength-dependent sum of signal electric �eld ES(λ) and
local oscillator :

Idet(λ) ∝ (ELo(λ) + ES(λ))
2 = E2

Lo(λ)± 2ES(λ)ELo(λ) + E2
S(λ). (3.40)

In absence of a signal electric �eld (ES = 0), this gives rise to an M-shaped intensi-
ty distribution on a wavelength resolving detector (Fig. 3.22(b)). This pattern acts as
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wavelength-dependent local oscillator ELo(λ) for the elliptic fraction of the probe that ari-
ses from dynamic birefringence in the sample. If integrating this signal over all wavelengths,
a mixed homodyne- heterodyne behavior appears, with the heterodyne contribution in one
wing being retarded, and in the other wing being advanced:

Iint ∝
∑
λ

E2
Lo(λ) +

∑
λ

E2
S(λ) +

∑
λ<λ0

2ES(λ)ELo(λ)−
∑
λ>λ0

2ES(λ)ELo(λ). (3.41)

For a completely symmetric local oscillator pro�le, the two last sums on the right hand side
cancel, however this is not necessarily the case. An asymmetry leads to a small heterodyne
admixture surviving in the detected trace. In most cases, this e�ect can be safely neglected,
as for homodyne detection one generally has E2

S ≫ E2
Lo, nevertheless it becomes important

for a quantitative analysis of small signals, or tracing a decay over some orders of magnitude.
The homodyne part of the detected trace around the center of the probe spectrum can
be isolated by spectral �ltering, thus minimizing the distortion. This comes, however, at
the expense of a loss of signal intensity which is the higher, the narrower the selected
wavelength range. In the analysis of our measurements, we use integrate over a narrow
stripe of 1-5 pixels around the spectral maximum to obtain a clean homodyne signal.
To test our detection system for temporal drifts, we additionally recorded the spectrally
resolved background signal at several points throughout a measurement of alignment in
nitrogen. As was discussed above, the shape of the spectrum transmitted through crossed
polarizers is exceedingly sensitive to a change in phase and therefore reliably reveals any
spurious changes in the local oscillator. Figure 3.23 shows the background signal recorded
at a time delay of 12 ps (3/2 revival), 50 ps (9/2 revival), and 88 ps (15/2 revival). Apart
from a small �uctuation of the amplitude, which does not a�ect the shape of the revival
peaks, no changes in the spectrum are observable. This con�rms that throughout this
particular measurement the spectral position of the local oscillator did not change.
We point out here, that this heterodyning e�ect in the wings of the probe pulse spec-

trum need not be considered only as giving rise to artifacts. It can be used upon proper
adjustment to perform a homodyne experiment at λ0, and a full heterodyne measurement
in the wings of the spectrum in a single run. Opposite detunings of the local oscillator are
then realized in the red and blue wings of the spectrum, and the purely heterodyne signal
could be extracted by subtraction of the two halves of the spectrum. In principle, using
this method purely heterodyne measurements can be performed even if there are issues
with sample and/or laser stability.

3.3.4 Simultaneous experimental detection of coherence and population
contributions

According to the derivation in Sec. 1.3.6, the molecular alignment in a laser electric �eld
can be decomposed into two distinct contributions. The �rst is the change in the average
alignment of molecular axes with respect to the laser �eld. Following the convention of
Ref. 155, this is termed the population part of alignment ⟨⟨cos2 θ⟩⟩p (see Fig. 1.14(a)). For
non-adiabatic alignment in the absence of collisions, the population part is constant after
the turn-o� of the pulse. Additionally, the coherent rotational motion of molecules about
this new average alignment leads to an oscillatory contribution with revivals of alignment
and anti-alignment (see Fig. 1.14(a)). This part is termed the coherence part of alignment
⟨⟨cos2 θ⟩⟩c, following Ref. 155. The total ⟨⟨cos2 θ⟩⟩ is the sum of both contributions (see
Fig. 1.14(b)):

⟨⟨cos2 θ⟩⟩(t) = ⟨⟨cos2 θ⟩⟩p(t) + ⟨⟨cos2 θ⟩⟩c(t). (3.42)
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Abbildung 3.23: Reference signal without pump recorded through crossed polarizers at various
times during the measurement of alignment decay.

In Fig. 2.4 of Sec. 2.2.2, we plotted the dependence of amplitudes of ⟨⟨cos2 θ⟩⟩c and
(⟨⟨cos2 θ⟩⟩p − 1/3) on the pulse power density. The strong-�eld limit of both contributions
to the alignment is 1/2. It is reached at pulse power densities above 200 TW/cm2, adding
up to perfect alignment in the limiting case. Otherwise, the population contribution to
the molecular alignment appears to be much smaller than the coherent oscillations. The
achievable �eld strength for alignment under realistic experimental conditions is limited by
the onset of ionization to below 100 TW/cm2 for small molecules like nitrogen, and still
less for larger ones with weaker bound electrons [119, 153]. Most experiments are therefore
performed in the region between 10 TW/cm2 and 100 TW/cm2, where the coherence
contribution for nitrogen grows linearly from about 10−3 to 10−1, and the deviation of
the ⟨⟨cos2 θ⟩⟩p part from 1/3 grows quadratically from about 10−5 to 10−2 at 80 K. In
particular, under our experimental conditions with a maximal power density of 10 TW/cm2,
⟨⟨cos2 θ⟩⟩p is 1.5 orders of magnitude smaller than ⟨⟨cos2 θ⟩⟩c. To quantitatively extract
both contributions from the experimentally measured alignment signal is thus challenging.
For optical Kerr e�ect detection, the relation of the observed signal amplitude to the

microscopic ⟨⟨cos2 θ⟩⟩ is given by (see Ref. 176 and Eq. (3.14) of Sec. 3.1)

Ihet = A

[
C ± ⟨⟨cos2 θ⟩⟩ − 1

3

]2
, (3.43)

where A is a scaling parameter. The subscript het refers to heterodyne detection, where
the signal generated in the sample is overlaid with a reference beam, the so-called local
oscillator denoted by C (see Ref. 18 and Sec. 3.1). Usually C is chosen to be large, such
that C⟨⟨cos2 θ⟩⟩ becomes the dominating term in the expression:

Ihet ≈ A

[
C2 ± C

(
⟨⟨cos2 θ⟩⟩ − 1

3

)]
. (3.44)

For a homodyne detected experiment, one has C = 0, and thus the detected intensity
depends quadratically on the degree of alignment:

Ihom = A

[
⟨⟨cos2 θ⟩⟩ − 1

3

]2
. (3.45)

The method of choice to quantify the ⟨⟨cos2 θ⟩⟩p part of alignment has been the heterodyne
detection [209]. Heterodyning o�ers the advantage of linearity, thus the population part
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does not appear overly small compared to the coherence part and can be isolated at times
between revivals, where the coherence part is zero. In Ref 209, experiments on alignment
decay were performed on the CO2 molecule. With a rotational constant of 0.39 cm−1

[44], and a corresponding revival time of 42.7 ps, the rotational revivals of CO2 are well
separated in time. Additionally, due to the large number of rotational states populated,
the mutual cancellation of wave packets between revival peaks is almost complete, and
thus the coherent contribution between revivals is negligible to good approximation. By
applying laser pulses with high intensity, thus a detectable population o�set can be created.
The approach, however, has several drawbacks. One was encountered by the authors of
Ref. 209, who found that they had to make severe adjustments in the intensity parameter
to be able to match their numerical simulations with the experimental data. Deviations of
the detected alignment signal from the simulated one at high laser power are a well-known
problem, see e.g. Refs. 210, 211 and references therein. The reason are most likely spurious
nonlinear e�ects arising at high laser powers. In contrast, at moderate laser intensities, the
agreement of experiment and simulations is excellent, as is exempli�ed by a comparison of
our measurements and numerical simulations for two di�erent excitation powers in Fig. 3.18.
In this case, however, the population part is too small to yield a detectable o�set in the
signal.
For the nitrogen molecule studied in this work, there is yet another feature complicating

data interpretation. The close spacing of revivals in time and the relatively low number of
populated rotational states make it di�cult to identify a region in which the population
contribution appears isolated, see Fig. 1.14(a) in Sec. 1.3.6. We therefore employ an at
�rst glance counterintuitive approach, and use the information contained in the shape of
the revivals in homodyne detection. We show in the following that the modi�cation of
the population part of alignment is ampli�ed by the coherence part and shows up as an
asymmetry in the revival features. For brevity, we will represent a deviation of ⟨⟨cos2 θ⟩⟩p
from its equilibrium value by

∆p = ⟨⟨cos2 θ⟩⟩p −
1

3
. (3.46)

Equation 3.45 can thus be rewritten as

Ihom = A
(
⟨⟨cos2 θ⟩⟩c +∆p

)2
. (3.47)

Expanding the square shows that additionally to the squared contributions of ∆p and
⟨⟨cos2 θ⟩⟩c, a cross term appears in the expression for the signal intensity:

Ihom ∝ ⟨⟨cos2 θ⟩⟩2c ± 2∆p⟨⟨cos2 θ⟩⟩c +∆2
p, (3.48)

where the variable sign accounts for the sign change of ⟨⟨cos2 θ⟩⟩c, which by de�nition can
take on negative as well as positive values (see Fig. 1.14(a) in Sec. 1.3.6). The ∆2

p term
is, in absence of collisions, constant and comparatively very small, while the cross term
2∆p⟨⟨cos2 θ⟩⟩c modi�es the amplitude of the coherence part as ∆p is ampli�ed by the much
larger coherent oscillations. Since ∆p is positive under our experimental conditions (this
is not necessarily the case, see Sec. 2.2), the negative part of ⟨⟨cos2 θ⟩⟩c is reduced, while
the positive part is enhanced. This leads to an asymmetry in the pair of peaks forming a
revival.
Figure 3.24 shows the e�ect of the cross term in Eq. (3.48) on the shape of the homodyne

alignment signal for weak (a) and moderate (b) laser pulse power densities. In part (a) of
the �gure, the homodyne alignment signal is displayed upon the excitation of 14N2 with a
Gaussian laser pulse of 150 fs duration and a power density of 1 TW/cm2 for 80 K (red
curve) and 300 K (blue curve). At this power density, the ∆p part of alignment is 2.5 orders
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Abbildung 3.24: Numerical simulation of the homodyne detected alignment signal from 14N2

for a Gaussian laser pulse of 150 FWHM duration and pulse power densities of 1 TW/cm2

(a) and 10 TW/cm2 (b). The red curves represent results for 80 K, and the blue curves
for 300 K multiplied by a factor of 5 for better visibility. Dashed horizontal lines in (b)
highlight the e�ect of the relative sign of ⟨⟨cos2 θ⟩⟩c and ∆p. The inset in (a) shows the
time-dependent ⟨⟨cos2 θ⟩⟩ for 1 TW/cm2 excitation pulse power density at 80 K (red curve)
and 300 K (blue curve).

of magnitude smaller than the coherent oscillations (see Fig. 2.4). The oscillations of the
⟨⟨cos2 θ⟩⟩ (shown in the inset) are thus almost symmetric about the value of 1/3, and the
resulting double peaks in the homodyne signal are very similar in height. At a ten times
higher excitation power density of 10 TW/cm2, shown in part (b) of Fig. 3.24, there appears
a pronounced asymmetry in the double peaks of the homodyne signal. Qualitatively, the
shape of the alignment transient does not change at the higher intensity (see also Fig. 1.14),
therefore we do not show a similar inset in part (b) of the �gure. At 10 TW/cm2, however,
the amplitude of ∆p has increased stronger than the coherence part. It is now only 1.5
orders of magnitude smaller than ⟨⟨cos2 θ⟩⟩c. This leads to the �rst peak of the half revival
and the second peak of the full revival, where the cross term in Eq. (3.48) is positive being
ampli�ed, while their counterparts with negative cross term appear depressed. Note also
the ampli�ed or depressed wings of the quarter revivals in Fig. 3.24(b). The e�ect is much
more pronounced at low temperature. The reason for the temperature e�ect can be found
in the results of Sec. 2.2. At high temperature, the largest fraction of molecules is thermally
rotationally excited and thus anti-alignment upon the interaction with the laser pulse is
almost as likely as alignment. In the following, we will therefore limit the discussion to the
low temperature case.

From the ratio of peak heights, indicated by the dashed gray lines in Fig. 3.24(b), the
ratio of ⟨⟨cos2 θ⟩⟩c and ∆p can be directly obtained. In the higher peaks, the cross term of
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Eq. (3.48) is positive to yield a signal strength I+, expressed as

I+ ∝
(
⟨⟨cos2 θ⟩⟩c +∆p

)2 ≈ ⟨⟨cos2 θ⟩⟩2c + 2⟨⟨cos2 θ⟩⟩c∆p. (3.49)

For the lower peak, one has the negative sign in Eq. (3.48), and thus

I− ∝
(
⟨⟨cos2 θ⟩⟩c −∆p

)2 ≈ ⟨⟨cos2 θ⟩⟩2c − 2⟨⟨cos2 θ⟩⟩c∆p. (3.50)

If ∆p/⟨⟨cos2 θ⟩⟩c ≪ 1, one obtains for the ratio (I+ − I−)/(I+ + I−)

I+ − I−

I+ + I− =
2∆p

⟨⟨cos2 θ⟩⟩c
. (3.51)

In the particular case of Fig. 3.24(b), one obtains for (I+ − I−)/(I+ + I−), and thus
∆p/⟨⟨cos2 θ⟩⟩c a value of 0.048. The values for ∆p and ⟨⟨cos2 θ⟩⟩c from the numerical
simulation are 0.0022 and 0.045, respectively, yielding a ratio of 0.49. This is in good
agreement also with the ratio of 0.054 for ∆p/⟨⟨cos2 θ⟩⟩c obtained from the additional
experimental data measured with similar parameters and displayed in Fig. 3.18. From
the experimental data measured at twice lower power density in Fig. 3.18(a), one obtains
∆p/⟨⟨cos2 θ⟩⟩c = 0.026. Numerical simulations with a power density of 5 TW/cm2 yield
∆p = 0.00057, and ⟨⟨cos2 θ⟩⟩c = 0.02. The resulting ratio is 0.028, once more in good
agreement with the result for the ratio of experimental peak heights. The population part
of alignment can thus be quantitatively determined from the signal shape of the homodyne
detected revivals of alignment even at low to moderate laser power.
One of the issues that could be tackled using the proposed strategy of measuring the

population o�set is the question of how fast it decays relative to the coherent revivals.
The e�ect of a dissipative environment on non-adiabatic alignment has been addressed
recently in several theoretical publications [142, 155, 156, 212] and the determination of
decay rates for coherence is the main subject of the next section. Here, we consider what
can be learned from variations in the revival shape about the relation between the damping
of the coherent and the population part.
Clearly, coherence is lost in every collision, and the coherence part of alignment is con-

sequently dampened at a rate corresponding to the rate of collisions. Ramakrishna and
Seideman [155, 156] conjectured that in the absence of pure dephasing, the population
part should decay at the same rate as the coherence part. This has been tentatively sup-
ported by a recent experimental paper [209], though the application of very high laser �elds
complicated the interpretation of results. There is substantial experimental evidence from
other techniques, however, showing that in a gas, the average alignment (or population
part) can persist through several collisions, and even survive the thermalization of energy
of the excited states [213�221].
Figure 3.25 shows a comparison of experimentally measured (a)-(b) and numerically

simulated (c) homodyne alignment signal in nitrogen at 80 K upon the excitation with a
laser pulse of 150 fs FWHM duration and a power density of 8 TW/cm2. On the left panels,
the signal shape immediately after the excitation pulse is shown. The right panels display
the signal around the time of the 7th full revival, multiplied by a factor of 30 with respect to
the left hand side for better visibility. The overall decay of signal amplitude is discussed in
detail in the next section, here we will consider only the changes in the shape of the revivals.
Due to e�ects of centrifugal distortion, in the numerically simulated signal of Fig. 3.25(c),
the centers of the revival features are shifted to later times. This is apparent from the
second peaks of the homodyne double peaks gaining weight relatively to the �rst ones, and
from the appearance of trailing oscillations after the double peak of the revival. In the
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Abbildung 3.25: Homodyne detected alignment signal in nitrogen at 80 K upon the excitation
with a laser pulse of 150 fs FWHM and a power density of 8 TW/cm2 at the peak (λ0 of
Fig. 3.22) of the probe pulse spectrum (a) and in the spectral wings of the probe pulse (b).
(c) A numerical simulation of alignment in 14N2 excited with a Gaussian laser pulse with
parameters as in (a).

experimental signal of Fig. 3.25(a), however, the observed change is qualitatively di�erent.
Here, we observe an increase in relative height in the �rst peak of the half revival and the
second peak of the full revival. Furthermore, in the quarter revivals at 53 ps and 61 ps,
the central peak is signi�cantly depressed. Note that the e�ects are similar in the red and
the blue wing of the probe pulse spectrum, displayed in Fig. 3.25(b). Possible artifacts due
to a spurious local oscillator would display opposite phase in both wings of the spectrum,
which is clearly not the case. The observed change is consistent with the population o�set
∆p increasing in relative weight compared to ⟨⟨cos2 θ⟩⟩c. The signal shape changes in the
same way as upon an increase in excitation power, see also Fig. 3.24. In other words, our
experimental data suggest a slower decay of the population part of alignment compared
to the coherence part. In the following section we will show, that pure dephasing does not
play any role in the alignment decay in nitrogen. This means, that more than one inelastic
collision is necessary to thermalize the angular momentum direction, in agreement with
the propensity for M -conservation in collisions found by various experimental techniques
(see Ref. 222 and references therein).
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3.4 Cross sections for rotational decoherence

In this section we report results of experiments on the decay of alignment in
nitrogen and mixtures of nitrogen with hydrogen and several noble gases. We
show that:

• The integrated area of the homodyne detected alignment signal is a robust
measure of the degree of coherence in the rotational wave packet even in
the presence of centrifugal distortion.

• The cross section for decoherence in pure nitrogen decreases from 102 Å2

at 80 K to 48 Å2 at room temperature, leading to long lived coherences
at high temperature.

• The room temperature cross section for decoherence in nitrogen is equal
to the cross section for rotational depopulation. Pure dephasing does not
play any role in the decay of rotational coherence. This is also con�rmed
for mixtures of nitrogen with hydrogen, helium and argon.

• For nitrogen and nitrogen-foreign gas mixtures, the cross sections for de-
coherence grow stronger with atomic mass than the geometric size of the
particles.

3.4.1 Collision-induced decay of rotational alignment

In this section, we discuss the decay of rotational coherence in nitrogen gas between the
liquefaction temperature of 77 K and room temperature. In this range of temperatures, the
time between bimolecular collisions is expected to be of order of picoseconds. Observing
the decay of rotational revivals should therefore provide an ideal clock to study collisional
dynamics.
Events causing the loss of coherence are separated into those due to pure dephasing

while maintaining the population of the speci�c quantum state and those related to energy
relaxation, i.e. the exchange of population between quantum states while the system is re-
laxing toward its thermal equilibrium [53]. Referring to energy relaxation one distinguishes
further between the initial depopulation event of an excited level and the overall relaxation
of the system under investigation to its thermal equilibrium. The initial collisional depo-
pulation of speci�c rotational levels is addressed in experiments measuring the broadening
of the rovibrational transition lines in the stimulated Raman Q-branch [223, 224]. Another
class of experiments determines the cross section for rotational relaxation by measuring the
development of rotational temperature in a molecular beam [225, 226] or ultrasound ab-
sorption in a gas �ow [227, 228]. The term relaxation rather than depopulation here refers
to the return to thermal equilibrium, which may involve several inelastic collision events.
The cross section σr characterizing the rotational relaxation is thus smaller than the cross
section σp for rotational depopulation [229]. Coherence is destroyed in all collisions, elastic
as well as inelastic ones. One might thus expect that the cross sections σc for rotational
decoherence is still larger than the cross sections for rotational depopulation. Rotational
depopulation with σp is connected with a change ∆J in the rotational quantum number
J . Pure dephasing, i.e. elastic collisions, included in σc would require a change ∆M in
the projection of J in alignment direction, without depopulation (∆J = 0). In the binary
collision regime, which holds for diatomic gases under ambient conditions, it is commonly
assumed, that pure dephasing does not play any role [213]. The depopulation cross secti-
ons σp derived from Raman Q-branch line broadening experiments should therefore well
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Abbildung 3.26: (a) Numerical simulation of alignment in nitrogen upon the excitation with
a Gaussian laser pulse of 150 fs FWHM duration and an intensity of 10 TW/cm2 at 80 K
(gray line) and 295 K (black line). (b) Deviation from the isotropic values in individual ρJ
states at the time τrev/2 of the maximum of the half revival (dashed red line in (a)). The
value taken on in an isotropic ensemble is represented by the dashed horizontal line.

correspond to the decay rates and decoherence cross sections σc observed in rotational
coherence experiments. Here, we present a systematic investigation of this relation over a
wide temperature range and for various collision partners.
We induce alignment by a linearly polarized short laser pulse and detect the time-

dependent modi�cation of birefringence caused by recurrences of alignment in a homodyne
detected optical Kerr e�ect experiment. The method is similar to the Raman induced pola-
rization spectroscopy (RIPS [37]) that has been used in few pioneering studies of alignment
decay in N2, O2, and CO2 at room temperature [38, 167]. The alignment dynamics in these
experiment appeared to be well explained by a multi-parameter scaling law analysis using
state-resolved decay rates from Raman Q-branch experiments. The set of parameters is
not unique, but the analysis suggests that for these examples at room temperature the
predicted equality between σp and σc holds. We show in this section that σc for nitrogen
can be obtained in a straightforward way from the decay of the peak area of revivals in
the homodyne detected optical Kerr e�ect signal, without resorting to any modeling. We
discuss several advantages our approach presents over frequency-domain measurements for
the use in diagnostics. In addition to experiments with pure nitrogen, we then employ a
variety of light (He), medium (Ar), and heavy (Kr) atomic perturbers. For molecular per-
turbers we use nitrogen itself with its resonant rotational structure, and hydrogen with a
much larger rotational constant. Temperatures in our experiments are varied between the
liquefaction temperature of nitrogen around 80 K and room temperature, and pressures
between 0.1 and 1 atm are comparable to atmospheric conditions. This presents a set of da-
ta that allows to systematically check the relation between the depopulation cross section
σp and the decoherence cross section σc.
In the experiments performed to measure the cross sections for rotational decoherence we

employed the ultrafast optical Kerr e�ect method, which is discussed in detail in Section 3.1.
Numerical simulations of alignment in nitrogen for the �rst revival period are displayed

in Fig. 3.26(a) for temperatures of 80 K and 295 K. The wave packet motion results in
a periodic oscillatory pattern in the degree of alignment ⟨⟨cos2 θ⟩⟩ on top of the value
of 1/3 taken on for an isotropic distribution of molecular axes. Figure 3.26(b) shows the
contributions of the individual |ΨJ⟩ states, i.e. the wave packets originating from the
rotational level J . The symbols represent the deviation from the isotropic value for ⟨cos2 θ⟩J
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Abbildung 3.27: Homodyne detected experimental signal of alignment in nitrogen gas at
a pressure of 0.6 atm and 140 K. The inset shows a magni�ed view of the �rst half and
full revivals, with the rectangles outlined in red representing the time integrated over in the
analysis of the data.

at the instant of the revival maximum, shown by the dashed vertical line in part (a) of the
�gure. This value is given by ⟨⟨cos2 θ⟩⟩J , the degree of alignment in one originally pure
J state, divided by the sum over states Q =

∑
J wI(J)(2J + 1) exp [−BJ(J + 1)/kT ] (cf.

Sec. 1.1.2). wI here is a weight factor due to the degeneracy of the nuclear spin state, k
the Boltzmann constant, and T is the rotational temperature. For both temperatures, the
distributions are rather similar and peak at J = 2 and J = 4, though at room temperature
the maxima are less pronounced.

3.4.2 Pure nitrogen

3.4.2.1 Temperature dependence

Figure 3.27 shows a typical homodyne detected signal of rotational alignment in nitrogen.
Revivals of rotational coherence show up as periodic maxima with a full revival period of
τr = 8.38 ps for nitrogen. In between full revivals, half revivals are observed with equal
amplitude and opposite phase, and additionally quarter revivals displaying a smaller ampli-
tude. The revival amplitude decays due to collisions between N2 molecules. To quantify the
decay of alignment in our experiments we used the integrated peak areas of half and full
rotational revivals as indicated in the inset of Fig. 3.27. The data analysis is based on the
dependence of the homodyne detected signal on the number density of coherent molecules
forming the rotational wave packet. To quantify this number density we use the integrated
area of the homodyne detected alignment signal. Large centrifugal distortion leads to a
change in the shape of revivals, which can signi�cantly alter the amplitudes and shapes
of revival features at long delay times. In nitrogen, due to the sti�ness of the triple bond,
the centrifugal correction to the rotational energy is relatively small, and thus the shape
and amplitude of the revivals vary little with time. The ratio of the centrifugal energy
correction to the rotational energy can be conveniently expressed as (D0/B

2
0)B0J(J + 1),

with D0/B
2
0 = 1.45× 10−6 for nitrogen. For other molecules, this term can be higher, the

extreme case being the hydrogen molecule [44] with D0/B
2
0 = 1.3 × 10−5. The e�ect of

the centrifugal bond softening on the alignment signal at 300 K is exempli�ed in Fig. 3.28
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Abbildung 3.28: Integrated peak areas of the simulated homodyne signal in 14N2 at 300 K
upon the excitation with a Gaussian laser pulse of 160 fs FWHM and 10 TW/cm2 with the
centrifugal constant D0 = 5.67× 10−6 cm−1 (black diamonds) and D = 10D0 (red circles).
The inset shows the shape and amplitude of the simulated alignment signal at the times of
the �rst and fourth full revival.

using the centrifugal constant of D0 = 5.67 × 10−6 cm−1 for nitrogen [44] and also a ten
times larger value. The integrated peak area of the homodyne signal is largely insensitive
to the changes in the shape of the revival features caused by centrifugal distortion. The
decay of the integrated area in the red trace for the case of 10D0 is caused by a starting
overlap in time of the revival features rather than a decrease in the area of a single revival
(see inset of Fig. 3.28). A broadening of the features up to overlapping, however, is observed
in the experiment only at temperatures and intensities for which already vibrational exci-
tation cannot be neglected [230], while we are concerned with purely rotational coherence
e�ects. The integrated peak area can thus be reliably used to quantify the number density
of coherent molecules forming the rotational wave packet.

A plot of the integrated peak areas of half and full revivals for alignment in nitrogen at
0.9 atm pressure for four di�erent temperatures between 95 K and 280 K is displayed in
Fig. 3.29. The solid lines are least-squares �ts of single-exponential decays to the data. For
all temperatures, no systematic deviation from a single-exponential behavior is observed.
This exponential decay is due to molecules being removed from the coherently rotating
ensemble by random bimolecular collisions.

Measurements of alignment decay times τexp were performed in pure nitrogen in a tempe-
rature range between 80 K and room temperature for pressures between 0.1 and 3 atm. The
normalized decay time τhom = τexp× p derived from the observed decays did not show any
dependence on the pressure p. The normalized lifetimes per unit pressure τhom in ps×atm
for temperatures between 80 K and 295 K are collected in Table 3.1. τhom corresponds to
half of the lifetime τc associated with the decay of alignment, the di�erence being caused
by the quadratic nature of detection according to Eq. (3.24). Figure 3.30 shows a plot of
τhom as a function of temperature between 80 K and room temperature as solid symbols.
The error bars in the plot are estimated from the scatter of a set of typically about 5-10
individual measurements. Black symbols represent the experimentally determined τhom as
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Abbildung 3.29: Integrated revival peak intensities for homodyne detected alignment signals
in pure nitrogen at 0.9 atm for various temperatures. The solid lines represent least-squares
�ts of a single-exponential decay to the data.
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Abbildung 3.30: Dependence of lifetime τhom of the homodyne detected alignment signal
on temperature for pure nitrogen. Black symbols: Decoherence times per constant pressure.
Gray symbols: Decoherence times for constant number density (corresponding to 1 atm at
80 K).

a function of temperature normalized for a constant pressure of 1 atm. The gray symbols
represent lifetimes as a function of temperature normalized for a constant number density
in the gas volume. Though intuition tends to connect high temperatures with a rapid decay
of coherence, and this is indeed true e.g. for e�ects depending on electronic coherence, we
observe an increasing lifetime of rotational coherence with increasing temperature. τhom
grows from 14 ps×atm at 80 K to 64.5 ps×atm at 295 K (black symbols in Fig. 3.30). To
exclude the in�uence of the reduced number density in the gas upon heating we normalized
the data to the number density corresponding to 1 atm at 80 K (1.5×10−4 mol/cm3). Still,
the lifetimes for rotational coherence, far from decreasing with increasing temperature, dis-
play almost constant values between 14 ps at 80 K and 17 ps at 295 K (gray symbols in
Fig. 3.30). The longer lifetime is observed despite the higher frequency of collisions one
would expect from a higher translational velocity. This clearly shows that the cross section
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Abbildung 3.31: Mean free path for a particle A (solid gray) in a gas. All particles with
their center of mass (represented as black dot) inside the cylinder formed by the collision
area and the distance particle A travels are counted as collision events.

for a collision is temperature-dependent and decreases with increasing temperature.

3.4.2.2 Collision cross sections

To further quantify these results we use the measured decay rates to calculate cross sections
for rotational decoherence via a mean-free path model. In the following we analyze pure
nitrogen as well as nitrogen-foreign gas mixtures. We therefore give the derivation of the
cross section in its general form, for a mixture of di�erent particle species with di�erent
properties. The mean free path for a particle in a gas is the distance the particle on
average travels between two collision events (Fig. 3.31). The frequency of the collision
events is estimated by counting the number of collision partners inside a cylinder about
the direction of propagation of the particle. The radius of this cylinder is given by the sum
of radii of the original particle and the collision partner, while its length is determined by
the distance the particle travels in a unit time t. A collision is counted if the center of mass
of a collision partner (black dots in Fig. 3.31) is found inside this cylinder.
In general, the gas under consideration can consist of a mixture of di�erent particle

species with di�erent properties. The number of collisions of a particle of species A with
collision partners of species B within a unit time t is given by [231]

nt =
π(rA + rB)

2⟨vrel⟩t
ρB

, (3.52)

where ρB = NB/V is the number density of particles of species B in a volume V , rA and
rB are the radii associated with the two species, and ⟨vrel⟩ is their relative velocity. The
relative velocity is calculated as

⟨vrel⟩ =
√

⟨v2A⟩+ ⟨v2B⟩. (3.53)

In recent publications, for the average velocity ⟨v⟩ the mean velocity v̄ =
√

8kBT/πm with
T being the temperature, m the molecular mass and kB the Boltzmann constant, is chosen
[232]. In the older literature, sometimes also the most probable velocity vp =

√
2kBT/m

can be found [233, 234], as a result of which the calculated collision rates can di�er by a
factor of 2/

√
π. We adhere to the modern practice and use v̄ in all derivations. For nitrogen

at 80 K and 300 K, the mean velocities are 348 m/s and 674 m/s, respectively.
The collision frequency νA−B = nt/t is thus expressed as

νA−B =
π(rA + rB)

2⟨vrel⟩
NB/V

. (3.54)
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Using the ideal gas law pV = NkBT , the denominator can be expressed as NB/V =
pB/kBT , where pB is the partial pressure of species B. Equation (3.54) can thus be rewrit-
ten as

σA−B = π(rA + rB)
2 =

νA−BkBT

⟨vrel⟩pB
, (3.55)

yielding an expression for the collision cross section σA−B. Introducing the expression for
the relative velocity, yields two formulas for the collision cross section for identical (σA−A)
and foreign gas (σA−B) collisions:

σA−A =
νA−A

√
πmkBT

4pA
(3.56)

σA−B =
νA−B

√
πµkBT√
8pB

, (3.57)

where µ = mAmB/(mA +mB) is the reduced mass of particles A and B.
For a pure gas, collision cross sections can be extracted from the decay rates of the

measured alignment signal just by substituting the decay rate into Eq. (3.56). In a gas
mixture, collisions with identical as well as with foreign gas particles contribute to the
decay of the signal. Here, the rates of collision add up to yield the measured decay rate:

νtot = νA−A + νA−B =
4σA−A√
πmkBT

pA +

√
8σA−B√
πµkBT

pB. (3.58)

The cross section σA−B can be extracted by performing a series of measurements in which
the partial pressure of species A, and thus the �rst term in Eq. (3.58), is kept constant.
σA−B is then contained in the slope of a plot of νtot as a function of pB, the intercept
corresponding to νA−A.
For reasons stated above, our usual method of detection was homodyning, i.e. quadratic

detection. In this case, the signal intensity depends quadratically on the number density
of particles in the coherent ensemble. To account for this, an additional factor of two has
to be introduced to convert the decay rate of the homodyne detected signal to the rate at
which particles are removed by setting

νhom = 2νtot. (3.59)

The decays of the homodyne detected signal in our alignment experiments cover up
to 2.5 orders of magnitude, and within this range showed no systematic deviation from
a single-exponential decay. This indicates that the collision cross sections only weakly
depend on the observed J quantum states. Strong variations with J would lead to a multi-
exponential decay. Numerical simulations using the decay rates from Ref. 223 showed a
single-exponential decay of the simulated homodyne signal over more than three orders of
magnitude, in agreement with our experimental observation. We made an estimate of the
limits on the J-dependence of cross sections for our experimental conditions by numerical
simulations of the decay of the homodyne detected signal over a delay time range of 120 ps.
A deviation from a single-exponential decay resulted upon a 25 percent variation of the
time constant for one of the signi�cantly populated rotational levels or for imposing an
overall gradient of more than 15 percent with J .
The dynamic range in our experiment can in principle be increased to resolve the slowly

decaying tail due to a J-dependence of the decoherence rates. The distribution of lifeti-
mes would not yet be linked to the speci�c distribution of rotational levels. To obtain
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Tabelle 3.1: Decay times of the homodyne detected alignment signal τhom in ps×atm and the
cross section for rotational decoherence σc

N2−N2
derived from τhom in pure nitrogen between

80 K and 295 K.

T , K τhom, ps×atm σcN2−N2
, Å2

80 15.6± 2.5 102± 5
95 18.4± 2.5 94± 5
115 22.6± 2.5 84± 4
146 29± 3 74± 6
210 38.7± 3 66.5± 6
232 47.9± 4 56.5± 6
280 58.6± 4 51± 7
295 64.5± 5 48± 8

state-resolved results from time-dependent experiments, one could resort to Fourier trans-
formation of a heterodyne detected alignment signal and extract state-dependent life times
from the linewidth of the Fourier components. The Fourier transform method, however, re-
quires to cover long delays in order to resolve the line shape of the components. In Sec. 3.1
we proposed a method to manipulate the state composition of a rotational wave packet by
applying appropriately shaped single or double laser pulses. It is thus possible to create
wave packets that are hot or cool compared to the environment, which is left at its origi-
nal temperature. The method could be used to achieve state resolution in the analysis of
rotational decoherence, isolating individual J states and determining their respective τhom.
The observed monoexponential decay means that within the limits of our accuracy dis-

cussed above τhom is independent of the rotational level. This statement holds for the
range of rotational levels from J = 0 to 6, which are relevant to our observations according
to the weight distribution of Fig. 3.26(b). In the discussion of the cross sections derived
from our experiments in the following sections we indicate the relative contributions of the
respective rotational level to our detected alignment signal by the size of the symbols in
�gures.
High velocities at high temperatures lead to more frequent encounters between molecules,

and thus one would expect that an increased rate of collisions leads to a faster decay of
the observed signal. In Fig. 3.30 we already showed that this is not the case for pure
nitrogen, and that for a constant number density the lifetime of coherence becomes almost
independent of temperature. The only term that can balance the increase in velocity in
Eq. (3.54) to cause a nearly constant rate of decoherence, is the decoherence cross section
σc of the molecules. Figure 3.32 shows the decrease in σc with increasing temperature
derived from our experiments. The value determined at room temperature within the error
margins coincides with the gas kinetic cross section (red square in Fig. 3.32) and thus the
geometric size of the molecule. The cross section σp for rotational depopulation derived
from the measurements of line broadening of the Raman Q-branch in Ref. 223 for the J = 2
rotational level is plotted as a gray circle. From the quantitative agreement we conclude in
agreement with previous results [167, 213] that pure dephasing, i.e. elastic collisions, does
not play a signi�cant role in diatomic gases under ambient conditions.
The cross sections for decoherence σc derived from our experiments increase from 48 Å2

at 295 K to 102 Å2 at 80 K. Values for τhom and σcN2−N2
in the range between 80 and

295 K are collected in Table 3.1. An increase with decreasing temperature is observed
experimentally also in rotational depopulation cross sections at high temperature [237] as
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Raman Q-branch measurements [223, 224].
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well as in rotational relaxation cross sections [225, 226] for pure nitrogen.
Figure 3.33 shows the intermolecular potentials for the N2-N2 system for various mutual

orientations of the two molecules [236]. The deepest potential well of about 150 cm−1 at
an intermolecular separation of 3.4 Å corresponds to the value of kT at about 170 K. At
temperatures below this, there exists the possibility of the formation of a bound state of two
nitrogen molecules. For comparison, the average kinetic energy 3/2 kT for the temperatures
at which our experimental cross sections σc have been determined are plotted along with
the potential curves. The decoherence distances are calculated from the cross sections as
r =

√
σ/π. Only at the highest temperatures the molecules approach close to location of the

potential minimum. In this case, however, the average kinetic energy appears to be about
a factor of 3 larger than the depth of the potential well. Interaction at high temperature
therefore is mostly through the repulsive branch of the potential curve, in agreement with
the �nding that the cross section for decoherence is equal in size to the gas kinetic cross
section of the molecule. At lower temperatures, the cross section for decoherence is so
large, that the corresponding intermolecular distance points to an e�ect on the rotational
energy already with the onset of the attractive part of the intermolecular potential. For
an intermolecular separation of 5.7 Å, corresponding to a cross section of 102 Å2, at 80 K,
the average kinetic energy exceeds the depth of the intermolecular potential well by about
an order of magnitude.
Reference 238 gives a theoretical analysis of line broadening coe�cients by the energy cor-

rected sudden (ECS) exponential power analysis, in which several temperature-dependent
parameters are used to describe the behavior of the rotational depopulation. The main
contributions are found to be the maximum angular momentum that can be transferred
between rotational and translational degrees of freedom in a collision, which is proportio-
nal to the translational temperature, an amplitude factor accounting for density, which
scales as (T/T0)

−β and the interaction time, approximately proportional to the inverse
of the square root of the temperature. For mixtures of nitrogen and rare gases, the limit
of angular momentum exchange per collision is calculated in Ref. 239 and found to be
strongly dependent on the rare gas species. For di�erent scaling laws, however, di�erent
sets of parameters, which are additionally interdependent, can be found in the literature
to describe the observed cross sections. In our experiments at di�erent temperatures, the
main changes are in the rotational J-composition of the thermal ensemble, and in the
distribution of translational energy. We conclude, based upon the fact that the rotational
levels observed in the alignment signal do not signi�cantly vary (Fig. 3.26(b)), that the low
translational velocities are mainly responsible for high cross sections at low temperature.
This suggests that orbiting collisions [240�242] are important at low temperature, and it
would be desirable that scaling law analyses work out this e�ect in a more obvious way.

3.4.2.3 Comparison with J resolved line broadening of Raman Q-branch at room

temperature

The standard way to determine depopulation of rotational levels is the measurement of the
pressure-dependent line broadening of the stimulated Raman Q-branch. In experiments
of this kind a line broadening coe�cient γ in cm−1/atm, which additionally depends on
temperature, is determined. In the line broadening coe�cient, the frequency of inelastic
collision events is expressed [233, 243]. The method provides a J-resolution that stems from
the very small change in the moment of inertia with the rotational quantum number due to
centrifugal distortion of the molecular bond. Results of measurements in nitrogen at room
temperature from Refs. 223 and 224 are plotted in Fig. 3.34 as gray and black symbols,
respectively. The Q-branch method allows for rotational state resolved determination of
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Abbildung 3.34: Line broadening coe�cients γ (HWHM) for the Raman Q-branch from
Ref. 223 (gray symbols) and Ref. 224 (black symbols) for nitrogen at 295 K compared to our
result (dashed line) together with the related σc and σp cross sections. The size of the open
circles corresponds to the weight of the particular state in the total alignment signal.

depopulation rates. The line broadening coe�cients vary from 0.054 cm−1/atm for J = 1
to 0.03 cm−1/atm for J = 18, where the numerical value refers to the half width at
half maximum (HWHM) of the transition line. For a quantitative comparison of these
state-resolved coe�cients with our averaged cross section we plot in Fig. 3.34 the result
obtained by us for a temperature of 295 K as a dashed horizontal line. Red circles of
di�erent sizes represent the magnitude of the contribution of the particular rotational
state to the alignment signal. At room temperature, the alignment signal is nevertheless
dominated by low J levels, especially the J = 2 and J = 4 rotational levels (Fig. 3.26(b)).
The thermal distribution of molecules has its maximum around J = 10, however, the
interaction mechanism of the molecular alignment favors low J levels. Odd rotational
states are twice less populated and therefore generally less visible. The error bar for the
averaged value is derived from the scatter of several independent measurements. For better
comparison, we recalculated our measured decay times also into the units of γ via γ =
1/2πτc (Ref. 243) assuming a Lorentzian line shape. The σc-axis in Fig. 3.34 gives the values
for cross sections derived from the decay time τc, where a single-exponential decay was
assumed. The requirement for comparison with the Raman Q-branch and the calculation
of σp is that the line shape be a Lorentzian. We determine a decoherence cross section
σcN2−N2

of 48 2 from a decay constant of 129 ps×atm for the alignment (64.5 ps×atm for
the homodyne detected signal), which corresponds to a line broadening coe�cient γ =
0.042 cm−1/atm.
In the region between J = 2 and J = 5, dominating in the alignment signal, our ave-

raged cross section σcN2−N2
within the error bars agrees well with the depopulation rates

determined in Refs. 223 and 224. Compared to the literature values we �nd an even smaller
cross section, whereas a signi�cant contribution of pure dephasing would have increased the
value of σc beyond the one for σp. The literature data furthermore show that the variation
of the rates with J number is weak in this range. No major deviations for single rotational
states are observed. This agrees well with the single-exponential behavior of the alignment
decay observed by us.
For pure nitrogen, our results con�rm that decoherence at room temperature proceeds

via inelastic population transfer and the rate of pure dephasing by elastic collisions is
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Abbildung 3.36: Line broadening coe�cients γ (HWHM) for the Raman Q-branch from
Ref. 244 (black symbols) for a mixture of nitrogen and hydrogen at a temperature of 77 K
compared to the values derived from the alignment decays measured at 77 K (red horizontal
line). The size of the red symbols corresponds to the weight of the particular state in the
total alignment signal.

negligible. Unfortunately, for low temperatures, no Raman data are available.

3.4.3 Nitrogen-foreign gas mixtures and comparison with Raman Q-branch

3.4.3.1 Nitrogen-hydrogen

For the mixture of nitrogen and hydrogen a series of experiments were performed at a
temperature of 77 K varying the pressure of hydrogen between 0.2 atm and 0.8 atm with
a constant nitrogen pressure of 0.1 atm. Though hydrogen as a diatomic molecule with an
anisotropy of polarizability can show alignment itself [245], in our case the pulse duration
is long compared to the hydrogen rotational period of 90 fs, and thus the nonadiabatic
alignment dynamics in hydrogen is suppressed. The signal detected originates exclusively
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from the nitrogen fraction in the mixture. The integrated peaks areas of the homodyne
signal for a series of measurements with 0.2 atm, 0.4 atm, and 0.8 atm hydrogen partial
pressure are shown in Fig. 3.35 together with least-squares �ts of single-exponential decays.
The decay rate depending on H2-pressure was found to be νcN2−H2

= 0.022 ps−1atm−1

at 77 K, corresponding to a decay time of alignment of τc = 51.3 ps (102.6 ps−1atm−1

for the homodyne detected signal) and a cross section σcN2−H2
for dephasing of 22.1 2.

To obtain these values, the decay rates νtot measured in the nitrogen-hydrogen mixture
were corrected by the pure nitrogen contribution of 0.0038 ps−1 for 0.1 atm of nitrogen
at 77 K extrapolated from the values of Fig. 3.30 and Table 3.1 and subsequent averaging
over the series of hydrogen measurements. We observed no systematic dependence of the
normalized, i.e. pressure-corrected, decay rate on the hydrogen partial pressure.
In addition to experiments with normal hydrogen, we employed an ortho-para hydro-

gen converter2 and carried out measurements with 99.8 percent pure para-hydrogen. Wi-
thin our experimental accuracy the decay rates in mixtures of nitrogen with normal and
para-hydrogen did not show a signi�cant di�erence. In Ref. 244 the authors calculate the
depopulation cross sections for the nitrogen-hydrogen system and di�erentiate in the calcu-
lation between para-hydrogen, which at low temperature is predominantly in the spherical
J = 0 rotational state and ortho-hydrogen, which mostly populates the J = 1 rotational
level and displays quadrupole-quadrupole interaction. Unfortunately the authors do not
comment on the di�erence this fact may have on the cross sections.
For the nitrogen-hydrogen gas mixture, results of Raman Q-branch line broadening expe-

riments at 77 K have been published in Ref. 244. The values obtained are plotted as black
symbols in Fig. 3.36 together with the averaged cross section we derive from our data at
the same temperature (red dashed line). As in Fig. 3.34, the size of the red symbols signi�es
the relative contribution of the respective rotational level to the detected alignment signal.
Under our experimental conditions, the alignment signal at both room temperature and
77 K is mainly determined by small J numbers, especially the J = 2 and J = 4 rotational
levels and should therefore be compared with the corresponding literature values. The error
bar for our value is estimated from the scatter of a number of individual experiments.
The cross section σcN2−H2

determined by us for the nitrogen-hydrogen mixture at 77 K is
a bit larger than the Raman Q-branch line broadening coe�cients determined in Ref. 244
but still lies within the error bars of the literature measurements. The average of the ex-
perimental broadening coe�cient γ from Ref. 244 is about 0.08 cm−1/atm, compared to
our value of 0.1 cm−1/atm, which amounts to a di�erence of 20 percent. The experimental
depopulation rates of Ref. 244 have been found to be in excellent agreement with close-
coupling theory based on ab initio quantum chemical potentials [246] and an ECS theory
[247]. The reason for the discrepancy could be a small fraction of elastic collisions, or re-
orientation without depopulation, in the nitrogen-hydrogen system. Elastic depolarization
has been reported in the literature for various polar molecules as OH [215, 216] and NO
[214], the rates for elastic encounters, however, have been found to be low for light collision
partners and signi�cant only for mixtures with argon and xenon.

3.4.3.2 Nitrogen-helium

Alignment experiments on the nitrogen-helium gas mixture were performed at room tem-
perature at a constant partial pressure of nitrogen of 0.3 atm and at 80 K at 0.1 atm

2The home-built (by Falk Königsmann and Mizuho Fushitani) converter consists of copper tubing
packed with a paramagnetic Fe(OH)3 catalyst. The spin �ip from ortho- to para-hydrogen is induced by
�owing supercooled with respect to rotation natural hydrogen gas through the catalyst (2B0 = 121.6 cm−1

or 170.5 K for hydrogen). At 20 K 99.8 percent of ortho-hydrogen is converted into the para-species.
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Abbildung 3.37: Line broadening coe�cients γ (HWHM) for the Raman S-branch from
Ref. 248 (black symbols) for a mixture of nitrogen and helium at a temperature of 295 K
compared to the cross section σc from the alignment decay (horizontal line). The size of the
red symbols corresponds to the weight of the particular state in the total alignment signal.

nitrogen pressure. The pressure of helium was varied between 0.4 atm and 3 atm.
At room temperature we determine a decoherence rate νcN2−He of 0.007 ps−1atm−1,

corresponding to an alignment decay time τc of 143 ps×atm or a τhom of 71.5 ps×atm
for the homodyne detected signal. The values were derived from averaging over a series of
measurements with di�erent partial pressures of helium after correcting for the decoherence
rate of 0.0024 ps−1 estimated from Fig. 3.30 for 0.3 atm of nitrogen. The rate of decay
translates into a cross section σcN2−He of 21.3 Å2.
At 80 K we measure a decay time for the homodyne signal τhom of 43.7 ps×atm, corre-

sponding to νcN2−He of 0.0114 ps
−1atm−1 or a cross section σcN2−He of 18.1 Å

2. As opposed
to pure nitrogen, here we observe a small increase in the cross section with temperature. An
increase of the collision cross section with the temperature is also known in the literature
for the N2-H2 system, with hydrogen and helium being very close in size and weight. From
the line broadening data of the Raman Q-branch published for N2-H2 in Ref. 244, one can
calculate a cross section σpN2−H2

of 17.7 Å2 for the J = 2 rotational level at 77 K, growing
to 19.4 Å2 at 298 K and even 28.4 Å2 at 580 K. The increase in σp/c with decreasing tem-
perature observed for pure nitrogen therefore does not seem to be a universal appearance
but does depend on the system under investigation.
Experimental data on Raman line broadening in the nitrogen-helium system are limited

to values for the Raman S-branch in Ref. 248 and are plotted in Fig. 3.37 as black symbols
together with our averaged cross section. Again, the line broadening coe�cients can be well
accounted for by a scaling theory [249]. As in the case of hydrogen, our estimated value for
γ of 0.037 cm−1/atm is slightly larger than the 0.033 cm−1/atm for the dominating J = 2
contribution in the Raman S-branch line broadening.

3.4.3.3 Nitrogen-argon

For the nitrogen-argon gas mixture we performed measurements of alignment decay at
90 K and at room temperature. At low temperature a constant partial pressure of nitrogen
of 0.1 atm was diluted by a variable partial pressure of argon between 0.2 and 0.8 atm. At
90 K we determine a signal decay time τhom of 22.7 ps×atm, corresponding to a collision
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rate of νN2−Ar of 0.022 ps−1atm−1 and a cross section for decoherence σcN2−Ar of 80.5 Å2.
At room temperature, the nitrogen partial pressure was kept at 0.3 atm, and the ar-

gon pressure was varied between 0.4 and 3.2 atm. We obtain a collision rate νN2−Ar of
0.0077 ps−1atm−1, which corresponds to a decay time τhom of 65 ps×atm in the experi-
ment or a decoherence cross section σN2−Ar of 51.1 Å

2. The collision rates and decay times
seem surprisingly close to the ones measured for pure nitrogen-helium and the nitrogen-
helium mixture, given the di�erence in size between helium/argon and nitrogen molecules.
This can be understood in a qualitative way, as the decay rate is determined by the size of
the molecule through its cross section as well as by the frequency of encounters between
molecules. Though argon has a much larger cross section than helium, the higher average
velocity of the light helium molecules leads to more frequent encounters with nitrogen and
thus a comparable decay rate at equal pressure of the rare gas. The pronounced tempera-
ture dependence of the decoherence cross section that was observed in pure nitrogen also
becomes manifest in the mixture of nitrogen with argon.
Results of line broadening measurements of the Raman Q-branch for the nitrogen-argon

system have been published in Ref. 250 and Ref. 251 for 140 K and 295 K. In Fig. 3.38,
results for γ of Ref. 250 (black symbols) and Ref. 251 (gray symbols) at room temperature
are displayed in comparison with the averaged cross section σcN2−Ar of 51.1 Å

2 derived from
the alignment decay. The average line broadening coe�cient γ from the literature values at
J = 2 is about 0.04 cm−1/atm, and our cross section corresponds to a γ of 0.041 cm−1/atm,
in perfect agreement with the literature values. At room temperature therefore, the decay
of coherence in the nitrogen-argon system can be explained by rotational depopulation.
It should be noted that in Ref. 250 a theoretical description of depopulation rates based
on potentials from Refs. 252 and 253 was attempted, which captured well the shape of
the dependence of γ on J , but underestimated the rate severely. The same problem also
appeared for the theoretical description of the depopulation rates at 140 K.
The literature data for the Raman line broadening are limited to a temperature of 140 K,

whereas our measurements were performed at 90 K. For pure nitrogen the cross sections in
Fig. 3.32 show a decay with increasing temperature that can be approximated by a straight
line. If one assumes a similar monotonic decay for the N2-Ar system, the cross section at
140 K can be estimated from a linear interpolation between 90 K and 300 K. The resulting
comparison of literature values from Ref. 250 (black symbols) with our value (gray dashed
line) is displayed in Fig. 3.39. Our original data at 90 K yield a γ of 0.117 cm−1/atm
and are shown as red dashed line. Note that the axis for the cross sections is temperature-
dependent and valid only for 140 K. In Ref. 250 at 140 K a line broadening coe�cient
for J = 2 of γ of 0.079 cm−1/atm is determined. The extrapolated value to 140 K from
the alignment decay for the cross section σcN2−Ar is 73.5 Å2. This corresponds to a γ of
0.085 cm−1/atm. Within the error bars, this again agrees with the depopulation rates
measured by the broadening of the lines in the Raman Q-branch, and we can con�rm the
absence of pure dephasing also for the nitrogen-argon mixture at low temperature.

3.4.3.4 Nitrogen-krypton

We performed experiments on the nitrogen-krypton gas mixture at room temperature at a
constant nitrogen partial pressure of 0.3 atm, while the krypton pressure was varied between
0.4 and 2.5 atm and at 120 K for a nitrogen partial pressure of 0.1 atm. For this system,
measurements proved to be di�cult and had to be performed at lower pump pulse intensity
than the other experiments reported in this paper, as the onset of nonlinear processes due
to the large electronic polarizability of krypton [254] leads to increased �uctuations. At
room temperature we �nd a signal decay time τhom of 59 ps×atm, corresponding to a
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Abbildung 3.38: Line broadening coe�cients γ (HWHM) for the Raman Q-branch from
Ref.250 (black symbols) and Ref.251 (gray symbols) for a mixture of nitrogen and argon at
a temperature of 295 K compared to the cross section from the alignment decay (horizontal
line). The size of the red symbols corresponds to the weight of the particular state in the
total alignment signal.
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Abbildung 3.39: Line broadening coe�cients γ (HWHM) for the Raman Q-branch from
Ref.250 (black symbols) for a mixture of nitrogen and argon at a temperature of 140 K
compared to the Line broadening from the alignment decay measured at 90 K (red horizontal
line) and extrapolated to 140 K (gray horizontal line). The size of the red symbols corresponds
to the weight of the particular state in the total alignment signal.

collision rate of νN2−Kr of 0.0085 ps−1atm−1. The cross section σcN2−Kr derived from the
data is 63.9 Å2. The decay time results in a hypothetical line broadening coe�cient γ of
0.045 cm−1/atm.

For a temperature of 120 K the decay time τhom for alignment is 32.6 ps×atm, cor-
responding to νN2−Kr = 0.015 ps−1atm−1 and σcN2−Kr of 71.2 Å2. From these data a
line broadening coe�cient γ of 0.081 cm−1/atm is obtained. To the best of the author's
knowledge, no published data on the broadening of transition lines in the nitrogen-krypton
system are available.
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Tabelle 3.2: Lifetimes of the homodyne detected signal τhom in pure nitrogen and the gas
mixtures, the collision rates of nitrogen with the respective partners νN2−X , and the cross
sections for rotational dephasing σc

N2−X derived from the signal decay of alignment. For
comparison we show the cross section for depopulation σp

N2−X derived from the literature
values for γ for the J = 2 rotational level, and the gas kinetic cross section σkin at room
temperature.

τhom, ps×atm νN2−X , ns
−1atm−1 σcN2−X , Å

2

low T 295 K low T 295 K low T 295 K

N2-H2 22.9± 3 (77K) − 22± 4 − 22.1± 4 −
N2-He 43.7± 4 (80 K) 71.5± 8 11± 2 7± 1 18.1± 3 21.3± 3
N2-N2 15.6± 2.5 (80 K) 64.9± 5 36± 6 8± 1 102± 5 48± 8
N2-Ar 22± 3 (90 K) 65± 6 22± 3 8± 1.5 80.5± 8 51.1± 8
N2-Kr 32.6± 4 (120 K) 59± 6 15± 2 8.5± 1.5 71.2± 8 63.8± 8

σpN2−X(J = 2), Å2 σkinN2−X , Å
2

295 K 295 K

N2-H2 19.41 (17.81 at 77 K) 322

N2-He 19.13 26.52

N2-N2 574 432

N2-Ar 565 (665 at 140 K) 40.82

N2-Kr − 47.52

afrom Ref. 244
bfrom Ref. 248
cfrom Ref. 235
dfrom Ref. 224 and Ref. 223
efrom Ref. 250

3.4.4 Discussion

We obtained the cross section for rotational decoherence from the evaluation of the signal
decay of non-adiabatic alignment in nitrogen and mixtures of nitrogen with di�erent per-
turbers. The results are collected together with the available literature data in Table 3.2.
In the non-adiabatic alignment a laser pulse, which is short compared to the rotational
period of the molecule, imprints a common phase on all rotational transitions excited. At
the half and full revival times, all rotations excited by the pump pulse line up in phase,
due to the common divider of 2B in the rotational periods, and thus pronounced peaks of
alignment or anti-alignment are observed. Upon a collision, rotational energy is redistribu-
ted among the collision partners, and the rotational motion acquires a random phase, even
though the common factor of 2B in rotational energy is retained. With the collision times
statistically distributed, the molecule is lost for the phase-sensitive revival amplitudes we
use to quantify the decay of rotational coherence. The increased average alignment, howe-
ver, may still not disappear completely and a small overall anisotropy in the sample may
remain. In Ref. 213, the authors �nd in a stimulated Raman experiment on pure nitrogen
that the M quantum number is not randomized in an inelastic collision, and thus the initi-
ally prepared alignment decays at a slower rate than the non-equilibrium population. Due
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Abbildung 3.40: Cross sections for decoherence σc
N2−X at low temperature (blue squares)

and at room temperature (red triangles) as a function of the molecular mass of the collision
partner. For comparison the gas kinetic cross sections σkin

N2−X at room temperature are shown
as black circles. The lines are guides to the eye.

to the smallness of the time-independent alignment under our experimental conditions (cf.
Secs. 2.2 and 3.3.4), however, this contribution does not a�ect the integrated revival area.
First, we consider the rotational state dependence of the cross section for decoherence

σc. The observed single-exponential decay of the homodyne detected alignment signal in
all combinations indicates that σc does not depend signi�cantly on J within the range
relevant of J = 1 to J = 5 under our experimental conditions. The slow variation of σp

with J found in theoretical approaches and Raman Q-branch experiments is illustrated in
Fig. 3.34 and Figs. 3.36�3.39 and it supports this observation. The problem in this case
reduces to a single cross section characterizing the response of all contributing J levels.
Next, we inspect the relation of σc to σp based on the comparison in Table 3.2. In

general, we �nd a good agreement for similar temperature between our set of σc values
and the available σp values measured by di�erent groups for all gas mixtures. For pure
nitrogen and the nitrogen-argon mixture our values are essentially within the error bars of
the literature data or lower, only for the light collision partners hydrogen and helium we
�nd somewhat larger decoherence rates compared to the published depopulation data. The
equality of σc and σp means that rotational coherence in these examples is destroyed in a
∆J ̸= 0 type of collision and pure dephasing with ∆J = 0 is insigni�cant. We can draw
this conclusion for the range of pressures between 0.1 atm and 1 atm, corresponding to the
binary collision regime of the dilute gas. At high densities, and especially in liquids, pure
dephasing is expected to be of major importance. The equality of σc and σp holds in our
experiments for the temperature range from close to liquefaction temperature of nitrogen
(80 K) up to room temperature.

Finally, in Fig. 3.40 we compare our σc values to the gas kinetic cross section σkin. We
use the standard cross sections at room temperature for pure perturbers from Ref. 235
and determine the combined cross section σkinN2−X analogous to Eq. 3.57. The number
of electrons Z and thus size and polarizability scale with the molecular mass m, and
therefore the increase of σkinN2−X in Fig. 3.40 is expected. To separate H2 from He we
plot the cross sections not as functions of Z, but rather as functions of molecular mass
m, and use a semilogarithmic scale to better visualize the spread in m. In this scale,
σkinN−2−X is increasing almost linearly (solid black line in Fig. 3.40), with the only the He
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3 Experiments

atom deviating toward a smaller value caused by the tighter binding of electrons in He.
The σkinN2−X values are compared to the σcN2−X values at room temperature, plotted as
red triangles in Fig. 3.40 and connected by a straight dashed line as a guide to the eye.
For the N2-N2 system obviously σkin and σc are almost identical. This leads to the very
intuitive notion that the loss of rotational coherence requires a hard sphere collision. Figure
3.40 shows, however, that the dependence of the decoherence cross section on molecular
mass is steeper than in the case of the gas kinetic cross section, and the lines describing
the dependences cross coincidentally for the N2-N2 system. At both limits, consequently
deviations toward larger as well as smaller values appear. Decoherence cross sections for
the nitrogen-krypton system are larger than the gas kinetic cross section, while for the
light perturbers hydrogen and helium σkin signi�cantly exceeds σc. The loss of rotational
coherence and population for the nitrogen-hydrogen and nitrogen-helium systems therefore
requires more than one hard sphere collision. In the mechanistic picture of a collision event
it is expected that a collision partner approaching in the rotational plane has a stronger
impact than in the vertical direction [222]. This should be more strictly valid for the
atomic perturbers which do not possess a plane of rotation themselves. Furthermore, the
large rotational constant of 60 cm−1 of the hydrogen molecule, 30 times larger than for
nitrogen, may inhibit the coupling of rotational degrees of freedom. This is supported by
the fact that in our experiments para-hydrogen, predominantly in J = 0, and normal
hydrogen, predominantly in J = 1 with a quadrupole moment, do not lead to a signi�cant
di�erence in the decay of rotational coherence. For the heavy Kr atom, the relative Kr-N2

velocity decreases compared to the light perturbers, and the large σc in this case might be
governed by the same mechanism as the temperature dependence we will discuss now.
The values for σc at low temperature are shown in Fig. 3.40 as blue squares, together with

the temperature they were obtained at. The temperature varies between 77 K for hydrogen
and 120 K for krypton to avoid liquefaction of one of the components. The e�ect of cooling
on σc for pure nitrogen is dramatic, with σcN2−N2

at 80 K exceeding the gas kinetic cross
section σkin (295 K) by more than a factor of two. Unfortunately, no data on σpN2−N2

at low temperature are published. A similar strong increase is observed, however, for the
cross section for rotational relaxation σr [225�228]. This growth results from the small
translational velocities a low temperature. For low temperature, the long range attractive
part of the intermolecular potential and so-called orbiting collisions [240�242] come into
play and increase the cross section beyond the radius in the hard sphere model.
To measure the molecular alignment we used the optical Kerr e�ect method for pressures

up to some atmospheres, however, the pressure range the method can be applied in has
no fundamental limit. Even our analysis based on the integrated area of revival peaks
allows to increase the pressure by an order of magnitude, and heterodyning instead of
homodyning will slow down the decay of the signal. For higher pressure and liquids there
exist a well developed set of methods for data analysis based on Fourier analysis [18]. The
suitability for high pressure is an advantage compared to the frequency-domain Raman Q-
branch method, where overlapping lines already at 1 atm pose a serious problem for data
evaluation. Also, temperature is not a limitation, e.g we have applied the Kerr e�ect method
successfully to study dynamics in hydrogen at 10 K [36]. This �exibility, together with the
excellent agreement of experiment and theory for alignment of diatomics at moderate laser
intensities, makes it an ideal method to obtain values for the cross sections for rotational
decoherence, which are important for the use of rotational revivals in spectroscopy as well
as in quantum information schemes.
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Summary

This thesis presents results of the investigation of the alignment of rotationally excited
diatomic molecules in experiment and numerical simulations. Laser-induced rotational ali-
gnment has become an important topic in molecular physics over the past two decades
and is nowadays widely used tool for the creation of molecular ensembles with controllable
directionality with respect to the laboratory frame.

In the theoretical part of the thesis, we presented results of rotational state-resolved
numerical simulations of molecular alignment. Due to the algebraic complexity of the pro-
blem, analytical approaches to the molecular alignment are available for only the impulsive
and classical limits in the rotational ground state. Otherwise, the analysis of alignment is
largely based on numerical simulations, which does not necessarily advance the physical
understanding. The state resolution in our approach allows to identify the basic physical
processes contributing to the response of a molecule to the linearly polarized electric �eld
of a laser, and to disentangle the particular e�ects of the J and the M quantum numbers.
Based on these insights, we developed a simple analytical model that allows to estimate
the amplitude of the post-pulse molecular alignment for given experimental parameters. In
this model, we explicitly took into account that molecules in rotationally excited states can
interact with a laser pulse not only by absorbing energy but also by stimulated emission.
The extent to which these processes are present in the interaction depends on one hand
via the M quantum number on the directionality of the molecular angular momentum,
and on the other hand via the particular transition frequencies to higher and lower lying
rotational states also on the pulse duration.
The transition to higher rotational levels corresponds to an aligning motion of the molecu-

le, and the transition to lower rotational levels to an anti-aligning motion. In the ensemble
average, these e�ects can at least partially cancel. The ratio of absorption to emission
processes therefore determines the shape of the post-pulse alignment transient. The ampli-
tude of the alignment on the other hand is mainly determined by the e�ciency of energy
exchange between the laser �eld and the molecule. The longer the laser pulse, the more
likely it is that the polarization induced by the leading edge of the pulse will be removed
by the trailing edge. In the limit of adiabatic alignment, the net energy exchange is zero,
and the system is brought back to its initial equilibrium condition. We showed that for
a laser pulse duration comparable to the molecular rotational period, the crossover from
non-adiabatic to adiabatic limits is well described by a convolution of excitation pulse
envelope and sinusoidal molecular response and that it takes place in the region between
0.1 and 1 for the ratio of pulse duration to rotational period. This timescale is roughly
determined by the rotational period, and thus the J quantum number. The rotational pe-
riod corresponding to the aligning transition gives the lower limit of the permissible pulse
duration, and the rotational period corresponding to the anti-aligning transition gives the
upper limit. Individual rotational levels display decays between these to limits, which are
also accounted for within our analytical model.
For higher intensities of the laser electric �eld, the rotational wave packet contains a

greater manifold of coupled rotational levels, over which the degree of adiabaticity varies.
The di�erence in the frequencies associated with the respective rotational transitions leads
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to the possibility of the faster oscillating aligning part of the wave packet being more a�ec-
ted by the laser pulse duration than the anti-aligning part. For an appropriate combination
of laser pulse duration and energy and molecular rotational frequency, a region is created
in which rotational cooling, and thus post-pulse anti-alignment, prevails over rotational
heating, or post-pulse alignment.
The results on the non-adiabatic to adiabatic transition of the molecular alignment

with increasing laser pulse duration were used further to propose a control scheme, in
which the pulse duration is tuned to address speci�c rotational transitions. For a quantum
system with transition frequencies strongly increasing with the quantum number, increasing
the excitation pulse length leads to a selective excitation of the low energetic side of the
spectrum, as higher lying levels are adiabatically transferred back into their original state.
In double-pulse experiments, the length of the second (dump) pulse can be adjusted to
selectively eliminate the red wing of the spectrum by tuning it into the adiabatic limit for
the blue wing. This e�ect was demonstrated by numerically calculating spectrally controlled
destructive interference in non-resonantly excited rotation of diatomic molecules. The J
composition of the resulting alignment signal may be far from the temperature of the
environment. We thus demonstrated that adapting the pulse duration in non-resonant
excitation of wave packet states can serve as a tool to achieve spectral selectivity otherwise
not permitted by the non-resonant nature of the process.
With both schemes together, low J and high J rotational density packets can be de-

signed. In this way e�ects of non-equilibration of rotational and translational degrees of
freedom, as they occur for example in a typical molecular beam expansion experiments, can
be studied in a controlled way. Additionally, shaping of rotational wave packets could be
used to study state-dependent alignment decay rates or to remove a dominant low-energy
contribution to an alignment signal. Additionally, we point out that the approach is not
limited to the case of rotational excitation, but can be extended to those cases of wave
packet dynamics for which a transition from adiabatic to non-adiabatic pulse length is
permitted by the experiment and energy spacings between levels vary signi�cantly, as it is
the case e.g. in Rydberg progressions.

The experimental part of this work deals with rotational decoherence, and its rates
and temperature dependence. To this end, a setup for the detection of the ultrafast optical-
ly induced Kerr e�ect was implemented and characterized. The characterization included
quanti�cation of the detected alignment signal in dependence of gas number density, and
the quantitative determination of the geometry of the interaction volume of laser radiation
and gas. We found excellent agreement between our experiment and the numerical simula-
tions. In particular, the shape of the experimentally measured revival peaks Based on this,
we proposed to directly determine the relative magnitude of the small population part of
alignment by analyzing the shape of the homodyne detected alignment signal. This will
allow to directly quantify the population part of alignment in a model-free way, which had
been accessible up to now only at too high laser pulse power densities near the ionization
threshold.
Furthermore, we quantitatively determined cross sections for rotational decoherence in

pure nitrogen, and in mixtures of nitrogen with hydrogen and several noble gases. Knowled-
ge of these rates constitutes an important contribution to the �eld of research, as hitherto
no systematic study of the rates for decoherence had been available.
At the half and full revival times of non-adiabatic molecular alignment, all rotations exci-

ted by the pump pulse line up in phase, due to the common divider of 2B in the rotational
periods. Thus pronounced peaks of alignment or anti-alignment are observed. The integra-
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ted area of the homodyne detected alignment signal is robust to the e�ects of centrifugal
distortion, and thus serves as a measure of the degree of coherence in the rotational wave
packet. Upon a collision, rotational energy is redistributed among the collision partners,
and the rotational motion acquires a random phase. With the collision times statistically
distributed, the molecule is lost for the phase-sensitive revivals. To reliably measure the
decay of revival area, the very high sensitivity of the setup was quantitatively determined
and provided a dynamic range of several orders of magnitude. Using a mean-free path
model, we extracted cross sections for rotational decoherence from the integrated areas of
the detected alignment signal. This approach is a new and model-free method to quantify
cross sections for decoherence, and it can be applied to a wide variety of gases, the only
necessary condition being that they show rotational revivals non-overlapping in time. It
is in principle possible to obtain additional rotational frequency resolution by shaping the
composition of the rotational wave packets with suitably designed excitation pulses using
the method developed in the theoretical part of the thesis.
In pure nitrogen, we found that the cross section for decoherence decreases from 102 Å2

at 80 K to 48 Å2 at room temperature. This leads to the lifetime of rotational cohe-
rence becoming almost independent of temperature for a constant number density of gas.
Quite counter-intuitively, at constant pressure, the lifetime for rotational coherence even
increases with increasing temperature. This stability of rotational revivals with respect to
temperature may be relevant for the implementation of quantum information schemes.
In the literature, a number of cross sections for rotational depopulation measured via the

line broadening in the stimulated Raman Q-branch are available. In general, we �nd a good
agreement for similar temperature between our set of decoherence cross sections and the
available depopulation cross sections measured by di�erent groups for all gas mixtures. For
pure nitrogen and the nitrogen-argon mixture our values are essentially within the error
bars of the literature data or lower, only for the light collision partners hydrogen and helium
we �nd somewhat larger decoherence rates compared to the published depopulation data.
The equality of the cross sections for decoherence and depopulation means that rotational
coherence in these examples is destroyed in a ∆J ̸= 0 type of collision and pure dephasing
with∆J = 0 is insigni�cant. We can draw this conclusion for the range of pressures between
0.1 atm and 1 atm, corresponding to the binary collision regime of the dilute gas. At high
densities, and especially in liquids, pure dephasing is expected to be of major importance.
The geometric size of a particle is described by its gas-kinetic cross section. We found

that for pure nitrogen at room temperature, decoherence cross section, depopulation cross
section, and gas kinetic cross section are similar. This means that destroying rotational co-
herence requires a hard sphere collision. For lower temperature and gas mixtures, however,
the situation appears more complex. Decoherence cross sections for the nitrogen-krypton
system are larger than the gas kinetic cross section, while for the light perturbers hydrogen
and helium the gas kinetic cross section signi�cantly exceeds the decoherence cross section.
The loss of rotational coherence and population for the nitrogen-hydrogen and nitrogen-
helium systems therefore requires more than one hard sphere collision. For low temperature,
the long range attractive part of the intermolecular potential and orbiting collisions come
into play and increase the cross section beyond the radius in the hard sphere model. This
qualitatively strong e�ect is implicitly well accounted for by theory, keeping in mind that
the existing calculations mostly reproduce the observed depopulation cross sections well. It
would be helpful for experimenters, however, if the underlying physical mechanism could
be worked out in a more explicit way in the presentation of theoretical results.
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