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Abstract
The field of molecular physics, which is focusing on molecular motion in the transition
states of physical, chemical, and biological changes, is a wide-spread research area. It
strives to reveal the structural and functional properties of molecules, the chemical
bonds between atoms and the time evolution. Many processes occurring in nature upon
electronic excitation proceed on the ultrafast femtosecond timescale and can be triggered
by modern ultrashort femtosecond-laser sources under laboratory conditions. In the
present thesis pump-probe studies were performed to follow molecular motion using
ultrashort light pulses in the nanometer wavelength range provided by an XUV freeelectron laser (FEL). In detail, alignment of molecular species in space under field-free
conditions was investigated. In the specific case of rotational wave packets in molecules
the rotational dynamics shows characteristic temporal features, which contain a wealth of
information on molecular structure and give insight into molecular coupling mechanisms,
i.e. rotational constants and transition frequencies.
Within this thesis, Rotational Coherence Spectroscopy (RCS) reveals wave-packet
motion observed by subsequent Coulomb explosion of Raman excited carbon monoxide,
which results in a time-dependent asymmetry of spatial fragmentation patterns. With
the method presented here, the time resolution to elucidate the fast dynamics of strong
couplings can be pushed toward a single rotational period even for the fastest rotors.
This is due to large pump-probe delays with small subpicosecond step size.
This kind of spectroscopy can also be expanded to molecular species, which are not
accessible by other powerful spectroscopic methods, such as Fourier-transform microwave
spectroscopy (FTMW). Furthermore, it allows to measure weak molecular couplings on
a long timescale (large pump-probe delays), e.g. couplings of molecules in a solution or
molecules dissolved in quantum fluids. This is valuable to measure the extraordinary
weak couplings in superfluid helium clusters and nanodroplets.
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Zusammenfassung
Der Bereich der Molekülphysik, welcher sich auf Dynamik in Übergangszuständen
physikalischer, chemischer und biologischer Reaktionen konzentriert, bildet ein breit gefächertes Forschungsgebiet. Es wird die Aufklärung der strukturellen und funktionalen
Eigenschaften von Molekülen, ihrer chemischen Bindungen sowie des zeitlichen Verhaltens angestrebt. Dabei finden viele der auf elektronischen Anregungen basierenden Prozesse in der Natur auf der ultraschnellen Femtosekundenzeitskala statt. Diese können
durch moderne Ultrakurzzeit-Laserquellen unter Laborbedingungen angeregt werden. In
der vorliegenden Arbeit wurden zeitaufgelöste Pump-Probe Messungen durchgeführt um
Molekülbewegungen mit ultrakurzen Lichtpulsen zu verfolgen, die von einem XUV FreieElektronen Laser (FEL) im Wellenlängenbereich von wenigen Nanometern erzeugt werden. Im Detail wurde die räumliche Ausrichtung molekularer Systeme unter feldfreien
Bedingungen untersucht. Im vorliegenden Fall von molekularen Rotationswellenpaketen zeigt deren Zeitentwicklung charakteristische Besonderheiten, welche eine Vielzahl
an Informationen über die Molekülstruktur und Einsicht in molekulare Kopplungsmechanismen geben, beispielsweise über Rotationskonstanten oder Übergangsfrequenzen.
In dieser Arbeit offenbart die Rotationskohärenzspektroskopie (RCS - Rotational Coherence Spectroscopy) die Wellenpaketdynamik, welche mittels Coulombexplosion Raman-angeregter Kohlenmonoxidmoleküle beobachtet wurde. Der Nachweis erfolgt über
die Messung einer zeitabhängigen Asymmetrie von räumlichen Fragmentationsmustern.
Mit der hier präsentierten Methode kann die erreichbare Zeitauflösung, um schnelle Dynamik bei starken Kopplungen zu untersuchen, selbst für die schnellsten Rotoren in den
Bereich einer einzelnen Rotationsperiode verschoben werden. Dies ist möglich durch
Pump-Probe Verzögerungen mit kleiner sub-Picosekunden Schrittweite.
Diese Spektroskopie lässt sich auch auf molekulare Systeme ausweiten, welche mit
anderen leistungsstarken Methoden, wie etwa der Fourier-Transform Mikrowellenspektroskopie (FTMW) nicht zugänglich sind. Weiterhin werden Messungen schwacher molekularer Kopplungen auf langen Zeitskalen (große Verzögerungszeiten) ermöglicht, beispielsweise von Molekülen in Lösungen oder in Quantenflüssigkeiten. Das ist besonders
nützlich, um die außerordentlich schwachen Kopplungen in suprafluiden Heliumclustern
und Nanotröpfchen zu untersuchen.
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1 Introduction
The field of molecular physics, which is focusing on molecular motion in the transition
states of physical, chemical, and biological changes, is a wide-spread research area. It
strives to reveal the structural and functional properties of molecules, the chemical bonds
between atoms and molecular dynamics, in order to rise the understanding of chemical
processes in many fields: from practical application of biological macromolecules in life
sciences and medicine down to modeling quantum mechanical behavior and effects on
the atomic scale. Therefore, studying nature’s chemistry in the small size limit under
well-defined conditions is one of the hot topics in modern laser science. The dream is
to reveal the dynamics and changing structure of single molecules during an ongoing
chemical reaction in well defined environments, or in other words to record its motion
picture in real time. Many processes occurring in nature upon electronic excitation
proceed on the ultrafast femtosecond timescale. These excitations can be triggered
under laboratory conditions by modern ultrashort femtosecond-laser sources. X-ray
science is currently pushing the frontiers of laser science in many research areas, due to
the emerging of fourth generation X-ray sources, i.e. X-ray free-electron lasers (FELs)
that provide highly intense light beams with femtosecond pulses. The properties of these
light sources allow to examine matter at the length, energy, and time-scale of atoms and
molecules.
These ultrashort lasers allow to perform time-resolved studies with high peak intensities in the short-wavelength limit, where a first pump pulse initiates dynamics in a
system, which is then investigated after a given time delay by means of a second probe
pulse. Femtosecond pump-probe experiments are used extensively to follow atomic and
molecular motion in real time. For many applications the preparation of the sample
in selected states is of importance to the probed interaction. Most chemical reactions
depend on the relative orientation of the reactants. Therefore, alignment of molecular
species in space under field-free conditions allows for precise measurement in the molecular frame. Otherwise random orientation of molecules within a sample leads to blurred
observations of chemical reactions in the laboratory frame [1]. Alignment is usually
established by coherent excitation of a superposition of discrete quantum states gener-
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ating a quantum wave packet that evolves in time. Characteristic wave packet revivals
are observed after the excitation pulse if the induced perturbation is short (impulsive)
compared to the system response [2].
In the specific case
of rotational wave packets in molecules, the
revivals express themselves as time-evolving
alignment of the molecular axis or axes with
respect to the laser polarization vector(s) [3,
4] (see Fig.1.1).
Figure 1.1: Correlation between rotational dynamics and
molecular structure. Rotational alignment occurs on characteristic revival time scales τ depending on the molecular structure (reduced rotational constant Br = Bc) such as τ = 1/2Br .

This

concept was pioneered
by Zewail and coworkers in the late 1980s and
leads to well-known re-

vival structures under field-free conditions [5]. The impact of this approach to alignment in many areas of ultrafast science and gas-phase spectroscopy is extensive, ranging
from molecular-orbital tomography [6], single-molecule imaging [7], laser-pulse compression [8], high-order harmonic [9], and attosecond pulse generation [10] to fundamental
studies on rotational coherence decay [11], and it opens new vistas for the analysis and
control of stereochemical reactivity [12].
For most applications of the coherent alignment concept rotationally broad, spatially
and temporally well defined wave packets [13] are desired, or in other words, the highest possible degree of field-free alignment. But it is important to note, however, that
time-evolving rotational wave packets themselves contain a wealth of information on
molecular structures [14] as well as insight into molecular coupling mechanisms such as
rotation vibration coupling [15], and the interaction of molecules with their environment
[16]. This information is available also from the time evolution of coherent wave packets
containing contributions from only a few energy levels and a low degree of alignment.
Rotationally broad wave packets undergo relatively fast dephasing. The superposition
of just two rotational levels results in a very simple beat structure, the most rudimentary form of a wave packet with an interesting property: it does not dephase and only
perturbations cause decoherence. A stable two-level rotational superposition is therefore
well suited to study intra and intermolecular couplings leading to ultrafast decoherence

2

of rotational motion in complex systems and environments.
While the principle of this approach is equivalent to microwave spectroscopy in the
time domain, it has the advantage of accessing the sub-picosecond time scale, where
a variety of ultrafast phenomena of interest, such as chemical reactions, take place.
Powerful techniques have been improved, such as Fourier-transform microwave spectroscopy (FTMW), providing excellent sensitivity and selectivity, e.g. the energy resolution has been pushed below 10−8 cm−1 , corresponding to 1-kHz frequency resolution. Even with the microwave spectroscopy technique, the fastest response currently
detected is in the region of 100 ps [17]. The time-domain approach, which will be
presented in the present thesis aims at pushing the time resolution toward the ultimate temporal limit determined by the rotational period, and exploring rotational
dynamics caused by intramolecular coupling or the interaction with dissipative media. This study is done for the prototypical small carbon monoxide probe molecules.
The wave packet motion is observed by subsequent Coulomb
explosion, which results in a
time-dependent asymmetry of
spatial fragmentation patterns,
whose

characteristic

temporal

structure reveals the rotational
dynamics and rotational constants.

This opens the door

for determination of rotational
constants of heavier molecules
and molecular clusters, which
are unavailable by conventional
frequency domain spectroscopy,
since their rotational lines in the Figure 1.2: Variation of rotational constant B with
IR spectrum would overlap, thus cluster size. The value of the B constant depends on
making structural analysis im- the number of attached helium atoms. It evolves to a
plateau corresponding to the He nanodroplet limit repre-

possible. Furthermore, this ap- sented by the dashed blue line [18]. Data from microwave
proach is important for a whole spectroscopy are given by filled circles and data from inclass of Raman-active molecules,

frared spectroscopy are marked by open circles (modified
from [19]).

such as homonuclear diatomic
molecules, which are impossible to explore by IR spectroscopy. As a model system
for investigation of energy exchange between a molecule and a surrounding solvent, a
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helium environment is applicable and offers some comfortable advantages compared to
other solvents. On the one hand helium as carrier gas for the CO molecules offers the
opportunity to effectively cool down molecules by co-expansion into vacuum, and on
the other hand establishes an ultracold environment by embedding molecules in helium
clusters and nanodroplets of different sizes (see Fig. 1.2). The special properties of the
quantum fluid allow to disentangle interaction with the environment on the local scale
and coupling collective solvent modes, while the molecular motion still appears to be
nearly free in the superfluid environment.
The present work is outlined as follows:
The basic theoretical concepts for the description of rotational excitations of molecules
are presented in chapter 2. This part presents the general characteristics of rotational
spectra of small molecules, which are obtained from the interaction with light. This prepares the ground on which the relevant theory of quantum wave packet dynamics and
coherent Raman excitation of rotational states is summarized. At the end of this chapter the special properties of helium clusters and nanodroplets are presented with regards
to the possibility to serve as an ultracold superfluid environment to molecular probes.
Chapter 3 is focusing on general experimental techniques. Especially the co-expansion
method to generate molecular gas phase targets or cluster beams at low temperatures is
discussed. It also gives some information on the XUV free-electron laser facility FLASH
and the optical pump-probe laser system. Chapter 4 presents details of the the experimental setup e.g. the components and performance of the molecular beam source and
the precision beam diagnostics for spatial and temporal characterization and adjustment.
This chapter also directs the attention to the hardware development within this thesis,
particularly to the design and construction of a velocity map imaging spectrometer. The
experimental results that have been obtained with this setup are presented in chapter
5. The performed measurements range from time-of-flight mass spectra of ion fragments
to time-resolved IR pump FEL probe spectroscopy of induced rotational dynamics in
carbon monoxide. The results are discussed in terms of coherent coupling of rotational
states and are supported by a fully quantum mechanical model developed by international collaborators. Finally the results are summarized in chapter 6. The thesis ends
with an outlook to future perspectives of rotational coherence spectroscopy in the time
domain for dynamic studies in nanosuperfluids.
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2 Theoretical Background
2.1 Molecular dynamics
Transitions between the energy levels of molecular systems are often related to the emission or absorption of radiation. The resulting molecular spectra are more complicated
than those of atoms, but give insight to molecular structure and dynamics. Structural
changes are the basis for molecular function and their time-dependent analysis is at the
heart of dynamic investigations. The next chapter gives an introduction to the basic theoretical concepts, which are relevant for rotational coherence spectroscopy carried out
within this thesis. The following derivations are mainly confined to diatomic molecules
to keep the discussion on general molecular properties brief and transparent, without
getting lost in a fundamental theoretical description in its entire mathematical complexity due to increased number of degrees of freedom for nuclear motion in polyatomic
systems.

2.1.1 Rotation
The description of molecular structure is considerably simplified due to the fact that the
tightly bound inner shell electrons of the atomic constituents are nearly undisturbed by
their neighbors and remain localized around the nuclei which form the molecule. The
binding forces are provided by the valence electrons, which are distributed to a much
larger extend throughout the molecule. Due to the binding energy of the outer electrons
in isolated atoms on the order of a few eV, the separation of energy levels for the motion
of the valence electrons in the molecule is of the same order [20]. Since the mass of the
electrons is much smaller than that of the nuclei, but the involved forces are of comparable strength, electronic motion and excitation is fast, while the nuclei occupy nearly
fixed positions within the molecule. Consequently electronic and nuclear motion can be
treated separately. The Born-Oppenheimer approximation (or adiabatic approximation)
accounts for these considerations to solve the time-independent Schrödinger equation of
the molecule.

5

2 Theoretical Background
In the Born-Oppenheimer approximation the coupling between nuclear motion and
electronic cloud is neglected completely by assuming not an almost instantaneous but
prompt electronic adjustment to new nuclear coordinates. Seen from the electrons the
nuclei are fixed in space in this description, i.e. the molecular frame is rigid and the
nuclear motion is determined by the effective distribution of electrons. Here, it has
to be pointed out that the adiabatic approximation is more precise than the BornOppenheimer approximation in the sense that in reality there remains a small ”time
slippage” ∆t in the electron adjustment. The delay results in a small correction to the
electron energy E as a function of Rj . In other words, the nuclei at time t feel an electron
distribution that corresponds to nuclear coordinates Rj (t − ∆t) in the picture of prompt
electron adjustment. This correction depends on the kinetic energy of the nuclei.
The Hamiltonian of the total molecule can be expressed as
H = TN + Te + V

(2.1)

where TN is the kinetic energy operator for the nuclei, Te is the kinetic energy operator
for the electrons and V is the total potential energy of the system. The potential energy
consists of the sum of the Coulomb interactions between the electrons and the nuclei
VeN , between the electrons themselves Vee and between the nuclei VN N . The total wave
function Ψ can be separated into a wave function of the electrons Φ and a nuclear wave
function χ that adiabatically follows the fast changes of the electronic potential.
Ψ(ri , Rj ) = χ(Rj )Φ(ri , Rj )

(2.2)

Here, the set of all nuclear coordinates is represented by Rj , and the set of all electronic
coordinates by ri . This allows for a separation into an entirely electronic problem parametrically dependent on the nuclear coordinates, and a nuclear wave equation for nuclei
that move on an effective potential surface that accounts for their interaction with the
electrons.
(Te + Vee + VeN (Rj )) Φn (ri , Rj ) = En (Rj )Φn (ri , Rj )

(2.3)

(TN + VN N + En (Rj )) χnν (Rj ) = Enν χ(Rj )

(2.4)

This approximation is valid for ground-state molecules but becomes invalid, when the
relative motion of the nuclei is not very slow, as in atom-atom collisions, or the electronic
motion is slow, as in the vicinity of conical intersections where electronic states (potential energy surfaces) come close to each other and the energy difference gets small [21].
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Nuclear motion can be classified into translations and rotations of the whole quasi-rigid
arrangement, and internal vibrations of the nuclei around their equilibrium positions.
The theoretical description of the nuclear motion can be further simplified by introducing
the center of mass M , which is in the diatomic case for atoms A and B given by
M=

MA MB
.
MA + MB

(2.5)

In a classic picture, the molecule resembles to a rigid rotator of two point-like masses
rotating around their center of mass with a fixed internuclear distance R. The rotational
energy is given by
1
Erot = Iω 2 ,
2

(2.6)

where I = M ·R2 = L/ω represents the moment of inertia and ω is the angular frequency.
It is known from quantum mechanics that the eigenvalues of the total angular momentum
operator L2 are given by
L2 = J(J + 1)~2

(2.7)

with J being the quantum number of the total orbital angular momentum of the molecule.
By inserting equation 2.7 in 2.6 Erot becomes
Erot =

L2
J(J + 1)~2
=
.
2I
2M R2

(2.8)

The distance between two neighboring rotational levels is
~2
[(J + 1)(J + 2) − J(J + 1)]
2M R2
~2
· (J + 1)
=
M R2
~2
= (J + 1).
I

∆Erot =

(2.9)

If the molecular mass is known, the internuclear distance R can be derived from molecular
rotational spectra. In general for more complicated molecules, the analysis of molecular
rotational spectra gives insight to geometry and electronic structure and coupling of the
molecule. Typical internuclear distances in diatomic molecules in the range of 10−12 m
lead to a level spacing of 10−3 to 10−4 eV, which is accessible by microwave and far
infrared spectroscopy.
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In spectroscopy, not the rotational energy Erot of states and energy differences for
resonant transitions are used, but commonly wavenumbers, representing the spatial frequency F = E/hc = 1/λ
Frot =

J(J + 1)~2
= BJ(J + 1)
2hcM R2

(2.10)

with the rotational constant B = ~2 /2hcM R2 containing the molecular moment of
inertia. The rotational spectrum of a diatomic molecule consists of a series of equally
spaced absorption lines (see Fig. 2.1). For the transition J → J + 1, the energies of the
spectral lines are expressed by
∆E = 2(J + 1)B

(2.11)

In the equilibrium distance R0 of a non-rotating molecule, which corresponds to the

Figure 2.1: Rotational absorption spectrum of CO. The absorption lines are equally
spaced by 2B. The spectrum is measured with THz time domain spectroscopy of a high
pressure (2 bar) CO gas cell. (from [22])

minimum of the electronic potential V (R), no force acts on the nuclei. But in case
of rotating molecules an additional centrifugal distortion has to be considered, which
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stretches the molecule, increasing its moment of inertia. This increased internuclear
distance from R0 to R causes a restoring force
FR = k(R − R0 ) = −

∂
(V (R)).
∂R

(2.12)

The total rotational energy is then added by a term k(R − R0 )2 /2 and the first terms of
a Taylor -series around R0 lead to a total rotational energy
L4
3L6
L2
−
+
+ ···
2
6
2M R0 2kM 2 R0 2k 2 M 3 R010

(2.13)

Frot = BJ(J + 1) − DJ 2 (J + 1)2 + HJ 3 (J + 1)3 + · · ·

(2.14)

Erot =

where D and H are higher order rotational constants, which become relevant especially
for rotational states with high J-values, where rotational and vibrational motion are
strongly coupled. For the sake of completeness vibrational states have to be mentioned
in short. As described above the molecular potential at the equilibrium distance of the
nuclei R0 can be approximated by a harmonic oscillator potential leading to the restoring
force of Eq. 2.12. The vibrational energy is quantized with quantum number ν
1
Eν = (ν + )~ω, with ω = (k/M )1/2 .
2

(2.15)

This leads to vibrational energy levels that are evenly spaced with separation ~ω and
correspond to a single line in the vibrational spectrum of a molecule. However, the
molecular potential becomes increasingly anharmonic with growing distance from the
equilibrium position. Vibrational energy levels then converge for high quantum numbers
to a maximum value and several lines can be obtained in molecular spectra.

2.1.2 Dipole transitions and selection rules
In electrodynamics a classical oscillating dipole couples to electromagnetic radiation due
to its electric dipole moment µ
~ = q · ~r. In quantum mechanics external electric fields
are included to the Hamiltonian of the Schrödinger equation as a perturbation of the
field-free case, leading to a transition operator, which contains a factor exp(−i~k · ~r) due
to the periodic nature of the electric field. The matrix elements
hΨj | exp(−i~k · ~r)ˆ
 · p~|Ψi i

(2.16)
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with the polarization ˆ of the electromagnetic wave and the momentum operator p~, are
the key factors to describe the probability of a transition between the two states i and
j. If the wavelength λ of the perturbing radiation is large compared to the dimensions
of the molecule ~k · ~r  1, which is valid for IR, VIS, UV, and VUV radiation, the
exponential factor can be expanded to
1
exp(−i~k · ~r) = 1 − i~k · ~r − (~k · ~r)2 ∓ . . .
2

(2.17)

In the dipole approximation the spatial variation of the radiation field across the molecule
is neglected and exp(−i~k · ~r) is set equal to unity. The corresponding one-photon transitions are called electric dipole transitions. If dipole transitions are forbidden, i.e. equation 2.16 is equal to zero with exp(−i~k · ~r) = 1, the higher order terms of the multipole
expansion can still account for transition probability between two states.
In the first order approximation the expectation value of the electric dipole moment µ
is represented by the matrix elements of the electric dipole operator D

hµi = D = e · 


X
i

ZRi −

X

rj 

(2.18)

j

where the first term sums over the positions Ri and charges Zi e of the nuclei, expressing
the nuclear contribution to the dipole moment, and the second sum is over the positions
rj of the electrons, representing the electronic contribution to the dipole moment. The
diagonal matrix element Dii = hΨi |D|Ψi i is the permanent electric dipole moment of
the molecule in state i, where Ψi is the total wave function of the molecule.
In symmetric homonuclear diatomic molecules (e.g. H2 , O2 , N2 ) and in polyatomic
centrosymmetric linear molecules (e.g. HCCH) this value always vanishes, since it is an
eigenvalue of the parity operator and these molecules lack a permanent electric dipole
moment. The parity P of a state describes the behavior of the electronic molecular wave
function Ψ for an inversion of all coordinates and can have even parity P Ψ = 1 · Ψ if the
wave function does not change upon symmetry operation, or odd parity P Ψ = −1 · Ψ
if it changes its sign. Since the matrix elements of the electric dipole operator, treated
in dipole approximation, vanish for transitions between states with even parity, it only
connects states of different parity P = (−1)J . Because rotational and vibrational motion
do not change the symmetry of the molecule, also the elements of Dik between different
rotational or vibrational states vanish in homonuclear molecules, resulting in the absence
of rotational or vibrational spectra without an electronic transition in these species. But
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Dik has a finite value for heteronuclear molecules, in which the charge density is not
distributed symmetrically between the two nuclei.

~ ~r) = ψel (R)ψ
~ vib (R)ψrot (θ, φ) can be sepSince the total molecular wave function Ψi (R,
arated if treated in Born-Oppenheimer-approximation, only the rotational wave function
ψrot is relevant for pure rotational transitions. The corresponding eigenfunctions to a
rigid rotator system are then represented by the spherical harmonics
ψrot (R) = YJM (θ, φ)

(2.19)

with the quantum numbers J and M describing the total angular momentum and the
projected angular momentum to the rotational axis. The lowest order spherical harmonics are depicted in Fig. 2.2.

Figure 2.2: Spherical harmonics of the lowest orders. The square of the rotational
basis functions indicate the spatial electron distribution in different states (J, M) [23]

Due to symmetry conditions of the molecular wave functions, which are eigenfunctions of the parity operator P , the selection rules for pure rotational transitions for
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linear rotors are
∆J
∆M

= ±1

(2.20)

= 0, ±1

(2.21)

corresponding to photon absorption (∆J = +1) and photon emission (∆J = −1), because the angular momentum has to be conserved, when a spin-1 particle is emitted or
absorbed. If also vibrational transitions ν → ν 0 occur in the electronic ground state, the
matrix element of the electric dipole moment is a function of the internuclear distance R
and the linear harmonic oscillator eigenfunctions ψν , leading to further selection rules:
∆ν = ±1.

(2.22)

Figure 2.3: Ro-vibrational spectrum of CO. Transitions in the electronic ground state
of CO molecules between two ro-vibrational states form a vibrational-rotational band that
separates into two sets, the R-branch if ∆J = +1 and the P-branch if ∆J = −1. The
spectral lines are nearly equally spaced by 2B except a gap of 4B around the vibrational
frequency ν0 corresponding to the wavenumber F0 = 2142 cm−1

The harmonic oscillator potential is a good approximation only in the vicinity of the
equilibrium distance R0 . As a result one derives the Hermite polynomials for the corresponding wave functions resulting in equidistant energy levels. Details on molecular
vibrations can be found elsewhere [20]. Due to the anharmonicity of the potential toward
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molecular dissociation, transitions with ∆ν = ±2, ±3, . . . are possible but less prominent.
During absorption of a photon the molecule takes up one unit of angular momentum.
Consequently vibrational transitions are always accompanied by a rotational transition,
resulting in coupled ro-vibrational states (ν, J) and (ν 0 , J 0 ). For molecules in the vibrational ground state the transitions between two ro-vibrational states separate into two
sets, the R-branch if ∆J = +1 and the P-branch if ∆J = −1. The corresponding energy,
composed of the vibrational energy Eν = hν and the rotational energy from equation
2.11, is given by
hν R = E(ν + 1, J + 1) − E(ν, J)
= 2B(J + 1) + hν0

(2.23)
(2.24)

with J = 0, 1, 2,... for the first case. For the P -branch the frequencies ν P are such that
hν P

= E(ν + 1, J − 1) − E(ν, J)

(2.25)

= −2BJ + hν0

(2.26)

with J=1, 2, 3,... These two branches form a vibrational-rotational band that is in the
infrared range of the electromagnetic spectrum. As in pure rotational spectra, the lines
are nearly equally spaced by 2B/h except a gap of 4B/h around the vibrational frequency
ν0 , as it is depicted in Fig. 2.3 for a CO molecule. The gap at ν0 is characteristic for
diatomic molecules, which in general are lacking angular momentum about their figure
axis. For exceptions like nitrogen monoxide molecules, which possess an electronic orbital
angular momentum due to unpaired electrons and for vibrations perpendicular to the
main figure axis in polyatomic symmetric molecules, the selection rules also allow for
vibrational-rotational transitions with ∆J = 0 [20]. This gives rise to a further, relatively
broad frequency branch ν Q in the ro-vibrational spectrum. This Q-branch is located at
the central frequency of the ro-vibrational transition ν0 and consists of several close
lying overlapping lines. Their line spacing is governed by the difference between the
effective rotational constants of the excited vibrational state and of the initial one. For
high J-values centrifugal distortion has to be accounted by considering the higher order
rotational constants from Eq. 2.14. If the rotational constants are nearly equal, the
frequencies ν Q reduce to the single frequency ν0 [20].
hν Q = E(ν + 1, J) − E(ν, J)
= hν0

(2.27)
(2.28)
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2.1.3 Raman scattering
The absorption and emission of radiation gives information on the properties of molecules.
Rotational and vibrational states are excited or relaxed by inducing dipole transitions.
Additional insight is provided by scattering of radiation by molecular systems. Similar
to IR absorption, inelastic photon scattering can induce rotational transitions as depicted in Fig. 2.4. As mentioned in the prior section, IR absorption is a one-photon
event, arising from a direct resonance between the frequency of the IR radiation and the
frequency of a particular ro-vibrational mode.
The dipole moment of the molecule is changed upon ro-vibrational excitation [24]. In
contrast, inelastic Raman scattering is a two-photon process that requires an anisotropy
of the molecular polarizability. The interaction of the polarizability α with the incoming
~ with E
~ being the
radiation creates an induced dipole moment µ
~ of magnitude µ
~ = αE,
strength of the electric field, in addition to any permanent dipole moment the molecule
may have. The polarizability of a non-spherical molecule is anisotropic and must be
treated as a tensor with the principal polarizabilities αk and α⊥ , where parallel and
perpendicular refer to the long and the short axes of the polarizability tensor, i.e. usually
the body axis and an axis perpendicular to it [25].
In the first step a photon with energy E = ~ω and wave vector ~k excites a molecule
which is prepared in a certain initial energy level |Ei i, at room temperature mainly in
the vibronic ground state, to an intermediate level, in general indicating a virtual state.
In the second step the molecular system emits a photon of energy E 0 = ~ω 0 and wave
vector ~k 0 and relaxes to a final state |Ef i. If this final state equals the initial one, no
energy transfer occurs. This elastic vibrational scattering (ω 0 = ω) is called Rayleigh
scattering named after Lord Rayleigh, first discussing this effect in connection to light
scattering in atmosphere. The case of inelastic vibrational scattering, experimentally
discovered by C.V. Raman in 1927, is connected to a frequency shift of the emitted
radiation due to energy conservation
ω 0 = ω + (Ei − Ef )/~.
If the final state |Ef i has a higher energy than the initial state (ω 0 < ω), the observed
spectral line is called Stokes line, and anti-Stokes line if the final state has a lower energy
and the angular frequency of the photon is ω 0 > ω. If the incident photon energy is very
close to the absorption band of an excited state of the molecule, the scattering becomes
resonant and the scattering probability is increased up to some orders of magnitude
compared to the normal non-resonant Raman scattering and dominated by the proper-
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Figure 2.4: Raman scattering of light by a molecular system. Left: Pure rotational Raman scattering couples rotational states within the the same vibrational level. The
two-photon process allows for transitions with ∆J = ±2. Right: Vibrational Raman scattering couples states of different vibrational levels. The inelastic Raman scattering again
couples states with ∆J = ±2, but additionally elastic Rayleigh scattering is characterized
by ∆J = 0. If the incident photon energy and therefore the virtual states are close to absorption bands of excited molecular states, the scattering becomes resonant and scattering
probability increases by some orders of magnitude.
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ties of the resonant state instead of the ground state [24]. It has to be mentioned that
the scattering probability scales with λ−4 . Therefore the scattering is more efficient the
smaller the wavelength of the radiation is.
The transitions follow the same parity restrictions as in the former case of dipole
transitions. Application of the usual selection rules of equation 2.20 demands the intermediate state to be of opposite parity to both the initial state and the final state. In
total, the whole scattering process does not change the parity of the molecular system
and the selection rules follow
∆J = 0, ±2

(2.29)

with ∆J = 0 indicating Rayleigh scattering, ∆J = −2 anti-Stokes Raman scattering
and ∆J = +2 Stokes Raman scattering.
Thus, the precondition of a permanent dipole moment as for rotational, or ro-vibrational
dipole transitions is not required in the case of inelastic Raman scattering. An electric dipole moment induced by the radiation field due to an anisotropic polarizability
α with αk 6= α⊥ is necessary. The polarizabilty is a tensor with two components associated to the incoming and the scattered photon.

αxx0

α = αyx0
αzx0



αxy0

αxz 0

αyy0


αyz 0 

αzy0

αzz 0

(2.30)

Since the two photons are connected by a single quantum mechanical process, a coherent
event, Rayleigh and Raman scattering are different from the two one-photon events of
absorption followed by emission [24]. Nevertheless spherical rotors such as CH4 and SF6
are rotationally Raman inactive as well as microwave inactive, since their polarizability
is isotropic with respect to all polarization directions [21]. But in the case of vibrational
Raman scattering these molecules become Raman active at least for those vibrational
modes that change their polarizabilty.
Homonuclear molecules and symmetric molecules, which in general have no permanent dipole moment and which are therefore not accessible by IR spectroscopy,
show Raman lines due to their anisotropic polarizability. For these species pure rotational Raman spectra are an equivalent source of information on the interatomic structure, because the rotational energies depend on the molecular moments of inertia, see

16

2.1 Molecular dynamics
Fig. 2.4. The observed spectra consist of lines equally spaced by 4B/h deploying the
selection rules to Eq. 2.11
F (J → J + 2) = (4J + 6)B.

(2.31)

2.1.4 Molecular dissociation
The stability of a neutral molecule or molecular ion depends on the shape of its potential
energy surface as it is depicted in Fig. 2.5. For a diatomic molecule AB, the potential
energy surface is simplified to a potential energy curve depending solely on the parameter
rAB , which is the internuclear distance of the two nuclei the molecule is composed of.
At large internuclear distances charge polarization effects result in a weakly attractive
shape of the potential energy curve. The dipole-dipole interactions of neutral atoms
show a dependence of
−6
VA+B ∝ −rAB

(2.32)

according to multipole expansion of the electrostatic Coulomb potential. At short distances the electron shielding is not effective and the nuclei feel a strong Coulomb repulsion
−1
.
VA+B ∝ rAB

(2.33)

The combination of these two components can arise in an absolute minimum in the
potential energy for a certain internuclear equilibrium distance Re between the two atoms
A and B as it can be seen in Fig. 2.5a. The energy needed to increase the internuclear
distance from Re to infinity is the binding energy of the molecule. The depth of the
binding potential energy minimum depends on the spatial charge distribution.
The molecular binding can be of different strength depending on its character. In general
three types can be classified.
• van-der-Waals bonding occurs between neutral atoms with closed electronic
shells like rare gases or between neutral non-polar molecules. It arises from the
quantum-induced instantaneous polarization and is the weakest interaction, compared to the following kinds of bonding.
• Covalent bonding occurs between atoms, which have no closed electronic shells
and the valence electrons are shared and distributed in a joined molecular orbit
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Figure 2.5: Schematic potential energy curves of a diatomic molecule or molecular ion. a) Stable, b) unstable and c) metastable electronic states are shown. d) A
coupling between a metastable molecular state and a repulsive (unstable) state can lead to
pre-dissociation. e) A metastable state originated from an avoided crossing of two adiabatic
potential energy curves.
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to reduce the overall energy of the compound. The wave function of two electrons
in a bonding molecular orbital is of the form ψ = cA A + cB B. The proportion of
the atomic orbital A in the bond is |cA |2 and that of B is |cB |2 . In the case of
homonuclear diatomic molecules the bond is non-polar |cA |2 = |cB |2 . Heteronuclear diatomic molecules form a polar bonding with |cA |2 6= |cB |2 meaning that
the atomic orbital with lower energy makes the larger contribution to the bonding
molecular orbital. Therefore, the electron density is distributed anisotropically
between the two atoms resulting in partial negative and positive charges on the
atoms [21]. The degree of this polarity is determined by the electronegativity (the
affinity of an atom to attract electrons to itself when it is part of a compound [21])
of the atoms involved.
• Ionic bonding can typically be found in compounds that contain a metallic
element. Ionic compounds consist of cations and anions and are arranged in a
crystalline array. In a pure ionic bond one coefficient is zero so the species A+ B −
would have |cA |2 = 0 and |cB |2 = 1.
In the case of a multiply charged molecular ion the Coulomb repulsion is dominant at
all internuclear distances as it is shown for the case of A+ + B + in Fig. 2.5b. The total
potential energy of the system shows no minimum and the molecule becomes unstable,
while the fragment ions gain kinetic energy with increasing internuclear distance.
Figure 2.5c shows a potential energy curve with a local minimum at Re . Although the
potential energy at an infinite distance is lower than in the minimum, the molecule
is trapped in the potential well due to the energy barrier. Such a molecule is called
metastable since it still can fragment spontaneously by tunneling. But tunneling through
the potential barrier is not the only possibility for decay. The internal energy of the
molecule can exceed the barrier if the molecule is present in a higher ro-vibrational level.
Furthermore, if a coupling between the metastable state and an repulsive unstable state
exists, a transition between these two states can subsequently lead to a dissociation of
the molecule. This process is called pre-dissociation. The lifetime of a metastable state is
determined by the height and the width of the potential barrier and by the probability of
pre-dissociation. The origin of such a metastable state can be an avoided crossing of two
adiabatic potential energy curves. These potential energy curves can cross if their symmetries are sufficiently different and the electronic state must be degenerate at the point
of crossing [26]. To satisfy this condition at least two independently variable nuclear
coordinates are required. Since diatomic molecules have only one nuclear coordinate,
crossings are quantum mechanically forbidden. The wave functions of the contributing
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energy curves are mixed at the intersection point and the energies of the mixed state
are split apart with no degeneracy. This is shown in Fig. 2.5e, where the energy curve
of a molecular ion AB 2+ lead to a dissociation limit of A+ + B + . Since the internuclear
distance of the molecule can be assumed to be fixed in the BO approximation (see section 2.1.1) during the ionization process, the population of the molecular ion states can
be described by a vertical transition in the potential energy diagram at the equilibrium
internuclear distance of the molecular ground state Re . The dissociation occurs via various channels depending on the characteristics of the populated states. Metastable and
repulsive states can dissociate adiabatically to the associated dissociation limit or the
molecule can fragment by pre-dissociation to other end products. In all cases the total
kinetic energy will be equal to the difference of the potential energy of the populated
state at Re and the potential energy at the dissociation limit. The kinetic energy release
of the dissociation is distributed over the fragments in accordance with conservation of
momentum, allowing for the reconstruction of the initial potential energy curve of the
excited molecule by measuring the kinetic energy distribution of the fragment ions. For
this purpose external influences have to be small e.g. laser induced Stark shifts or space
charge repulsion due to high target densities are negligible, or at least measured and
quantified.

2.2 Coherent excitation
In this section femtosecond laser-induced dynamics of molecules is discussed. In the
former section stationary rotational states have been introduced solving the time-independent Schrödinger equation. Coherent coupling of stationary states generates wave
packets, whose time evolution reveals interesting features. Photon absorption induces a
transition according to the overlap of the initially populated wave function with timeindependent eigenfunctions of the upper potential curve. Several higher states can be
coupled depending on the bandwidth of the exciting coherent radiation and form a wave
packet due to constructive interference. After the molecules have made a transition, the
nuclei experience new forces and find themselves displaced relative to the equilibrium
geometry of the new potential curve [27]. The relaxation dynamics of the wave packets
can show a unique coherent response with periodic features that can maintain even after
the influence of the exciting electric fields is gone. Applied to rotational excitation this
may lead to field-free alignment of molecular samples in space and time (wave packet
revivals). However, couplings to the environment of the open molecular quantum system
have to be considered, since they can suppress the temporal revivals by decoherence
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(loss of phase) and damping. In the following these effects will be discussed in detail
and compared to other phenomena of quantum wave packet dynamics, such as coherent
dephasing.

2.2.1 Quantum wave packets
The spatial and temporal dependence of a nuclear wave function ψ(r, t), which solves
the stationary Schrödinger equation for a given potential [28], can be written as
ψ(r, t) = ψ(r)e(−iEt/~)

(2.34)

For the probability distribution |ψ(r, t)|2 of the nuclei follows
|ψ(r, t)|2 = ψ(r)∗ e(iEt/~) e(−iEt/~) ψ(r) = |ψ(r)|2 .

(2.35)

The time dependence in the exponential factors are averaged out and have no observable
effect. As expected, the probability to find the nuclei of a molecule that is excited to
a stationary state as solution (eigenfunction) of the stationary Schrödinger equation
(Hamiltonian) at position r is time-independent. Motion of the nuclei can only be
observed if the molecule is prepared in a coherent superposition of stationary states
with different energies Ei
ψ(r, t) =

X

ci (r)e(−iEi t/~)

(2.36)

i

Here the coefficients ci express the relative contributions of the different states i to the
Fourier sum of single state wave functions. In this case the probability distribution of
the nuclei becomes time dependent and yields
|ψ(r, t)|2 =

X
i

c∗i ψi∗ (r)e(iEi t/~)

X

cj ψj (r)e(iEj t/~) ,

(2.37)

j

which describes periodic motion at a frequency of (Ei −Ej )/~. The transition probability
Wk,i of photon absorption between two different electronic states (k, i) is found to be
proportional to square of the dipole matrix element Dki , which has been introduced in
section 2.1.2, and the intensity of the incoming light wave
Wki ∝ |E0 · Dki |2 .

(2.38)
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With the dipole matrix element in integral expression over all nuclear coordinates dτN =
dxdydz = r2 sinθdθdφ in spherical coordinates
Z

ψi∗ µψk dτel dτN .

Dki =

(2.39)

If the nuclear wave function is now expressed as a product of hermite polynomials ψν
(vibrational wave functions) and spherical harmonics YJM (rotational wave functions)
and implemented into Eq. 2.38, the transition probability appears as

el
Wki ∝ Dki

2

2

∞

Z

X

ψν 00 ψν 0 dR ·

·
0

M 00
J 00

Y

M0
J0

Y

sinθdθdφ .

(2.40)

M 00 ,M 0

The first factor, which determines an electronic transition, is the square of the electronic
el |2 averaged over all nuclear degrees of freedom. This electronic
dipole moment |Dki

excitation is, as mentioned before, fast compared to nuclear motion, corresponding to a
vertical transition in the level diagram in Fig. 2.6, not changing the nuclear coordinates.
In the excited electronic state those vibrational states are addressed most prominent that
show a strong overlap with the ground state vibrational wave function. This overlap can
be expressed by the Franck-Condon factor
Z
q

ν 00 ,ν 0

2

∞

ψ ψ dR

=

ν 00

(2.41)

ν0

0

Similarly, the Hönl-London factors SJ 00 ,J 0 indicate how the intensity of a transition is
distributed among the rotational branches, connected to the involved vibrational states
according to the selection rules. The overlap of the rotational wave functions is given
by
2

SJ 00 ,J 0 =

X

Y

M 00
J 00

Y

M0
J0

sinθdθdφ .

(2.42)

M 00 ,M 0

If a coherent light pulse is resonant with an electronic transition, it can excite the
molecular system into many different vibronic states, creating a localized wave packet.
This strongly depends on the bandwidth of the exciting radiation. If the photons would
be purely monochromatic, the photon energy would have to fit exactly the energy difference of the two stationary states of an allowed transition. In general the bandwidth
of a femtosecond laser pulse couples several ro-vibronic states, forming a wave packet.
But also pure rotational wave packets in the vibrational and electronic ground state can
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Figure 2.6: Franck-Condon principle of molecular transitions. The transition probability is distributed among those vibrational states of the excited electronic potential energy
surface that show a strong overlap with the occupied vibronic ground state wave function.
Nevertheless, the relative contributions of the different coupled final states also depend on
the bandwidth of the exciting radiation.
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be created by broad band microwave excitation.

2.2.2 Wave packet dynamics and revivals
Wave packet behavior is discussed in many problems dealing with the connection between the quantum and classical descriptions of nature, i.e. the classical Kepler-like
trajectories of atomic Rydberg wave packets. The coherent excitation of states with
close lying energy levels creates well localized quantum wave packets. The time evolution of the wave packet very closely approximates classical trajectories, with almost
classical periodicity Tcl , before collapsing after the first few periods. The collapse occurs
because the probability spreads around the classical trajectory due to coherent dephasing [27]. This was first suggested theoretically by Schrödinger for atomic Rydberg wave
packets [29].
The time evolution of such a wave packet is described by the overlap hψt |ψ0 i of the time
dependent excited quantum state |ψt i with the initial state |ψ0 i and is given by the
autocorrelation function in position- or momentum-space
Z

+∞

A(t) = hψt |ψ0 i =

Z

∗

+∞

ψ (r, t)ψ(r, t)dr =
−∞

φ∗ (p, t)φ(p, t)dp.

(2.43)

−∞

Furthermore, the spectrum A(ω) is the Fourier transform of the dynamics following an
instantaneous Franck-Condon transition at t = 0 [27]. For |A(t)| to be large at later
times, the wave function must have significant overlap with the initial state in both rand p-space. A very useful form of the autocorrelation function is found in [30]. With
the use of the general representation of wave packets consisting of energy eigenfunctions
un (r) with quantized energy eigenvalues En
ψ(r, t) =

∞
X

an un (r)e−iEn t/~

(2.44)

u∗ (r)ψ(r, 0)dr

(2.45)

|an |2 e+iEn t/~ .

(2.46)

n=0

Z

+∞

an =
−∞

the autocorrelation function is of the form
A(t) =

∞
X
n=0

This function offers a direct relation to the observable ionization signal in pump-probe
type experiments as it represents a sum of wave function contributions |an |2 correspond-
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ing to the involved energy levels [31, 32]. Although the time-dependence of a bound
state wave function given by Eq. 2.44 can be rather complex. The equation describes a
localized wave packet excited into an energy spectrum, tightly spread around a central
value of n0 . The individual energy eigenvalues can then be expanded around this value
E(n0 ) and inserted into the time dependent exponential factor of Eq. 2.44 [2]
e

−iEn t/~

=

=



1
exp −i/~ E(n0 )t + (n − n0 )E 0 (n0 )t + (n − n0 )2 E 00 (n0 )t
2

1
+ (n − n0 )3 E 000 (n0 )t + · · ·
6
exp −iω0 t − 2πi(n − n0 )t/Tcl − 2πi(n − n0 )2 t/Trev

−2πi(n − n0 )3 t/Tsuper + · · · .

(2.47)

Each term of the expansion is connected to a characteristic time scale
Tcl =

2π~
,
|E 0 (n0 )|

Trev =

2π~
0 )| /2

|E 00 (n

and Tsuper =

2π~
.
0 )| /6

|E 000 (n

(2.48)

The first term ω0 = E(n0 )/~ is a general constant phase factor for all frequencies.
Therefore, this factor induces no interference and is not observable in |ψ(r, t)|2 , similar
to the single stationary state solution in Eq. 2.35.
The classical period of motion in the bound state is represented by Tcl . The collapse of
this short-term periodicity by coherent dephasing on the other hand, is determined by
the second term of Eq. 2.48
Trev =

2π~
,
0 )| /2

|E 00 (n

(2.49)

which can be associated with the quantum revival time scale. This term is responsible for
the long-term (t  Tcl ) dephasing and wave packet recurrences (fractional revivals) [30],
as it can be seen in Fig. 2.7. It is important to mention that coherent dephasing,
following the conventions of gas phase wave packet dynamics literature, is used for
change of the relative phases of the wave packet components due to anharmonicity
of the molecular potential. On the other hand decoherence denotes loss of phase due to
coupling to external degrees of freedom. The former takes place in the isolated molecule
limit and the latter requires collisions or photon emission/absorption. An interesting
behavior sets in if t ∼ Trev , where all the Trev -dependent phase terms return to unity
and the wave packet re-localizes in the form of a quantum revival. The spreading reverses
itself and the initial wave packet formed at t = 0 is once again apparent. As it can be seen
in Fig. 2.8, the wave packet also fully re-localizes near the half-revival time and smaller
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revivals occur at times, which correspond to fractions of the revival time t = pTrev /q,
with p and q being mutually prime. Each of this fractional revivals consists of a minipacket or so-called clone state of the initial wave and shows a local periodicity Tcl /q with
magnitude |A(t)|2 = 1/q.

Figure 2.7: Decay of the autocorrelation function |A(t)|2 . Plot of |A(t)|2 over the
first 100 classical periods for an anharmonic oscillator model system, showing a decay and
the inset of recurrences for fractional values of Trev . [30]

Figure 2.8: Revivals of the autocorrelation function |A(t)|2 . Plot of |A(t)|2 over the
interval (0, Trev ) for an anharmonic oscillator model system, showing revivals at rational
fractions of t/Trev with fractional magnitudes of |A(t)|2 . [30]

The third term of Eq. 2.48, the so called superrevival time, shows an En dependence
in the third derivative
Tsuper =

2π~
.
|E 000 (n0 )| /6

(2.50)

This timescale accounts for possible changes in the structure of the revival patterns for
t > Trev . However, for systems with quadratic energy dependence on a single quantum
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number (i.e. rigid rotator) no longer characteristic time scales than the revival time
exist (E 000 = 0, Tsuper → ∞) and the revival pattern will repeat itself indefinitely [33].
Nevertheless perturbations from the environment like collisions causing decoherence on
the long-term time scale cannot be neglected for realistic systems. The theory of wave
packet dynamics and revivals reaches back to the beginning of quantum mechanics and
particle wave dynamics. It can be understood as an analog to similar effects in plane
wave dynamics. The experimental realization of such quantum wave packets, showing
revival patterns, was promoted by the development of modern experimental techniques
for monitoring the time evolution, including laser-induced excitation and pump-probe
techniques [31]. As mentioned before, the time evolution of atomic Rydberg wave packets
shows quantum revivals for the classic periodicity of an electron on a Kepler-like orbit.
In molecular physics, revivals of rotational wave packets play an important role, because
they represent a spatial and temporal alignment of an ensemble of molecules. The
following section will focus on molecular alignment.

2.3 Molecular alignment
Most chemical reactions depend on the relative orientation of the reactants. In the case
of biomolecular reactions, the molecules are in general not spherically symmetric and
only parts of the molecules are involved as reaction centers. Their relative orientation can
have a strong effect on the reaction rates of different channels and can even completely
suppress a reaction. Simple examples can be found in the nucleophilic substitution
Cl− + CH3 I → CH3 Cl + I− , where the reaction is maximized if the Cl− ion approaches
from the methyl group end of the molecule. Another example is the reduction of ozone
Cl + O3 → ClO + O2 . Beside this catalytic influence on reactions, molecular orientation
also affects unimolecular reactions like photochemical processes. Here, the absorption
of polarized light is governed by the alignment of the molecule with respect to the
polarization direction. The degree of molecular alignment can be quantified making
use of body-fixed and space-fixed coordinate systems. These are the molecular frame,
defined i.e. by the rotational axis or dipole moments, and the laboratory frame, defined
by the polarization axis of an electromagnetic field. The connection of the geometries
is given by the Euler angles. Only the polar Euler-angle θ is important for molecular
alignment, since it denotes the angle between the two fixed axes of each coordinate system
described above. In case the spatial distribution related to the (x,y)-plane is symmetric,
the molecule can freely rotate as it is depicted in Fig. 2.9.

If the molecules are not

symmetrically distributed, they are in fact spatially oriented. The degree of alignment
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Figure 2.9: Perfectly aligned molecules in a linearly polarized field. [4]

can be quantified by an integration of the angle dependent probability distribution W (θ)
and appears as
cos2 θ = 2π

π

Z

W (θ) cos2 θ sin θdθ

(2.51)

0

with the following properties:
• W (θ) and W (π − θ) contribute equally to hcos2 θi
• isotropic distribution: hcos2 θi = 1/3
• perfect alignment along the polarization axis: hcos2 θi = 1
• perfect alignment perpendicular to the polarization axis: hcos2 θi = 0
The degree of molecular orientation is quantified by
Z
hcos θi = 2π

π

W (θ) cos θ sin θdθ

(2.52)

0

In this case:
• W (θ) and W (π − θ) contribute differently to hcos θi
• perfect orientation in forward direction: hcos θi = 1
• perfect orientation in backward direction: hcos θi = −1
The rotational constant B and the revival time of rotational wave packets of laser aligned
molecules Trev are connected to the transition energy of the involved rotational states
via Eq. 2.10 and Eq. 2.49. Therefore, studies on rotational wave packet revival times
give insight to the rotational dynamics and geometric structure of the rotators, because
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the connection breaks down to the rather simple equation
Trev = 1/2Bc.

(2.53)

with speed of light c. In this way spectroscopy in the time domain is an equivalent
method to measurements in the frequency domain to gain information about the geometric structure of the rotator.

2.3.1 Alignment techniques
The main techniques that are capable to create aligned molecules make use of collisional processes, static electric or magnetic fields or dynamic fields.
Collisional alignment
For molecules that are supersonically expanded into vacuum, an alignment of the
angular momentum in the plane perpendicular to the flight direction occurs due to collisions between the molecules and atoms of a carrier gas. The large number of collisions
in the expansion zone consists of a sequence of elastic and inelastic scattering events
that have a selective influence on the total angular momentum and the molecular speed.
These collisions induce an anisotropic spatial distribution of the molecules [34, 35].
Static field alignment
There are two techniques for molecular alignment and orientation that are based on
static electrical fields. The electrical hexapole focusing technique uses an electrostatic
hexapole field to select a single rotational state |JM i. Since a single quantum eigenstate
is anisotropic by the means of quantum mechanics, a sample of orientated molecules is
created [4]. In the strong DC-field technique, which is often referred to as brute force
technique, orientation of polar molecules is achieved by placing the molecules in a very
strong static electric field [36]. The interaction energy of the molecule with the field has
to exceed the rotational energy. This method is restricted to polar molecules that show
a large electric dipole moment and can be strongly rotationally cooled in a supersonic
expansion, since there is a limit of the static field strength that can be exerted to the
molecule in order to avoid field ionization. It is also possible to manipulate particles with
magnetic fields. The Zeeman decelerator technique is based on the magnetic interaction
established by rapid switching magnetic field stages which act on paramagnetic atoms
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or molecules (the spin of unpaired electrons aligns parallel to external magnetic fields).
In the decelerator, a part of the initial phase-space distribution (all possible values of
position and momentum variables of particles) is shifted to lower kinetic energies. In
this sense the method acts state-selective on the ensemble of probe particles by reducing
the thermal state occupation [37].
Laser alignment
Optical fields are applied to align molecules in several ways. One approach is the use
of optical excitations to obtain polarized excited molecules. This is theoretically based
on the fact that the excitation probability of randomly orientated molecules irradiated
by polarized light, resonates to a parallel or perpendicular transition depending on the
angle between the polarization vector and the transition dipole vector [38]. Thus, a
vibrationally or electronically excited state of aligned molecules is created, or better
said an aligned fraction of molecules is ”photo-selected”. De Vries et al. expanded
this polarization method to the alignment of ground state molecules by excitation to a
dissociative continuum (photodissociation). After the electronically excited molecules
are dissociated, the remaining molecules of the sample are left highly ro-vibrationally
excited in the electronic ground state or had a low transition probability in the beginning
of the interaction [39]. But only a small fraction of a few percent of the molecules present
in the sample is selected, since in the weak field limit no relevant modification of the
initial state population arises from the interaction. Another way to align molecules with
optical fields is to replace the strong DC-field of the described brute force technique
with intense linearly polarized laser fields. This approach combines the strong DC-field
method in its practicality with the generality of the optical polarization method, since
it includes both methods as special cases [4], and will be described in the next section.

2.3.2 Intense laser alignment
If a molecule is exposed to a linearly polarized laser field, it can be excited resonantly
if the laser frequency is tuned near to a resonance with a vibronic transition of the
molecule. If the system is initially prepared in a rotational level J0 , the selection rules
allow for transitions into excited states with rotational quantum numbers J0 ± 1, according to the deduction in section 2.1.1. The interference between these levels leads
to an excited state population corresponding to a mildly aligned molecular ensemble.
In the weak field limit (non-perturbing laser intensity) the population of the transition
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levels oscillates between the lower state i and the upper state j manifold with the Rabi
~ 0 /~, depending on the strength of the periodic external field E
~0
frequency ΩR = d~i,j · E
and the transition dipole moment d~i,j , which leads to the further exchange of angular
momentum with the field (see Fig. 2.10). This cumulates to rotationally-broad wave
packets in both states and the corresponding alignment is sharper than in the beginning
of the interaction since it comes from the interference of many levels [3]. The pulse
duration τpulse determines the degree of rotational excitation Jmax . In the short pulse
2
case, τpulse
< (BΩR )−1 , the number of possible excited levels is approximately the num−1
ber of Rabi oscillation cycles Jmax ∼ τpulse Ω−1
R . The inverse of the Rabi frequency ΩR

describes the corresponding period of the oscillating population of the two transition
2
levels. If τpulse
> (BΩR )−1 applies in the case of a long or lower intensity pulse, the
p
degree of rotational excitation appears as Jmax ∼ ΩR /2B (for a detailed discussion

see [40]).

A similar process accounts for non-resonant frequencies far below electronic

Figure 2.10: Scheme of adiabatic alignment. Alignment in a long laser pulse as accumulation of units of angular momenta by Rabi oscillation.

transitions. Sequential Raman-type transitions |∆J| = 0, ±2 form a rotationally-broad
superposition state in the vibrational ground state of the molecule. Different to the resonant case, where the Rabi frequency is proportional to the laser electric field amplitude
ΩR ∝ E0 , it is proportional to the laser intensity ΩR ∝ E02 in the non-resonant case, due
to the two-photon character of the Raman interaction. A much higher laser intensity is
required to achieve similar degrees of rotational excitation, but since competing transi-
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tion channels also scale with detuning from resonance, the molecules can be exerted to
much higher laser intensities without ionization. Nevertheless, in both cases the spatial
localization and time evolution are laser frequency-independent, but governed by the
temporal characteristics of the laser pulse.
Adiabatic alignment
The theoretically simplest case scenario of molecular alignment in a continuous wave
field is equivalent to the alignment of non-polar molecules in a strong DC-field. The rapid
AC oscillations of the laser field acting on permanent dipole moments can be eliminated
because the induced forces point to opposite direction before the nuclei significantly
move. Though experiments are practically performed in pulsed mode, the approximation is valid in the long pulse limit τpulse  τrot . It reduces the quantum mechanical
treatment of the interaction to the problem of field induced pendular states, which have
been proved experimentally first by Herschbach et al.. Since the energy eigenvalues of
the rotational levels decrease with increasing field strength, the corresponding potentials
force the molecules adiabatically to a librate motion, relative to the field lines [41]. This
leads to a maximized degree of alignment for maximum laser intensity, as it is depicted
in Fig. 2.11. The bottom panel shows the probability density versus time and versus
the angle between laser polarization and internuclear molecular axis. It also shows the
main disadvantage for experimental applications: Since the alignment is lost, once the
nanosecond pulse is over, this method is not suitable for experiments, which have to
be performed under field-free conditions to reduce field induced perturbations of experimental observables.
Non-adiabatic alignment
Alignment induced by a short laser pulse compared to the rotational period τpulse 
τrot is named non-adiabatic, impulsive or dynamical alignment. The molecular system
is excited into a coherent superposition of rotational levels that is aligned after the turnoff of the laser pulse under field-free conditions. This wave packet dephase proportional
to the square of its width in J-space and revives and dephase as long as coherence is
maintained, as it has been described in section 2.2.2. Since the intense pulse ”kicks”
the molecules, a large amount of angular momentum is transferred to the molecule.
Although the molecule cannot follow rotationally during the interaction, the δ-kick is
encoded to the rotational composition of the wave packet leading to alignment after the
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Figure 2.11: Adiabatic alignment of diatomic molecules. Top: Intensity of the
alignment pulse in the long pulse limit where the pulse duration is much longer than the
rotational period of the molecules τpulse  τrot . The laser-induced potential forces the
molecules to align and librate relative to the field amplitude (middle). Bottom: Calculation
of the probability density vs. time and alignment angle (according to [4]). The alignment
of the molecules is present only during the laser pulse.

turn-off of the pulse. The first experimental observation of revival structures in laserinduced alignment with non-perturbing laser-molecule interaction was given by Vrakking
et al.. They used an 800 nm picosecond pump laser to form a rotational wave packet
in the ground electronic state of I2 molecules [42]. By inducing Coulomb explosion of
the molecules with a femtosecond probe laser pulse (800 nm wavelength, 100 fs pulse
duration), the angular distribution of the fragment ions with respect to the polarization
axis of the pump laser was monitored. In addition to steady-state alignment due to rotational pumping (see photo-selection above) the angular distribution of the ion fragments
show a significant narrowing during a few picoseconds, which appear at characteristic
time delays determined by the rotational constant. This is illustrated in Fig. 2.12 for
the different fragmentation channels of multiply charged species.
Alignment of molecules in space and time under field-free conditions plays an important role in ultrafast science, which is currently undergoing a revolution. This is in
part due to the development of X-ray free-electron lasers (FELs) that provide coherent
beams of unprecedented intensity and femtosecond pulse duration. The properties of
these sources allow to examine matter at the length, energy, and time-scales of atoms
and molecules. New insights in ultrafast structural dynamics become possible such as
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Figure 2.12: Degree of alignment of I2 molecules. Pump-probe time delay scan,
showing the angular width a of fragmentation channels of I2 molecules, recorded using
a optical picosecond pump pulse and optical femtosecond probe pulse. The inset shows
alignment of the molecules during the pump pulse, residual alignment at the end of the
pump pulse, and the occurrence of rotational revivals. (from [42]).
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measuring fundamental chemical reactions in the molecular frame in real time. Pioneering FEL experiments on aligned CO2 molecules were performed at FLASH [43]. Since
the CO2 ionization cross section is almost isotropic for non-resonant XUV radiation,
the influence of the femtosecond XUV-FEL probe pulse on the degree of alignment can
be neglected. The observed angular distribution is largely determined by the molecular
alignment of the CO2 molecules that is non-adiabatically induced by an IR pump pulse.
Figure 2.13 illustrates the time-dependent angular distributions of ionic fragments measured by a velocity map imaging (VMI) spectrometer. The changes in the asymmetry
parameter represent the quarter and half fractional revivals (Tr /4 at t=10.5 ps and
Tr /2 at t=21 ps) intersected by isotropic distribution, where the rotational wave packet
show coherent dephasing and periodic recurrence. This observation is consistent with
theoretical expectations solving the time-dependent Schrödinger equation.

Figure 2.13: Degree of alignment of CO2 molecules. Comparison of experimental
(red) and calculated (black) degree of alignment of CO2 after a 100 fs laser pulse (from [43]).

The unique coherence properties of rotationally-broad wave packets are a sensitive
probe for dissipative character of a perturbing medium. Since the alignment shows
practically no decoherence effect for free molecules, the influence of weak interactions
with the environment can be evaluated from changes of revival times, amplitudes and
dephasing time scales. On the other hand stronger couplings lead to fast decoherence of
the rotationally-broad wave packets suppressing long term periodicity. Another limiting
factor for the observation of revivals of alignment is the anharmonicity of the potential,
which increases for highly excited rotationally states leading to a fast dephasing of the
wave packets. For this purpose the extreme of a superposition of only two rotational
states as the representative of the most rudimentary form of a wave packet does not
dephase and is therefore well suited to study weak intra- and intermolecular couplings
leading to decoherence of rotational motion in complex systems and environments. Par-
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ticularly interesting environments for such studies are superfluid media like nanodroplets,
which will be introduced in the next section.

2.4 Helium clusters
The electronic ground state structure of helium atoms is characterized by spherical symmetry of a closed 1s-shell of electrons. Binding forces between different helium atoms are
dominated by van-der-Waals interaction and by quantum mechanical zero-point energy.
The former is governed by the polarizability of the interacting atoms, which is very small
in the case of helium. The latter has a stronger influence for particles with a small mass.
This leads to the fact that helium is the only element which has no solid phase at normal pressure even at T = 0 K. Since helium has a negative Joule-Thomson-coefficient,
which means that the temperature increases by expansion, it has to be pre-cooled below
T = 40 K, before it cools down by expansion and can be liquefied. Below T = 4.21 K a
fluid phase, so-called Helium-I is reached. By cooling liquid helium below Tλ = 2.17 K
a phase transition to a second fluid phase called Helium-II occurs that shows very special properties, which can be connected to superfluidity. Helium-II has the highest heat
conductivity of all known substances (30-times higher than copper) and no measurable
viscosity, film flow and creep, and quantized circulations (vortices) [44, 45]. The research
on these superfluid effects has moved from superfluid helium films on surfaces and their
interactions toward helium clusters and nanodroplets (nanometer-sized droplets consisting of several thousands of helium atoms), which can be produced by molecular beam
methods in a broad size range [45]. According to theoretical calculations in the liquid
drop model, helium nanodroplets are expected to be spherical with a homogeneous particle density in the center close to the bulk value of 0.022 atoms/Å3 and a relatively
sharp outer edge with a thickness of about 6 Å [46]. These nanoparticles give the opportunity to study superfluidity in a finite system [47]. Using the molecular beam method
to produce helium clusters has the advantage of avoiding any perturbation from the
environment and interactions can be induced by controlled doping of the clusters with
molecules or by co-expansion of a gas mixture into vacuum. Regarding the dopants helium clusters and nanodroplets with their temperature of T = 0.37 K [48, 49, 50] provide
a unique environment for studying the low temperature spectra of stable molecules and
transient species [51].
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2.4.1 Quantum superfluidity

A two-fluid description has been established by Tiszla in the late 1930’s to explain the
properties of Helium-II qualitatively [52]. In this model of Helium-II the density is formally treated as a sum of a fluid and a superfluid component. This is of course not
the case in reality, since Helium-II consists of identical atoms. The entropy and viscosity are completely attributed to the fluid component. In the two-fluid description
the Helium-II phase behaves similar to a Bose-Einstein-condensate (BEC) where individual helium atoms occupy collective quantum states. In an ideal BEC all particles
occupy the collective ground state at T = 0 K. Below the condensation temperature
0 < T < Tλ some particles are excited into collective states with higher energy than the
ground state. Helium is not an ideal BEC. The interaction between the helium atoms
cannot be neglected and results in a reduction of atoms in the collective ground state
and an occupation of collective excited states even at T = 0 K, see Fig. 2.14a. At
finite temperatures 0 < T < Tλ , thermally excited states are occupied in the normal
fluid component which can be assigned to phonons (Fig. 2.14b), but still a macroscopic
number of helium atoms stays in the superfluid phase.

Figure 2.14: Sketch of the occupation of the fluid and superfluid component
in Helium-II. (a) At T = 0 K all helium atoms belong to the superfluid component.
Some atoms are scattered to excited sates with E > 0 due to He-He interactions. (b) At
finite temperature 0 < T < Tλ collective thermal excitations (phonons) occur in the fluid
component (from [53]).
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2.4.2 Coupling in helium clusters
Helium nanodroplets constitute a prototype of finite size quantum fluids and are therefore
well suited to study the special properties of finite size Bose-Einstein-condensates. The
quantum nature of an ideal bosonic gas shows up at temperatures where the Broglie
wavelength becomes larger than the spacing between individual atoms and the particles
can be treated as a single macroscopic wave function [54]. The finite size of helium
droplets then leads to discrete collective excitations that depend on the cluster size. The
spectrum of excitations evolves from a small number of discrete excitations for small
clusters to a spectrum resembling the phonon branch in liquid bulk helium for large
droplets.

Figure 2.15: Dependence of fundamental excitation frequencies on helium cluster size. The typical shapes of the lowest volume compressional (phonons) and surface
excitations (ripplons) are shown schematically. At the experimental droplet temperature of
T = 0.37 K surface vibrations are thermally excited for cluster size N > 103 (from [45]).

The elementary excitations of a 4 He droplet can be classified as either volume or surface
vibrational modes. Generally, these classes of excitations also occur in normal liquids.
The latter become more relevant for excitations in smaller clusters and droplets, since it
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is connected to the surface tension and the ratio of surface atoms to bulk atoms increases
with decreasing size of the droplets. The lowest volume compression modes (phonons)
are so high in energy that they are not thermally excited at the low temperatures of
helium droplets containing less than 105 atoms. The surface vibrational modes (ripplons)
however are an order of magnitude lower in energy, i.e. they can be thermally excited
in helium clusters comprising more than 1000 atoms as it is depicted in Fig. 2.15.
The dispersion curve of the phonon volume modes in superfluid helium with a characteristic maximum called maxon and a minimum called roton, evolves with the number
of atoms in the cluster and the gradual appearance of the roton minimum in calculations for cluster sizes N > 100 atoms indicates the onset of superfluidity in pure helium
clusters [55]. The onset of superfluidity of CO2 doped helium clusters [56] has revealed
the evolving size dependent collective character of helium droplet excitations probed by
coupling to rotational and vibrational modes of embedded molecules.
Not only the unique effects of superfluidity of the helium clusters and nanodroplets
themselves are of interest, but also the feasibility to use them as a cryogenic spectroscopic
matrix for molecules in the gas phase. Embedded molecules with closed electronic shells
are localized near the center of the cluster or droplet [57, 58]. Several molecules have
been investigated by high resolution IR spectroscopy showing well resolved rotational
lines of the fundamental vibration transition [49, 50, 59]. These features are suppressed if
the molecules are dissolved in classical liquids and solids because of the interaction with
the surrounding. There, rotational lines are rarely resolved and only for simple spherical
molecules with large rotational constants [45]. Another advantage is the effective cooling
of the dopant molecules by the helium environment which suppresses higher vibrational
modes resulting in vibrational ground state molecules. It is important to note that
rotational spectra of molecules in the helium environment do not resemble to the spectra
of the free molecules without any influence of their superfluid surrounding. Instead,
couplings occur due to the relatively strong van-der-Waals attraction exerted by the
impurity molecule. The interaction causes a considerable radial localization of the He
atoms in the immediate vicinity of the impurity [45], which results in the anisotropy of
the interaction potential and a higher helium density in the first solvation shells [60].
These first shells follow the molecular motion. As a consequence the rotational level
spacing is reduced due to the increased moment of inertia which finally results in a
reduced effective rotational constant Bef f .
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3.1 Molecular beam and cluster formation
3.1.1 Supersonic molecular beam expansion
It is advantageous for spectroscopy to cool down the sample molecules of interest. This
decreases the translational, vibrational and rotational temperatures until only the lowest vibrational and rotational levels are occupied. Since the number of possible initial
states is drastically reduced, the resulting spectra show less overlapping or broadened
spectroscopic branches, enormously simplifying the interpretation. The molecular beam
is cooled by an adiabatic expansion in a supersonic jet. In the end of the expansion the
molecules are isolated, i.e. without intermolecular interaction. Before the expansion, the
probe molecule is brought into the gas phase and is highly diluted in a rare gas (seededbeam technique), in the present case 1% of CO molecules in helium. From a reservoir
with volume V0 , stagnation pressure p0 and temperature T0 , the mixture is expanded
through a nozzle with diameter d into a vacuum chamber with a low background pressure pb . If the stagnation pressure is low, an effusive beam is present because the valve
√
diameter d is smaller than the mean free path λ = kB T0 /( 2 · πa2 · p0 ) of the particles
in the source with diameter a. kB is the Boltzmann’s constant. On the other hand, a
jet beam is present in the case of high stagnation pressure in relation to the background
pressure. Here, λ  d, which leads to a high number of collisions of the particles. The
expansion is termed adiabatic, because it is fast and in first approximation no energy
exchange with the environment occurs. A cold molecular beam with small internal energy of the molecules can be achieved, if the initially isotropic distributed motion of
the molecules is converted into translational energy in forward direction. By collisions
with rare gas atoms rotational and vibrational energy of the sample molecules can be
released. The heavy molecule is first accelerated to the light carrier gas velocity and the
internal energy (vibrations and rotations) is then carried away by a soft (small relative
velocity) collision in the jet. The achieved cooling is determined by the total number
of collisions experienced by the molecule until the carrier gas is so rarefied downstream
that the cooling is terminated [61]. Because of a higher cross section for translational
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and rotational degrees of freedom, compared to vibrational ones due to the closer lying energies of the former two, the cooling of translational (perpendicular to the beam
direction) and rotational temperature is more efficient leading to the relation
Ttrans < Trot < Tvib .

(3.1)

The cooling is a result of two body collisions in the jet. In general, rotational temperatures Trot of about 1 K can be achieved. With increasing distance from the valve, the
number of collisions decreases and in a distance of typically 5 to 10 times the nozzle
diameter, the molecules are isolated and the cooling is finished. Figure 3.1 shows the
Maxwell-Boltzmann velocity distribution in z-direction schematically for the different
stages of the expansion. The molecular beam also has to pass a skimmer which cuts off
the outer, more divergent part of the beam, letting the coldest part with a sharp velocity
distribution pass in z-direction.

Figure 3.1: Molecular beam expansion. left: isotropic velocity distribution, middle:
conversion of isotropic velocity distribution to directed beam velocity in the expansion region
by expanding the gas through a nozzle with diameter d into the vacuum (low backing pressure
p), right: sharp velocity distribution of cooled particles after passing the skimmer.

3.1.2 Cluster formation and size distribution
When the molecule is further cooled it starts adsorbing carrier gas atoms and clusters
are formed. Especially rare gas seed atoms prefer to build van-der-Waals Cluster, since
during the expansion the helium atoms in the present case, undergo a phase transition
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and are present in a supersaturated vapor phase [62, 63, 64]. Thus, the atoms start
to condensate and form clusters, given a sufficient number of collisions taking place
in this phase. Dimers serve as cores for condensation. The condensation energy rises
due to the adsorption of atoms during the cluster growth. Energy dissipation takes
place by further three body collision processes, which leads to the evaporation of atoms.
For most experiments on aligned molecules it is important to cool down the dopant
to ultracold temperatures before clustering starts. Helium as seed gas is of advantage
because cluster formation is hardest to achieve in comparison to other rare gases like
argon or neon. However, it has to be taken into account that the cooling rate is also
determined by the mass ratio between host and dopant, which affects the momentum
transfer during the expansion.

Figure 3.2: Cluster formation at different valve temperatures. Temperature thresholds for condensation of different carrier gases helium, neon and argon probed by Rayleigh
scattering from pure clusters [65].

Figure 3.2 shows a comparison of the temperature dependence on the onset of cluster
formation for helium, neon and argon measured by Even and Lavie et al.. The Rayleigh
light amplitude of a pulsed nanosecond 260 nm laser scattered by 90◦ is measured as a
function of the valve temperature [65]. The onset of cluster formation is indicated by a
rapid rise in the scattered light signal when the temperature is lower than a threshold
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value. The Rayleigh signal is a function of the cluster size, the atomic polarizability,
and the number of clusters in the beam. According to the authors the size dependence
itself scales to the sixth power of the particle radius and therefore the rapid signal rise
is attributed to the growing cluster size [65].
If the molecular beam leaves the supersaturated phase, the condensation terminates
and the resulting cluster size depends, in addition to the initial conditions p0 and T0 , on
the degree of supersaturation and condensation time. Here the nozzle geometry plays an
important role, since a conical nozzle can reduce the beam divergence and consequently
increase the particle density in the expansion zone. This results in a higher collision rate
and degree of condensation. By changing the conditions of pressure and temperature,
different cluster sizes can be achieved up to nanodroplets. The mean cluster size of
rare gas clusters can be extracted by empiric scaling rules established by Hagena et al.
[62, 66, 63] and modified by Wörmer et al. [67] and Buck et al. [68] .
N

= 33 · (Γ∗ /1000)2.35 , for Γ∗ > 1800

(3.2)

N

= 38.4 · (Γ∗ /1000)1.64 , for 350 ≤ Γ∗ ≤ 1800
K · p0 · d0.85
q
=
2.2875
T0
0.736
= d·
tan α

(3.3)

Γ∗
dq

(3.4)
(3.5)

The degree of condensation is represented by the parameter Γ∗ , which is independent
from the type of the gas. The constant K is proportional to the sublimation enthalpy
and accounts for the substance specific properties. K is 3.85 for helium, 185 for neon
and 1650 for argon [67]. Although these scaling rules apply for the adiabatic expansion
of monoatomic gases, there are some differences in the case of helium. The condensation
of helium is hard to achieve, because its critical point is at a pressure of pc = 2.27 bar
and at a low temperature of Tc = 5.20 K. A coexistence of the vapor phase and the
normal liquid phase is impossible above these critical conditions and both phases are
indistinguishable. Therefore, no condensation from the vapor phase can occur in that
range. Furthermore, the cross-section for collisions at low temperatures is quite high
[69]. Thus, helium cluster formation shows some peculiarities. (i) High pressures p0
and low temperatures T0 are necessary as starting conditions. (ii) The phase transition
occurs near the critical point, where the ideal gas equations cannot be applied. The
obtained scaling rules hardly account for that situation, because they are based on an
ideal gas condition. (iii) Due to the high collision cross-section a high particle density
contributes to the cluster formation more effectively than for heavier rare gases if the
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helium temperature is sufficiently low.
More intense cluster beams can be realized with much smaller gas flow rates by using
conical nozzles instead of rather simple pinholes. This is due to their stronger beam
focusing, which is taken into account by using the equivalent diameter dq for calculating
the average cluster size (with orifice diameter d and the opening angle 2α). This is
of advantage for spectroscopic studies on doped clusters, due to low dopant density at
high gas load. As discussed above co-expansion is one method to form doped clusters
[70, 61, 71]. An alternative technique is the ”pick-up” of dopant molecules by a rare
gas host cluster, which allow in general to dope large droplets [72, 73, 74, 75]. When a
molecule is added to a pure helium droplet, the molecule quickly adopts the temperature
of the cluster T = 0.4 K by evaporative cooling.

3.2 Free-electron laser
Different from conventional lasers the light emitting process in a free-electron laser is
not based on transitions between different electronic states of a gain medium.
Instead, free-electron lasers in the X-ray and XUV wavelength range are an advancement of established third generation light sources (synchrotrons), which are used for
generating light in the short wavelength limit. In synchrotrons electrons are accelerated
to relativistic kinetic energies and deflected from the straight flight path by periodic
magnet structures, so called wigglers and undulators. The Lorentz force accelerates the
electrons perpendicular to their flight path forcing them on an oscillating trajectory
emitting synchrotron radiation in a forward directed cone. Synchrotron light has a low
degree of spatial and temporal coherence since it is generated at different longitudinal
positions in the magnet. Therefore, the radiant power increases with the number of
electrons per bunch P ∝ Ne .
In case of free-electron lasers a high density of electrons in the bunch leads to a
deflection angle of the electrons with respect to the undulator axis, which is smaller
than the opening angle of the radiant cone of the emitted radiation, which then acts
back on the electron cloud. The energy exchange between the electrons and the light
induces a longitudinal electron density modulation which results in emission of intense
light pulses [76]. Due to the so-called micro-bunching all electrons oscillate (emit) in
phase and thus, the intensity scales quadratically with the total number of electrons
P ∝ Ne2 . The light intensity grows exponentially with undulator length. Hence freeelectron lasers show the similar properties as conventional laser light in that a huge
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number of photons is delivered in ultrashort light flashes. The peak brilliance (photon
flux per frequency bandwidth per unit phase space volume) of the free-electron laser
FLASH in Hamburg is shown in Fig. 3.3 together with some modern synchrotron storage
rings and two X-ray FELs: European XFEL (under construction in Hamburg) and LCLS
at Stanford, USA. Another X-ray FEL has recently brought to operation in Riken, Japan
(SACLA). The peak brilliance is boosted up to eight orders of magnitude compared
to synchrotrons. Furthermore, XUV/X-ray FELs are characterized by an extremely
short pulse duration in the femtosecond range that is three orders of magnitude shorter
compared to synchrotrons. In the latter, pulse durations are typically in the range of
some ten to some hundred picoseconds. The FEL characteristics allow for a new class
of time-resolved experiments in the XUV to X-ray regime with peak intensities superior
to other femtosecond XUV sources like high-harmonics-generation [77] or laser induced
plasmas [78] and slicing schemes at synchrotrons [79].
In the following, the basics of FELs and characteristics of the FLASH facility are given
as they are relevant for this work. A more detailed view on the theoretical concepts of
free-electron lasers can be found in [76].

3.2.1 Undulator radiation
An undulator is a periodic sequence of alternating transverse magnetic fields. In undulators electrons are forced on an oscillatory orbit. The accelerated motion of the charged
particles causes emission of electromagnetic radiation in each magnetic period into a
small cone in forward direction because of the relativistic electron motion. Since the copropagating wavefront will always move ahead of the electrons, the electromagnetic wave
originating from one turn of the electron interferes constructively with the field emitted
in another turn resulting in a much smaller angular divergence and smaller bandwidth
compared to wigglers. Those produce a continuous spectrum due to higher magnetic
fields, which cause a bigger elongation of the electrons and consequently broader radiation cones that do not interfere. Due to the constructive interference in the undulator
the radiation intensity can be N 2 times higher than from a single bending magnet (with
N being the number of undulator periods).
Because of the relativistic energy of the electrons the magnetic period of the undulator
is contracted in the moving frame of the electrons and the dipole radiation which is
generated by the electrons experiences a Doppler shift in the laboratory frame.
With Lorentz factor γ = E/me c2 and undulator period λU the resonance wavelength
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Figure 3.3: Peak brilliance of some FELs and modern synchrotrons. [80]
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Figure 3.4: Deflected electrons creating synchrotron radiation. Naturally the oscillating electron trajectory is perpendicular to the projection plane. The amplitude is shown
strongly enlarged. It is on the order of few micrometer.[80]

λph is given by
λph



K2
λU
· 1+
.
=
2 · h · γ2
2

(3.6)

The undulator parameter K = eBU λU /2πme c describes the characteristics of the undulator. Here, BU is the peak magnetic field in the undulator, h is an odd integer
indicating the order of higher harmonics with the fundamental wavelength h = 1. By
changing the undulator gap and consequently the magnetic field, or by adjusting the
electron energy, the wavelength of a free-electron laser becomes tunable (Eq. 3.6), capable to match a wide range of experimental requirements. Undulator radiation is usually
linearly polarized with polarization perpendicular to the undulator field.

3.2.2 Gain and coherence
Different from lasers operating with infrared or optical wavelength, where high reflectivity mirrors can be used as resonator, the gain process in a free-electron laser in the
XUV regime has to be maximized in a single pass of the electron bunch through the
undulator.
The extraordinary growth of radiation power in a single-pass (high-gain) FEL is based
on the interaction of the emitted light field with the high charge density of the electron
bunch. Energy exchange between electrons and the electromagnetic field is present
only for electrons with a velocity component vx transversal to the direction of light
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Figure 3.5: Condition for continuous energy transfer from electrons to light field.
The light wave moves ahead by λph /2 per half-period of the electron trajectory. This allows
parallelism of the electromagnetic field-vector and the x-component of the velocity of the
electron.

propagation z, since only this mode can couple to the electromagnetic field as depicted
in Fig. 3.5. Despite relativistic kinetic energy of the accelerated electron bunch, the wave
front, moving with speed of light, will always go ahead. This leads to interaction of the
electrons with different parts of the light wave. If the transversal velocity of the electrons
points into the direction of the electromagnetic field vector, energy transfer from electron
to the light field occurs (photons are emitted) while electrons with opposite phase absorb
photons from the light field. To allow for a continuous energy transfer, the light wave and
transversal velocity component have to stay parallel (in phase) during the propagation
of the light wave through the undulator.

Figure 3.6: Micro-bunching of electron density along the undulator. The electron
density is represented by the density of the dots. Left: at the undulator entrance, Center: in
the middle of the exponential growth regime, Right: at the undulator exit (saturation).[81]

This condition is fulfilled if the light wave moves ahead half of the wavelength during
a half-period of the electron trajectory (see Fig. 3.5) and occurs only for the undulator
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resonance wavelength λph (and its higher harmonics), discussed in equation 3.6. Electrons, which transfer energy to the field lose kinetic energy, while those electrons which
gain energy are accelerated. Consequently, the interaction modulates the density of the
electron bunch (see Fig.3.6) and is in general referred to as micro-bunching instability.
The distance between the different slices of high electron densities is exactly λph and
therefore constructive interference of the electrical fields of all electrons occurs, leading to
a quadratic dependence of the radiant power on the total number of electrons P ∝ Ne2 .
The modulation of charge density emerges during the gain process until saturation
sets in, where the energy transfer is maximized and an equilibrium between radiation
intensity and kinetic energy of the electrons is achieved (see Fig. 3.7).

Figure 3.7: Pulse energy and electron bunch modulation along the FEL undulator. Red circles indicate measured data from the first version of the SASE-FEL at
DESY, operated with 245 MeV electron kinetic energy. The blue curve indicates theoretical
predictions. Micro-bunching is shown schematically along the undulator z. (from [82])

Since more and more electrons radiate coherently to the light field, the number of
photons along the undulator increases exponentially and a gain maximum is achieved
in a single pass of the undulator. This operation mode is called SASE (Self Amplified
Spontaneous Emission). The electron micro-bunch structure cannot be detected experimentally, since the micro-bunching is of the order of the wavelength of the radiation.
Current tools for longitudinal beam diagnostics have a resolution of 10 fs, which corresponds to distances of the order of some µm (LOLA: transverse deflecting RF-structure,
BCM: beam compression monitor, CRISP: THz spectrometer). But the repetition rate
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of the electron injection and the accelerator technology gives a time structure in the
µs-regime. It is possible to create bunch trains containing a few hundred FEL pulses
separated by a microsecond at an overall repetition rate of 10 Hz. The next subsection
describes some other operation parameters of the XUV-FEL FLASH in Hamburg, which
are relevant for the present work.

3.2.3 The FLASH facility

Figure 3.8: FLASH facility layout. [83]

Originally built as a test facility for superconducting accelerator technology (TTF,
TESLA test facility), FLASH (Free-electron LASer in Hamburg) has been upgraded in
several steps and operates as a user facility since 2005. Figure 3.8 shows the major parts
of FLASH after the latest upgrade in 2010 [83].
electron kinetic energy (max.)
length of the facility
undulator length
normalized emittance
fundamental wavelength
bunches per second (typ./max.)
average bunch energy
photons per bunch
pulse duration
peak power
repetition rate
FEL gain

1.25 GeV
315 m
27 m
1.5 mm mrad (rms)
down to 4.12 nm (301 eV)
300 / 2500
up to 300 µJ
1012 − 1013
< 70 - 200 fs
1 - 3 GW
10 Hz
∼ 106

Table 3.1: Selected parameters of FLASH. [83, 84, 85]

The electron bunches are produced in a radio frequency (RF) electron gun by shooting
short UV laser pulses on a photo cathode. This cathode is placed in a RF cavity to
accelerate the electrons directly after generation. They are further accelerated by seven
superconducting accelerator modules. In addition to two bunch compressors and one
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collimation section the electron beam energy can reach 1.25 GeV, which ends up in soft
X-ray radiation down to a fundamental wavelength of 4.12 nm. The light is produced
in a single pass of the six 4.5 m long fixed-gap undulator segments with a maximum
magnetic field of 0.45 T and transported to the experimental hall equipped with five
user beamlines, while the electron bunch itself is blocked in a beam dump. The whole
machine ends up with a total length of 315 m.

3.2.4 FLASH pump-probe laser system
Since the FEL with a pulse length as short as 70 fs is an exceptional tool to explore basic
dynamical processes in the fs-ps range, the FLASH facility also provides a synchronized
optical laser system to perform pump-probe experiments [86]. This laser is capable to
deliver intense optical pulses (up to 20 mJ, 50 fs FWHM) at a repetition rate of 10 Hz,
or pulse trains of 60 µJ with slightly longer pulse duration (120 fs) in a burst mode
delivering up to 8000 pulses per second. Both, FEL and optical laser are independent
sources of fs-pulses and therefore require good synchronization. However, the accelerator
itself exhibits an inherent timing jitter of below 70 fs rms [86]. It is the present limit of
the synchronization accuracy of the Ti:sapphire oscillator to the reference frequencies of
the master oscillator from the FEL radio frequency cavities.

Figure 3.9: Setup of the optical pump-probe laser. [86]
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Figure 3.9 shows the general setup and key components of the laser system. It consists
of a Ti:sapphire oscillator that produces ultrashort pulses synchronized to the master
clock of the FEL. It operates at central wavelength of 800 nm with 50 nm bandwidth.
The so-called burst mode amplifier delivers pulses with the same repetition rate as the
FEL and consists of a three stage optical parametric amplifier for the oscillator pulses
and an associated Nd:YLF pump laser. This amplifier is capable to generate pulses with
120 fs pulse duration in the µJ energy range that follow the pulse pattern of the FEL
in a bunch train. A detailed view on the mechanism and characteristics can be found in
[86] or [87].
The second amplifier system is a 10 Hz Ti:sapphire amplifier that generates strong
single pulses (up to 20 mJ) with a repetition rate of 10 Hz and consists of a commercial
chirped amplifier system.
After passing a delay line with a 3 ns range the beam is transported to the several
beamlines in the experimental hall where beam parameters (frequency doubling, pulse
compression) are adapted to the requirements of the individual experiments. The users
are able to remotely control and monitor all important parameters of the laser system.
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For the time-resolved studies on laser-aligned CO molecules probed by dissociative ionization a molecular beam apparatus has been designed. Figure 4.1 gives an overview of
the setup. The experiment is performed in a main ultrahigh-vacuum (UHV) chamber
connected to the XUV-FEL beamline by a differentially pumped compression stroke. In
between the main chamber and the compression stroke a small mirror chamber is hosting
the optics for co-linear beam propagation in an optical pump - XUV probe geometry.
The molecular beam is produced by an adiabatic expansion. Furthermore, the main
experimental chamber contains a position sensitive velocity map imaging spectrometer
and several diagnostic tools, which will be discussed in the following.

Figure 4.1: Overview of the experimental setup. The experimental chamber is
mounted on a support, movable in x, y, z directions to adjust the apparatus to the focal point of the FEL beamline. The main components source, spectrometer, diagnostic tool,
laser beam injection and UHV vacuum pumps are shown.
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4.1 Experimental chamber and vacuum system
There are different reasons for the need of an efficient ultra-high vacuum system in
molecular ion or electron spectroscopy performed with XUV light pulses. First, a clean
probe demands a low level of residual gas partial pressure that can disturb the signalto-noise ratio. Second, the preparation of molecules and clusters in a free particle beam
intrinsically requires ultra high vacuum, due to jet expansion characteristics, described
in section 3.1. The cooling efficiency strongly depends on the ratio between the initial
stagnation pressure and the final base pressure after the adiabatic expansion. Third, for
the XUV light source FLASH at DESY, a continuous vacuum system from the electron
beam acceleration down to the end stations of the experiments is mandatory. No windows can be used, due to the high absorption of XUV pulses in atmosphere. All these
constraints define the need for ultra high vacuum (p ≤ 10−7 mbar) for operation close
to the accelerator.
The vacuum system and its components are connected to the beam pipe of the FLASH
beam line BL 1 via a differentially pumped compression stroke. The differential pumping unit reduces the pressure by approximately two orders of magnitude. Typical vacuum conditions in the detection (main) chamber during experimental operation are
5 · 10−6 mbar while keeping the machine vacuum at 1 · 10−7 mbar. The small cube
chamber for guiding the optical laser co-linear to the FEL is mounted further downstream in front of the main chamber. The main chamber has been designed as a mobile
experimental station with many entrance, exit, and detector flanges of different sizes,
ranging from 35 mm CF35 to 250 mm CF250, to allow for multi-purpose experiments
within our research group and collaborations at FLASH. It is adopted to the local requirements of various experimental end stations (PG, BL 1-3) and can be modified by
interchanging experimental parts like vacuum pumps, atomic/molecular/cluster sources
and detectors. In the experimental setup for molecular alignment studies, several turbo
pumps with a total pumping speed of about 3000 l/s allow for gas phase experiments at
high gas load. The necessary backing pressure is provided by a pre-compressing roots
pump and several scroll pumps. The gas load originating from stagnation pressures at
the source of typically 50 bar is furthermore reduced by using a pulsed valve (described
in the following section), matching the repetition rate of the laser beams. The vacuum
is controlled by several pressure gauges (dual filament Pirani system and ITR 90 Ionivac
by Leybold) mounted at the different pressure stages and pre-vacuum systems. Pumps
and gauges are permanently monitored by the FLASH vacuum interlock system. In
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case of pump failure or pressure outruns it closes several valves in the beam pipe and
differential pumping stage in order to avoid contamination of the machine vacuum.

4.2 Molecular beam source
The source consists of a pulsed nozzle of the Even-Lavie design [61]. This valve is
connected to a cooling shield of a cryostat via a home built adapter in order to fit into
the experimental geometry. Due to the very short opening time of about 10 µs (see Fig.
4.2 right) accompanied by high stagnation pressures up to 100 bar, an increased cooling
capability to lower than 1 K can be achieved, allowing for cluster generation of noble gas
atoms including the formation of helium droplets at moderate pumping speed. Given
100 bar stagnation pressure and a valve opening time of 15 µs at a 10 Hz repetition rate,
the gas throughput is only 0.027 l · mbar/s according to the manufacturer’s manual.
The effective gas load is reduced by using a conical nozzle (d = 100 µm, half opening

Figure 4.2: He beam angular and temporal distribution measured by Rayleigh
scattering. Left: Comparison of angular beam spread of a supersonic beam expanded
through a nozzle with 40◦ full opening angle (filled circles) and sonic expansion through a pinhole (squares). Right: Typical gas pulse of 15 µs FWHM at a pressure of 100 bar of He [88].

angle α = 20◦ ). It allows for more intense cluster beams at much smaller gas flow
rates than from pinhole nozzles as shown on the left-hand side in Fig. 4.2 for both
cases. A further conical skimmer (1 mm opening diameter) confines the beam size in
the interaction zone of the spectrometer.

Test measurements of the molecular source

performance concerning gas load and available pumping power at the UHV chamber were
performed and the results are depicted in Fig. 4.3. The valve opening time was varied at
a repetition rate of 1 kHz, room temperature and a stagnation pressure of 50 bar and the
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Figure 4.3: Gas load of the Even-Lavie valve. Pressure inside the experimental chamber for 50 bar stagnation pressure at a temperature of 300 K for different valve opening
times. For maximum repetition rate of 1000 Hz the pressure rises non-linearly reaching a
critical value of 1.1 · 10−5 mbar.

base pressure in the detection chamber was recorded. When increasing the opening time
up to 22.5 µs an almost linear rise of the pressure is observed, while for longer opening
times the pressure rise is in a non-linear regime. The critical threshold of 1.1 · 10−5 mbar
for operating the MCP-based detector (see section 4.4) is reached at 23.8 µs opening
time. Then, the repetition rate was reduced first to 100 Hz before FLASH specific 10
Hz operation mode was reached. Here the pressure the 1.0 · 10−6 mbar range for realistic
valve opening times. Under these vacuum conditions MCP-based detectors run without
problem.

4.3 Optical beam path, diagnostics and alignment
The temporal synchronization and spatial overlap of the 800 nm laser beam, the XUV
pulse and the molecular beam in a defined interaction point in the center of the imaging detector apparatus requires elaborate alignment procedures. For the pump-probe
measurements pursued in this work, the corresponding tolerances are in the µm and
sub-picosecond range. Therefore a diagnostic tool, in the following referred to as diagnostic paddle, is essential for adjusting the beams in space and time. It is designed
to be movable and compact to fit the experimental geometry where spatial constraints
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are mainly given by the design of the imaging spectrometer, which will be described in
section 4.4. During the measurement the diagnostic paddle needs to be removed to prevent perturbations of the electric fields applied to the spectrometer. The experimental
chamber is mounted on a support that is movable in all spatial directions controlled by
stepper motors with 10 cm range in order to place the setup in the FLASH beamline
focus that is fixed in space.
The optical laser and the FEL propagate co-linearly through the spectrometer and
end up in a beam dump. The XUV beam is dumped via multiple reflection/absorption
under grazing incidence in a blackened stack of razor blades and the optical laser pulse
is reflected perpendicular to the beam axis into a tube of 1.5 m length to reduce stray
light. Furthermore, the stack of razor blades is also used as a pulse energy monitor
(Faraday cup). In the following the details on the co-linear laser setup are given.

4.3.1 Laser injection system
For laser safety, a separate opaque housing (∼ 1 m3 ) was installed in front of the experimental chamber, which was connected to the beam pipe of the optical laser. The
”mobile” laser lab is included in the laser interlock system. It hosts a bread-board for
the 800 nm optics (delay stage, telescope, periscope, spider, powermeter) and a small
cube chamber where a motorized in-vacuum mirror is located (see Fig. 4.4). The diameter of the optical laser beam is spread to a spot size of 1 cm on the focusing mirror
and coupled into the vacuum through a slightly tilted quartz window to avoid multiple
on-axis back reflections. The motorized mount (Newport Picomotors) supports a mirror
with a drilled center hole of 2 mm diameter, which is attuned to the FEL beam axis. For
a co-linear beam path, the injection mirror is orientated in an angle of 45◦ with respect
to the incoming optical beam path and the FEL beam path, respectively. The focusing
mirror (focal length 500 mm) in front of the quartz window generates a focal spot of
∼ 200 µm (FWHM). Thus, the FEL (100 µm focus) probes a source volume that was
completely irradiated by the optical laser before. The final optical mirror with the hole
can be aligned in two axis (plane perpendicular to the FEL direction) to compensate for
adjustments of the chamber position and to assure perfect overlap with the FEL focus.

4.3.2 Spatial and temporal diagnostics and control
The diagnostic tools, which are shown in Fig. 4.5, can be positioned in the center of
the apparatus. This is checked before beamtime operation with low intensity optical
alignment lasers (∼2 mm diameter FWHM) that follow the beam path of the FEL and
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Figure 4.4: Optical laser injection system. Left: The injection cube chamber contains a
piezo- motorized focusing mirror with a drilled 2 mm hole in the FEL propagation direction
for co-linear beam geometry. Right: Beam path of the 800 nm pump laser inside the
security laser box passing the delay stage and compressor before entering the injection
vacuum chamber via a quartz glass window.

60

4.3 Optical beam path, diagnostics and alignment
the optical laser. Once the raw spatial overlap is established, a Cr:YAG screen is placed
at the nominal focus position and monitored by a CCD camera (Basler) to frequently
control and adjust the spatial overlap during beam time operation.

The knowledge

Figure 4.5: Sketch of the diagnostic paddle. Diagnostic tools to achieve spatial and
temporal overlap are mounted on a removable paddle allowing to move each tool into the
nominal focus of the spectrometer. In particular the tools are: a Cr:YAG screen monitored
by a camera, a gold pin scatterer and a fast diode (signal rise time 10 ps), both for the rough
overlap, and a glass slide using a shadowgraph method [89] for precise temporal overlap.

of the temporal overlap (time zero) and the uncertainty in the arrival time of optical
pump and FEL probe pulses (relative jitter ) in the interaction region (see 3.2.4) is of
major importance for pump-probe experiments, since it impacts the time resolution.
Characterization of the timing between two independent photon sources is a challenging
task and several timing methods have been developed, e.g. reflectivity changes of FEL
excited materials [90, 91, 92, 93], the generation of sidebands in photoelectron TOF
spectra [94], molecular nitrogen alignment of molecules [95] or phase transitions in solids
[96, 97]. In the present study another approach was chosen to determine the temporal
overlap within the jitter of 100 fs: an in-situ shadowgraph technique where the temporal
overlap is measured by imaging a transmission change of the optical laser pulse through
a transparent sample, caused by the interaction with the FEL pulse creating a local
opaque plasma.
First, the temporal overlap within a 50 ps time window was established by monitoring
scattered FEL and optical laser light from a thin gold pin with an ultrafast photodiode. A
digital oscilloscope records the signals and allows to adjust the electronic delay settings of

61

4 Experimental Setup
the master clock of the optical laser. The precise arrival time of the optical laser beam is
then adjusted with a nanosecond range delay line using a shadowgraph based technique.
A sketch of the setup is shown in Fig. 4.6. An FEL intensity of 1013 − 1014 W/cm2 is
sufficient to form a plasma at the surface of a movable glass slide in the FEL focal plane.
The critical density of free charge carriers is reached within the pulse duration of typically
10 fs to 200 fs. It has to be noted that the attenuation length in glass (SiO2 ) at a photon
energy of 200 eV is only 0.12 µm meaning this process is very efficient. In the XUV regime
ionization in light elements is mainly based on single photon photoionization followed
by the emission of less energetic Auger electrons. Furthermore secondary electrons are
produced in the dense plasma by collisional ionization via electron impact of primary
photoelectrons. Photoionization and subsequently collisional ionization increase the free
electron density within femtoseconds [98, 99]. The glass slide is backlit by a low intensity
optical laser which does not damage the glass substrate. If the plasma is present when
the 800 nm optical laser pulse impinges on the glass, the laser is reflected once the critical
density of the plasma is reached (NC = 1.7 · 1021 cm−3 ). Consequently, less optical laser
light is transmitted. The low-transmission area is observed with a long range microscope

Figure 4.6: Plasma switch as tool for temporal overlap. Glass plate illuminated by
optical laser, observed from the back side by a long range microscope [89].

imaging system consisting of a focal lens (f = 50 mm) reaching a magnification of 10 and
a CCD camera. If the laser pulse arrives before the intense FEL pulse no transmission
changes are observed during the shot. The temporal overlap between the two fs photon
sources is then found by scanning the delay iteratively from one situation to another
observing the transmitted signal on a single shot basis. The shadowgraph method is
mainly limited by the jitter between the optical laser and the FEL arrival time, which
ideally yields less than 100 fs at FLASH. Examples of the single shot images obtained
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during different steps of the delay scan are shown in Fig. 4.7. The FEL beam with 92 eV
photon energy is focused to a 100 µm focal spot and illuminated by the optical laser
with a pulse length of 60 fs. The negative delay of -0.5 ps indicates the arrival of the
optical laser before the FEL on the left side and +0.5 ps indicates an earlier arrival time
of the FEL. Here, the FEL creates a plasma first. As the critical density of free charge
carriers is reached the plasma becomes opaque for 800 nm light pulses and a black spot
(shadow) becomes visible because the transmitted signal is decreased in this area.

Figure 4.7: FEL-induced plasma irradiated by the optical laser. Left: Optical laser
pulse arriving before XUV pulse, t=-0.5 ps. Right: A shadow arising from the plasma,
which is created by the XUV pulse at the front surface, if the XUV pulse arrives before the
optical laser pulse, t=+0.5 ps.

4.4 Velocity map imaging detector
Velocity map imaging is an appropriate technique to measure the angular distribution of
molecular fragment ions created by FEL-induced fragmentation. It is based on the
projection of an expanding cloud of charged particles (Newton sphere) onto a twodimensional position-sensitive detector. The initial angular and energy distributions
are maintained and can be recovered if they are rotationally symmetric with respect to
an axis perpendicular to the direction of the projection, which is typically parallel to the
laser polarization axis. Either detection of ion or electron spatial distributions (imaging)
can be performed, both demanding slightly different efforts in design of the components
and the involved electric fields. The VMI detector system described in this section was
designed, commissioned and applied as one of the central parts of the present work. It
allows for either ion or electron imaging serving the requirements of different present
and future experimental projects at FLASH.
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4.4.1 Working principle
If an ion or electron is released in a photo induced reaction with linearly polarized
light, the energy and angular distribution of the photo products contain information
about the internal quantum states. The initial velocity vector of an electron (or the
initial vector of momentum in the case of ions), projected onto a position sensitive
~ in the most simple case, can be obtained
detector by a homogeneous electric field E
from a measurement of both, the impact position of the particle and its flight time. The
transverse velocity component of the trajectory is given by vt = r/t with the distance
of the impact from the spectrometer symmetry axis r and the time of flight t. The
longitudinal velocity component is affected by the electric field and leads to deviation
of the flight time t from the flight time t0 of a particle with zero initial energy, e.g.
electrons from an ionization, where the photon energy equals the ionization potential
hν − IP = 0.
v~l =

~
eE
(t − t0 )
m

(4.1)

The difference t − t0 represents the half of the turn-around time of the particles in the
electric field. In the case of electrons with low kinetic energy of 1 eV the maximum flight
time is already on the order of tens of nanoseconds, given a detector of common size. The
longitudinal flight-time deviation arising from the velocity vectors pointing toward and
away from the detector is in the order of nanoseconds, even with high electric fields of
some kilovolts per centimeter. Consequently, a high time resolution in the sub-ns range
would be required to obtain well resolved time-of-flight spectra. However, the temporal
resolution is limited by the ionization volume of the target. Its size is determined by the
spatial overlap of laser and molecular beam.
The problem of the longitudinal spread is solved by introducing a time-focusing setup,
which can be achieved with an acceleration stage followed by a field-free drift zone. Assuming that two ions A and B are generated at different distances from the detector,
ion A that is created closer to the detector is accelerated less by the electric field compared to ion B that is created further away, because of the path length distance in the
accelerating field. Ion B acquires more kinetic energy than ion A and will consequently
overtake ion A if the length of the field-free drift toward the detector is long enough.
This point defines the temporal focus plane, which is fixed to a certain length for every
mass to charge ratio m/z individually and depends on the electric field strength in the
acceleration stage.
Wiley and McLaren developed a two-stage acceleration in 1955, which allowed to
detect molecules of the same mass simultaneously, regardless of their initial positions
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in the ion source [100]. The two acceleration stages are established by three electrodes,
the repeller, extractor and ground electrode, followed by a field-free drift zone. The
potentials U1 , U2 and U3 at the electrodes define the electric fields Es = sq(U1 − U2 )
between repeller and extractor with the distance s and Ed = dq(U2 − U3 ) between
extractor and ground with the distance d. Passing the acceleration, the initial energy of
the ions U0 is increased to
U = U0 + qsEs + qdEd .

(4.2)

2
The drift velocity vD can be derived from the relation U = (1/2)mvD

2
U
m
2
(U0 + sqEs + dqEd )
=
m
= v02 + vs2 + vd2
q
vD = v02 + vs2 + vd2 .
2
vD
=

(4.3)

The total time of flight ttot = ts + td + tD is a combination of ts between electrodes 1
and 2, td between electrodes 2 and 3 and the flight time tD = D/vD in the drift zone.
With the introduction of parameter k = (sEs + dEd ) /sEs , an ideal drift length D can
be defined under the assumption of fixed distances d and s:
D = 2sk

3/2


1−

d
1
1/2
k+k s


.

(4.4)

The longitudinal focus plane can obviously be controlled by variation of the parameter k,
which is given by the ratio (Ed /Es ) in case of fixed acceleration distances. The situation
of a single stage acceleration is included as special case with fixed focus length D = 2s
if Ed and d ⇒ 0. Nevertheless, the need for sub-ns time resolution to reconstruct the
initial velocities is accompanied by further disadvantages. The event rate is limited
to one signal per cycle, because otherwise the correlation of impact position and flight
time is undetermined. It has to be noted here, that a much higher signal rate can be
expected for the present FEL experiment due to high photon flux. Different approaches
to maintain timing information have been established, e.g. slice imaging, which is based
on the comparison of two consecutive images by temporal gating of the MCP to select
only fragments with transverse initial velocities [101, 102, 103].

Alternatively, the

distribution of initial velocities can be reconstructed from the measured spatial projected
distribution discarding any time-of-flight information, provided a cylindrical symmetry
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Figure 4.8: Schematic representation of the projection method. An electron emitted from the point source O with angular coordinates θ and Φ is projected to a point in
a detector plane. The impact coordinates depend on the initial kinetic energy and the
projecting field strength (modified from [104]).

with respect to the spectrometer axis and a large number of detected ions (or electrons).
A high count rate results in a smooth distribution in the projected 2-dimensional pattern.
The assignment of initial velocities to individual particles then becomes impossible. The
center-of-mass (cm) velocity of all fragments is determined by the thermal velocity of
the parent molecule and can be neglected for large kinetic energy release. In this case
it only shifts the center of the projection on the detector by a few pixels. The difficulty
is to find a design where ions with identical initial velocity vectors are projected onto
the same point on the detector regardless of their initial positions in the interaction
volume. As mentioned above, a compensation of the longitudinal spread in direction
toward the detector is achieved by the time-focusing setup to the second order in the
Wiley-McLaren design [100]. Generally, mesh electrodes are implemented to guarantee
homogeneity of the electric fields, which optimize the longitudinal focusing for different
starting positions. Nevertheless, the much larger transverse error is not affected, since
an initial transverse spread of the fragments is projected one-to-one onto the detector.
Velocity map imaging is based on transverse electric field inhomogeneities acting as
a lens for charged particles and compensates for the finite size of the interaction region. It was developed by Eppink and Parker [105], who used an electrode setup similar
to the time-of-flight two stage acceleration solution, but introduced transversally inhomogeneous electric fields with open electrodes instead of mesh electrodes. This scheme
strongly enhances the transverse spectrometer resolution in velocity or position, depend-
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ing on the mode of operation. See Fig. 4.9 for comparison of the focusing abilities of the
three imaging setups: projection of electrons a) in a homogeneous electric field gradient,
b) in a single-stage acceleration with a field-free drift zone and c) the Eppink-Parker
VMI design.

Figure 4.9: SimION simulations of different imaging configurations. Electrons with
longitudinal (left column, red trajectories) or transverse (right column, green trajectories)
spread are projected onto the the detector. Equipotential lines are shown in light blue. [106]

4.4.2 Detector design
Energy resolution, maximum detectable kinetic energy of the fragments and angular
momentum resolution of the VMI spectrometer is limited by several constraints, which
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determine the spectrometer design significantly. The template of any VMI setup is the
work by Eppink and Parker [105]. By scaling up or scaling down the corresponding length
and distances including the position sensitive detector diameter, it becomes possible to
adapt the VMI method to various vacuum recipients achieving in principle a similar
focusing effect and resolution as in the initially proposed design by Eppink and Parker
[105]. However, there are two important parameters that cannot easily be scaled (a) the
source volume and (b) the pixel size of position sensitive detection (PSD).
The former is mainly determined by the intersection of the laser beam with the molecular beam whereas the latter is limited by the MCP channel size and pixel size of the
CCD camera, respectively. In order to optimize the instrument for a given scientific
problem, it is possible to vary the length-to-radius (L/R) ratio of the spectrometer. If
the PSD size and the maximum electric potential on the repeller plate are fixed, a smaller
L/R ratio allows for a higher maximum kinetic energy (Emax ). It still guarantees for
a 4π collection efficiency, since Emax scales roughly as (R/L)2 . Otherwise the maximum repeller voltage and the detector size have to be increased accordingly. An open
construction of the electrodes is mandatory because the temporal and spatial overlap of
molecular beam, optical laser and FEL needs to be imaged and adjusted at the source
point in between repeller and extractor plates. For this purpose the diagnostic paddle
has to be moved in the center of the VMI. Furthermore, a ring of holes is drilled to
the plates for a flexible handling of the insulated electrode holder construction. This
has to fit to the geometrical constraints of different experimental setups, i.e. different
molecular sources, additional analyzing detectors mounted under different angles, or a
non co-linear pump-probe geometry. Both the open construction and holder adjustments
inevitably produce perturbations of the electrostatic field due to field penetration. To
reduce such disturbances, the electrodes’ radii are configured to be that big that the
disturbances are shifted away from the central interaction region. The diameter of the
electrodes (80 mm) is therefore more than five times larger, than the interspace of the
electrodes (15 mm).
The total size of the spectrometer is mainly determined by the geometry of the vacuum chamber with the interaction volume located at its center. Detailed simulations
were performed with the SimION 8.0 software package to find bench mark values for
the repeller/extractor voltage ratio, maximum voltages, and imaging detector size for a
fixed detector length assuming a kinetic energy of the interaction product below 100 eV.
The simulations have been carried out for electrons. Electrons gain higher velocities
because of their low mass and thus, require more effort in spectrometer design. The
impact distance of electrons from the detector center increases with the kinetic energy
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Figure 4.10: Sketch of the ion optics. Layout of repeller, extractor and lens electrode
with applied voltages.

as r ∝

√

Ekin . SimION enables to calculate the trajectories of charged particles for a

given geometry, and electric field distribution. The electric field is established in the
simulation by a set of cylindrical lenses that have been designed by adapting the Eppink
Parker geometry in the first step. Since the electric field distribution possesses rotational symmetry with respect to the spectrometer axis, the whole 3D problem can be
simplified to 2D saving computation time and computer memory. Attention has been
devoted to electrons which are emitted in the plane parallel to the detector surface, since
those electrons define the outermost lying boundary of the circular pattern corresponding to a given electron energy. The parameters (kinetic energy gain, detector impact
position, time of flight) have been derived by following the trajectories of electrons from
a quite large source volume (2 mm2 ). A bunch of 50000 electrons was ejected randomly
in 4π for several kinetic energies. According to the simulation, electrons with 100 eV
kinetic energy require a detector surface with 86 mm in diameter for a fixed distance
to the focal plane of 30 cm and a repeller voltage of Vrep = 10 kV. It corresponds to
an optimum voltage ratio Vex /Vrep of 0.715, which results in the best energy resolution
of ∆E/E = 0.03 (FWHM of individual peaks) assuming an initial energy spread of 1
% due to the FEL photon energy bandwidth. Fig. 4.11 shows plots of radial electron
distribution for these parameters. An energy calibration is derived by a second-order
polynomial fit of the radii as function of initial energy. Corresponding simulations have
been performed with electrons that have defined kinetic energies of 100 eV, 90 eV, 40
eV and 5 eV.
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Figure 4.11: Simulated radial distribution of photoelectrons.
The radial impact position on the position sensitive detector (PSD) of 200000 electrons
randomly ejected under all angles from a
2 mm2 source volume. Kinetic energies
from left to right: 100 eV, 90 eV, 40 eV
and 5 eV.

Figure 4.12: Simulated energy resolution. The energy resolution for the photoelectron kinetic energy of 100 eV and 90
eV (FWHM of individual peaks of a certain energy, including 1% FEL wavelength
bandwidth) depending on the voltage ratio
between repeller voltage (10 kV) and extractor voltage.

Our detector has a diameter of 80 mm, which allows the detection of electrons with up
to 100 eV kinetic energy at maximum voltage of the ISEG power supplies (± 20 kV for
the ISEG THQ EPp/n 200 20kV). The detector is described in detail in the next subsection. The energy resolution will be improved for certain experiments by reducing the
resolution-limiting factors of source volume and initial energy spread individually. Possible measures are reducing the source volume by using crossed laser beams, apertures
to reduce the size of the laser overlap, or to refocus the FEL beam with a refocusing
multi-layer mirror with small reflection bandwidth. The conventional three-electrode
setup is able to collect and focus the electrons with maximum kinetic energy onto the
detector, so only minor modifications of the opening size of the electrodes have been
carried out.
The focus lens electrode assembly used in the present work is schematically shown
in Fig. 4.10. The three stainless steel plates (Ø80 mm, d=0.5 mm) imply 14 holes to
account for different positions of the mounting rods in different experimental geometries.
The repeller plate has a central hole of 1 mm diameter as an option for axial molecular
beam injection. The apertures of the other electrodes are 20 mm in diameter. The
electrodes are assembled at 15 mm distance on three threaded rods, which are insulated
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by ceramic tubes. The applied voltages used in the present work account for the detection
of C+ ion fragments of CO molecules: Vrep = +4.0 kV, Vext = +2.35 kV, and V3 =
−1.5 kV. Furthermore, a skimmer with a 2 mm central hole is mounted electrically
isolated from the electrodes on the molecular beam axis to define a maximum size of the
molecular beam and to guide it into the central interaction zone.

Figure 4.13: Vertical cross-section of the interaction zone inside the vacuum
chamber. The molecular beam is formed by the cooled nozzle valve (green) and passes
through a 0.5 mm skimmer toward the interaction zone in the center between the repeller
(orange) and the extractor electrode (light blue). A flexible mounted laser characterization
paddle is used for spatial and temporal alignment of the co-linearly propagating FEL and
optical laser beams, which are guided to the spectrometer center with an optical mirror that
has a 1 mm hole for the FEL passing through. The fragments are accelerated upwards by a
static electric field and reach the position sensitive detector via a µ-metal shielded field-free
drift tube.

4.4.3 Position sensitive particle detection
The measurements of spatial distribution patterns of fragment ions in the present work
have been realized with a commercial imaging detector system consisting of a chevron
double multi-channel plate (MCP) phosphorescence screen assembly (Photonis Limited,

71

4 Experimental Setup
80 mm). The detector components are mounted on a CF150 flange, see Fig. 4.14. The
detection is based on visualizing the ion signal. The signal gain is provided by the
MCPs, which use the principle of secondary electron multiplying. An MCP consists of
many hexagonally ordered micro channels that are coated with a semiconductor layer
on their inner surface. Front and back surface of the MCP are electrically conducting
to be able to apply a voltage UM CP between input and output of the channels. The
pore size of the MCPs is 10 µm, the channel bias angle is 8◦ ± 1◦ , and the spacing
of the channel centers is 12 µm. The gain over both MCPs at 2400 Volts is 1 · 107 .
If an ion collides with the inner surface of the channel, it kicks electrons out of the
semiconductor layer, which then are accelerated to the channel output direction, again
colliding with the channel wall producing a cascade of new electrons until they finally
leave the channel. The electron pulse that arrives at the back of the MCP can be
measured directly with a digital oscilloscope for time-of-flight (TOF) spectroscopy (i)
or can be mapped spatially resolved (ii), making use of the information encoded in the
spatial distribution of microchannels. Setting a temporal gate to the voltage allows to
measure spatial distributions of individual fragment ions (mass/charge ratios) because
of their well-defined flight times.

Figure 4.14: Position sensitive detector assembly. Left: Sketch of the chevron configuration of the MCPs. Right: Detector flange with radial high voltage UHV-feedthroughs.
Input and output of the MCP stack are connected via SHV connectors (up to ±5 kV) and
the phosphor screen is supplied by a B-SHV connector (up to +7.5 kV).

For position sensitive detection, the electron cascades from the MCP hit a fiberoptic
phosphorescence screen (active area diameter of 75 mm) with standard P47 phosphor
coating. The fluorescence screen emits light due to electron impact at a peak emission
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wavelength 430 nm with a short decay time of 0.11 µs (intensity decay down to 10
%). The light flashes are monitored from the back by a coupled-charged device (CCD)
camera (Hamamatsu Orca R2, 1344x1024 pixels, 6.45 µm pixel size, 12 bit dynamic
range). The high speed and high sensitivity camera allows to vary the exposure time
from 4200 s down to 10 µs and has a readout speed of 16 frames per second at full
resolution producing a dark current of only 5 · 10−4 electrons per pixel per second. The
camera objective (Schneider Kreuznach STD Xenon 17/0.95) has an aperture factor of
0.95, which allows for low intensity light detection at a minimum working distance of 30
cm. To image the total active area of the phosphorescence screen on the CCD chip, the
camera has been mounted onto a spacer tube of 370 mm length, which is coated with
graphite on the inner surface to reduce stray light. The tube is connected to the detector
flange and also serves as camera holder. The camera is readout by an A/D converter
and controlled with a home-built LabView program. The data acquisition software
controls the intrinsic camera settings like exposure time, CCD pixel binning or readout
speed. Furthermore, it allows for online data analysis parallel to data acquisition. As
reported above, the Eppink-Parker design still allows for time-of-flight measurements
with less accuracy and resolution compared to setups with mesh electrodes, since it also
uses a two stage acceleration at least with open electrodes and inhomogeneous electrical
fields. It is possible to obtain a time-of-flight spectrum by altering the voltage ratio
from a spatial momentum focusing setting to a temporal momentum focusing setting.
The fast electrical pulses of the time-of-flight signal voltage are separated from the high
voltage DC background by means of inductive coupling to the MCP power supply. The
resulting signals are monitored on a fast digital oscilloscope. The resolution is adequate
to distinguish the different fragment ion species. With the help of a 6 kV high voltage
switch (Behlke) with a minimum pulse width of 150 ns the detection window can be
temporally tuned to the arrival times of a particular fragment mass in order to obtain
mass-selected spatial images. The MCP gating is done by reducing the electric potential
applied to the MCP front from 1.5 kV to 1.0 kV suppressing the MCP gain and therefore
effectively switching the signal off, since 1.0 kV is far below the amplification threshold
of the detector.

4.4.4 Synchronization
In the following the timing of the experimental setup is described. The signals from the
RF-master oscillator are used to synchronize the optical laser to the FLASH machine
with an accuracy of better than 70 fs rms [86]. The TTL pulse from the FEL master
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clock serve as a starting point for the timing distribution at the experiment. The FEL
pulses are arriving at the experiment with a delay of 2.58 ms with respect to the FEL
master oscillator. The optical laser (OL) has been delayed with the help of a 1 ns-delay
stage with respect to the FEL arrival time. With the help of delay generators (Stanford
Research, DG 535) several triggers for the components are generated. Synchronization of
the Even-Lavie valve to the laser pulses is done as follows. At zero time delay between
the OL and the FEL pulse the photo-induced ion yield is maximized by opening the
nozzle 406 µs before the OL laser pulse enters the chamber. During the experiments the
timing between the molecular beam and the OL is fixed, which assures that both are
shifted with respect to the FEL pulse in a pump probe scan. Afterward the MCP gate is
tuned to a single mass peak (C+ channel at 649.445 µs, width 150 ns) in order to record
mass-selected images. We note that the FEL pulse serves as a trigger for both, the TOF
spectrometer and the Hamamatsu camera for spatial resolved detection.

4.4.5 Data analysis
The degree of alignment of a diatomic molecule is generally quantified by means of the
anisotropy or alignment parameter hcos2 θi, where θ is the angle between the molecular
axis and the laser polarization. The value of hcos2 θi ranges between 0 (anti-aligned) and
1 (perfectly aligned to the laser polarization), with 1/3 being the value for an isotropic
sample of molecules, following the derivation in sec. 2.3. Measuring the anisotropy
parameter in general requires an inverse Abel transformation to deduce the full threedimensional momentum distribution of the ionic fragments [107, 108]. However, in our
studies, we used a slightly modified alignment parameter hcos2 θp i, which was deduced
directly from the projected two-dimensional (2D) momentum distribution images by
using the angle θp between the molecular axis and the polarization in the projection
on the two-dimensional detector plane. The value of this modified parameter for an
isotropic sample is 1/2 rather than 1/3.
hcos2 θiisotropic = 1/3

(4.5)

hcos2 θp iisotropic = 1/2

(4.6)

While carrying the same information, this approach allowed us to omit the Abel transformation. As the Abel transformation introduces some additional noise, a clearer image
with a higher number of detected ions would be needed to properly calculate the threedimensional (3D) momentum distribution. Avoiding the transformation and integration
over all ion kinetic energies give two advantages (i) an improved signal-to-noise ratio of
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the modified alignment parameter and (ii) a vastly reduced computational effort. This
makes it possible to reduce the time required for a pump-probe scan since fewer ions
need to be detected for each delay. In fact the present studies show that single-shot measurements are feasible. The modified alignment parameter has been derived in real time
during the measurement for each individual shot, which proved very useful when dealing
with the small degrees of alignment barely noticeable from the images themselves.
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5.1 Dynamical alignment of CO molecules
Rotational coherence spectroscopy on CO molecules was performed at FLASH by tracing
revivals of coherent rotational wave packets in the time domain. The nuclear dynamics
is pumped by an 800 nm laser and probed at different time delays by FLASH. Both light
sources have been discussed in detail in sections 3.2.3 and 3.2.4. The ions resulting from
XUV-induced multiple ionization and fragmentation are imaged by ion velocity map
imaging described in chapter 4.4. The transient spatial fragmentation patterns reveal
information on the rotational motion of CO molecules.

5.1.1 Time-of-flight spectroscopy
In order to enable pump probe studies on rotational dynamics in CO molecules preparatory work has to be pursued. After the spatial and temporal alignment of the laser beams,
which are described in section 4.3.2, the molecular source is operated in a regime with
reasonable gas loads with respect to the pumping power of the experimental chamber.
The molecular beam is spatially adjusted with respect to the VMI entrance skimmer,
optimizing the total ion yield of CO fragmentation products. For this purpose the timeof-flight operation mode of the VMI-detector has been used.
TOF mass spectra with source in operation
By monitoring the ion yield of different mass species present in the FEL focus, the
molecular beam can be aligned to the spectrometer. In Fig. 5.1 a typical mass spectrum
is shown, which has been obtained in an FEL-probe-laser-only operation. The spectrum
is recorded in a co-expansion measurement of 1 % CO in helium (purity 6.0) at a stagnation pressure of 50 bar. The most prominent mass peak present at 0.68 µs can be
assigned to the He+ ion. Helium atoms are most abundant in the interaction volume
whenever the molecular beam source is in operation and are therefore preferentially ion-
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Figure 5.1: Overview time-of-flight mass spectrum. Mass spectrum measured at
room temperature for a stagnation pressure of 50 bar. The photo fragments C+ and O+ are
present along with CO+ ions and residual gas H+ , He+ , OH+ and H2 O+ .

Figure 5.2: Time-of-flight mass spectrum of CO-fragments. Zoom into the mass
spectrum measured at room temperature for a stagnation pressure of 50 bar. The different
heights of C+ and O+ signal are due to different contributions from residual gas molecules.
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ized and detected. Further strong ion signals can be assigned to doubly charged helium
at 0.42 µs, residual water at 1.33 µs and its fragment ions like OH+ at 1.29 µs, O+ at
1.25 µs and contributions from hydrogen ions at 0.29 µs. Also CO+ ions originating
from the co-expansion are present at 1.66 µs. The periodic rippling back tail of the most
intense signals can be assigned to electrical distortions in the cables and in the readout
oscilloscope due to overshoots of the signal input voltages. The CO molecules are ionized
with intense femtosecond FEL pulses of 1013 W/cm2 at a photon energy of 92 eV. It is
clear that not all molecules become multiply charged in the interaction volume and disintegrate by Coulomb explosion. A fraction of CO molecules is ionized in areas of lower
intensities (due to the intensity distribution of the FEL pulse) to singly charged ionic
CO+ . Some of these species are directly detected and others follow dissociative channels
to end up in a neutral atom and a charged ion. It is important to note that the absorption
cross section that leads to Coulomb explosion is dominated by atomic cross section and
thus do not depend on the FEL polarization (isotropic probe step). On the other hand,
the detection of ions generated by molecular dissociation upon single photon absorption
depend on the relative orientation of FEL polarization and the molecular dipole moment
(selective probe step). A closer look to the C+ and O+ fragment peaks can be found
in Fig. 5.2, where the relevant time-of-flight area between 1.0 µs and 1.5 µs of Fig. 5.1
is shown. The peak width of the C+ signal was fitted and extracted to be 9.7 ps full
width half maximum. This is close to the mass resolution of the spectrometer in TOF
operation mode for the applied voltages and resembles the peak widths of the other
mass signals. Since the spectrometer is not optimized for measurements of the recoil
energy, the resulting time-of-flight broadening is expected to be small, lying below the
spectrometer’s resolution at such high voltages. Nevertheless a structured time-of-flight
peak distribution for the lighter ions He+ , He2+ , H+ , and for H2 O+ exists, resulting in
a slightly double pulse structure that corresponds to the backward and forward part of
the ion cloud. The splitting is due to the initial kinetic energy of the Coulomb exploded
species, which are partly pushed toward the detector and arrive earlier, or have to be
turned first by the electric acceleration field. The detector is not designed to compensate
for this energy shift for the lighter ions, which start with higher initial velocities than the
heavier fragments like C+ and O+ . However, the observed splitting gives evidence that
Coulomb explosion of molecular species in the FEL focus is the dominant fragmentation
channel. It will play an important role when discussing the recorded spatial fragmentation pattern.
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TOF mass spectra of residual gas
Residual gas time-of-flight mass spectra were recorded under the same FEL beam conditions, but with the molecular beam source switched off to discriminate the fractions
that originate from the source. Fig. 5.3 shows a typical mass spectrum that differs from
the one shown in Fig. 5.1 mainly by the absence of the He+ , He2+ , C+ and CO+ fragment ions. It can be clearly seen that carbon ions resulting from possible fragmentation
of residual hydrocarbons are not significantly contributing to the spectrum. Thus it can
be concluded that the C+ ions detected with the molecular beam source in operation
stem from Coulomb explosion and dissociation of CO molecules, respectively. Different
to that, the O+ mass signal is still present in the residual gas spectrum due to contributions of fragment ions from H2 O and O2 .
The time-of-flight measurements were performed to choose the right temporal gate for

Figure 5.3: Time-of-flight mass spectrum of residual gas. Mass spectrum measured
with molecular source switched off. The residual gas ions and their fragments H+ , N+ , O+ ,
OH+ and H2 O+ are present. The strong contributions from the source He+ along with
CO+ and its fragments are completely absent. The signal from hydrocarbons is very weak
indicating a clean vacuum.

mass-selected VMI detection. Due to the vanishing carbon mass yield in case of the
closed source valve, C+ ions were selected as an ideal probe to maximize sensitivity to
the rotational dynamics of CO. On the other hand, a temporal gate, which excludes the
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280 ns time window containing both the C+ and O+ fragments is only sensitive to the
helium carrier gas and the background molecules. Figure 5.4 shows the corresponding
fragmentation pattern. It has to be noted that this image does not show spatial imaging
but velocity imaging. The center of the picture is indicated by a small cross of black
pixels (zero average velocity). The halo around the center originates from residual gas
molecules since the thermal velocity of these fragments is distributed isotropically. The
vertical offset indicates the initial velocity of the molecular beam, mainly monitored
by ionization of helium seed gas. Consequently, the bottom-top-direction indicates the
source direction and the laser propagation direction is orientated horizontally. The offset
is directly proportional to the molecular beam velocity, which was verified experimentally. By cooling the nozzle, i.e. lowering the stagnation temperature, the projection of
the ion cloud moves to the center in agreement with an expected reduced beam velocity.

Figure 5.4: Velocity map image of the residual gas. The temporal gate of the MCP
excludes the photo fragments C+ and O+ . Residual gas ions can be found in the center due
to their isotropically distributed thermal velocity. Ions from the source (mainly He+ ) are
shifted due to initial velocity along the molecular beam direction.

In order to evaluate the measured velocity-map images, the center of the molecular
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beam distribution was defined as the new picture center and its coordinates were fed to
the analysis routine. The asymmetry distribution of the 2D momentum projection was
computed on a single shot basis as it has been described in sec. 4.4.5 in detail. This
procedure was performed prior to all pump-probe scans to compensate for the initial
beam velocity shift due to different stagnation pressures and temperatures.

5.1.2 Rotational coherence spectroscopy
The 800 nm pump laser was operated at a laser focus intensity of less than 5·1012 W/cm2 ,
which is far below the ionization threshold of CO molecules. It is important to note
that the pump pulse only induces rotational motion in the electronic ground state.
Ionization would change equilibrium distances, i.e. rotational constants and nuclear
dynamics, respectively. The lack of generated ions was carefully checked by recording
time-of-flight spectra with the pump laser only. To measure transient asymmetry that
indicates rotational dynamics, the temporal gate of the MCP was set to the C+ mass.
The asymmetry of the C+ velocity (momentum) angular distribution was recorded on
a single shot basis and averaged for each time step. Starting from time delay −5 ps,
indicating the FEL beam arriving before the optical laser, the scans were performed
in 250 fs steps up to a time delay of +20 ps. For each of the time steps 200 to 600
single images were recorded, background subtracted and the corresponding asymmetry
parameter values were saved to harddisk. In this proof-of-principle experiment a laser
delay line was used that was not automatized and the data recording had to be set up
manually. The pump-probe scan of the C+ fragment ions clearly shows a modulation of
the asymmetry parameter hcos2 θp i in Fig. 5.5. It reaches its maximum value of 0.540
shortly after the time overlap between optical pump laser pulse and FEL probe pulse
because the nuclear motion cannot follow the fs laser excitation adiabatically. However,
the corresponding positions of the delay stage are set as time zero t = 0 ps for practical
reason. At negative time delays, when the ionizing 92 eV FEL beam arrives first, no
induced molecular alignment can be recognized. The asymmetry shows a plateau at a
value of 0.522. After the initial maximum of the asymmetry, when the CO molecules
are ionized from a parallel aligned state, the asymmetry parameter drops down to 0.515,
indicating orthogonal alignment. The asymmetry scan shows seven maxima of alignment
parallel to the pump laser polarization within the delay range of 20 ps, but the degree
of alignment of the individual maxima is steadily dropping with increasing pump-probe
delay. The amplitude of the asymmetry drops down to one third of the initial maximum
at the end of the delay scan with respect to the bottom value of non-excited molecules.
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Figure 5.5: Rotational coherence spectroscopy of Coulomb exploded CO
molecules. The optical pump - XUV probe scan of C+ fragment ions from Coulomb
exploded CO molecules clearly shows a modulation of the asymmetry parameter hcos2 θp i.
The asymmetry oscillates at a constant period between small degrees of alignment parallel
to the optical laser polarization axis and orthogonal alignment.
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The difference between the measured non-aligned asymmetry parameter and the theoretical value of 0.5 indicates that the isotropic distribution of the molecules is affected
by several distortions: (i) anisotropy shifts may result from a spatial distribution of the
MCP’s imaging quality. Higher kinetic energies are projected to the detector with an
increasing radius. Radially distributed imaging quality may not completely compensate
for off-center projections of ions due to the initial beam velocity. (ii) Static alignment
of the CO molecules may arise from the charged plates of the VMI spectrometer. Although the static electric field created by the electrodes of the spectrometer does not
affect the trajectory of the neutral molecular species, it couples to the dipole moment
of the molecules and induces alignment along the spectrometer axis to a small extent.
Geometrical alignment induced by the probe laser pulse can be neglected to a large
extend using intense FEL probe pulses in the XUV spectral range. The ionization probability is almost isotropic for non-resonant XUV radiation [109] and governed by atomic
cross sections. Consequently the modulation of the asymmetry parameter is induced by
the optical pump laser. Angular selectivity in the FEL probe step because of enhanced
molecular absorption cross section when FEL polarization and molecular dipole moment
are parallel is a rather weak contribution at an XUV FEL intensity of 1013 W/cm2 .
A major experimental restraint to the accuracy of the temporal resolution is given by
the temporal jitter between the optical pump laser pulse and the XUV FEL probe pulse.
Although the step size of the delay scan (250 fs) is small enough to sample the alignment modulation, the timing jitter between individual shots is strongly counteracting
to the time resolution during the measurements. Each data point in Fig. 5.5 consists
of several hundred single shots and therefore several hundred asymmetry values within
a time interval given by the temporal jitter. This effect is acting on the recorded data
like a running average over the time axis resulting in both, broadening of short abrupt
signal changes and reducing of the maximum amplitude.
As a characteristic example the spread of the asymmetry distribution for the time delay
t = 500 fs is depicted in Fig. 5.6. Each data point of the delay scan has the laser
instability and timing jitter imprinted on the asymmetry value. This is shown by the
fact that the distribution of the individual asymmetry values for each of the 317 single
shots at this delay shows a spreading in the same order of magnitude as the absolute
range of the averaged values in the total delay scan.
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Figure 5.6: Asymmetry distribution recorded at t=500 fs. Distribution of the
individual asymmetry values hcos2 θp i for each of the 317 single shots measured at pumpprobe delay t = 500 fs

5.1.3 Comparison to broad rotational wave packet dynamics
The time evolution shows a damped oscillating behavior between alignment parallel to
the inducing laser polarization axis and orthogonal alignment. To compare this behavior
with the broad rotational wave packet dynamics introduced in sec. 2.2.2, the following
discussion will remind of the characteristic time evolution with its short-time recurrences
of parallel and orthogonal alignment at fractions of the revival time Trev . Such behavior
was proposed in theoretical work by T. Seideman and co-workers and has been measured
for other molecular species like I2 , CS2 or CO2 [40, 42, 1, 43]. The asymmetry modulation
indicates rotational dynamics initiated by the interaction with the non-perturbing short
pump pulse. More precisely the molecular system is excited into a coherent superposition
of rotational levels, which constructively interfere after the turn-off of the laser pulse
under field-free conditions. The generated wave packet or in other words the ensemble of
molecules excited in many different rotational states J for broad rotational wave packets
dephase coherently at a time scale inversely depending on the square of the number of
involved rotational states. Upon dephasing, the asymmetry parameter returns to its
initial (unperturbed) value indicating isotropic distribution of the molecular ensemble.
Subsequently this plateau is intersected by a complete relocalization of the wave packet
to its initial degree of parallel alignment at every full and half revival time Trev and
Trev /2. Orthogonal alignment and further smaller maxima of parallel alignment occur
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at fractional revival times.
Following the relation of Eq. 2.53 in section 2.3, the revival time of the molecular
alignment under field-free conditions is connected to the molecule’s rotational constant
by Trev = 1/(2Bc). Given the rotational constant of B = 1.92 cm−1 , a full revival
time of 8.69 ps would be expected for free CO molecules in the gas phase. Table 5.1
shows the calculated full and fractional revival times for CO molecules compared to other
molecules, where revivals of rotational wave packets have been observed experimentally.

B
Trev
Tr /2
Tr /4

CO
1,92
8.69
4.35
2.18

cm−1
ps
ps
ps

CO2
0.3902 cm−1
42.7 ps
21.4 ps
10.7 ps

I2
0.037 cm−1
450 ps
225 ps
113 ps

Table 5.1: Rotational constants and expected full and fractional revival times characteristic
for rotationally broad wave packet dynamics of CO (calculated), CO2 ([42]), and I2 ([43]).

Compared to CO2 and I2 , the rotational constant of CO molecules is one, respectively
two orders of magnitude higher. Accordingly the expected revival time is shorter, being
in the order of some picoseconds. A key finding of our study is that sharp full, half,
and quarter revivals are not observed in our measurements. Instead we clearly see a
modulation with a periodicity of Tr /3 = 2.98 ps, which will be discussed and explained
in the following.
To extract the characteristic period of the observed modulation, the time evolution of
the asymmetry parameter has been fitted to a damped sine function, see Fig. 5.7, taking
the decreasing amplitudes of asymmetry into account. A period of T = 2.98 ps has been
extracted, which obviously differs from the gas phase revival times of CO molecules
in table 5.1, which are expected for dynamical alignment of rotationally broad wave
packets.
From the fit of the modulation, a decay time τ = 32 ps with an error of 30% can be
extracted. A possible explanation for the decaying amplitudes is coupling to the environment. Qualitatively, coupling of rotational motion to nuclear motion of the solvent
is a candidate for decoherence of rotational dynamics. This would be the case if helium
clusters are present in the molecular beam and the CO molecules are embedded and
interact with the surrounding helium atoms. But these measurements were performed
with the molecular source kept at room temperature and cluster formation has been
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Figure 5.7: Asymmetry parameter fitted with a simple single-frequency model. A
single frequency sine function fit corresponds to the behavior of a transition J = 0 → J = 2.

observed only at pre-cooled nozzle temperatures. However, experimental artifacts such
as laser intensity fluctuations, long-term pointing instability and timing drifts may be
responsible for the observed decay and cannot be excluded from the recorded data. A
second FLASH beam time with an improved experimental setup showed some new aspects, which will be discussed in the next part of the chapter prevailing some insight
into the characteristics of the measured oscillating asymmetry patterns that have just
been introduced.

5.2 Two-level superposition tracing
In the following an interpretation of the transient spatial fragmentation patterns will
be given that bases on a two-level beating, i.e. the coherent coupling of two rotational
eigenstates of the quantum mechanical rotor according to [110]. The ”magic mirror”
with the hole in the center for the FEL passing co-linear with the optical laser was
transferred outside the main experimental chamber into a separate laser chamber, which
has been described in sec. 4.3.1 in detail. In combination with a new laser delay stage,
active timing feedbacks of the FLASH facility, the temporal jitter and long term stability
have been improved. Thus, it was possible to derive the asymmetry parameter with good
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Figure 5.8: Asymmetry parameter observed over 500 ps in a pump-probe experiment. Modified asymmetry parameter hcos2 θp i of C+ fragment ions measured over 500 ps
with 25 shots per delay at P0 = 14 bar.
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Figure 5.9: Zoom into a 50 ps time window of the pump-probe asymmetry
signal. Detail of the modified asymmetry parameter measured from 445 ps to 495 ps. The
modulation of the relatively small degree of alignment is maintained throughout the total
time scan without signs of dephasing and decoherence.
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signal-to-noise ratio already by accumulating 25 shots per delay. It allows to measure
long time scans of 1 ns length at a step size of 100 fs. The modified projected 2Dasymmetry parameter hcos2 θp i signal again shows periodic variation after the pump
laser induces alignment parallel to the laser polarization axis in the molecular sample.
It starts from a constant value at negative delays, where the XUV-FEL pulse probes
the sample before the IR-laser pulse can align it. Figure 5.8 presents the first 500 ps
of a pump-probe delay scan recorded at 14 bar stagnation pressure. It was possible to
follow the coherent nuclear motion with ∼ 100 fs resolution, while the modulation of
the alignment pattern is maintained during the whole delay scan without any signs of
decoherence. The long-term drifts and jumps in the signal originate from fluctuations
of the FEL pulse intensity that cause artifacts in the measured asymmetry parameter.
However, these drifts can be subtracted out from the signal. Details will be given in
sec. 5.2.1. A closer look to the characteristics of the signal profile is illustrated in Fig.
5.9, where a characteristic time-dependent transient of the asymmetry parameter in the
area between t = 445 ps and t = 495 ps is shown. The modulation is identical to those
obtained at any other time window of the delay scan. The total degree of molecular
alignment is relatively small, ranging from 0.523 to 0.528, which can be attributed to
the intensity of the IR field that was deliberately kept low to avoid any ionization.
Irrespectively to the enhanced time resolution, the asymmetry parameter again does not
follow the pattern for full and fractional revivals of coherently excited rotationally broad
wave packets. Before a quantitative explanation for both, the observed periodicity of
Tr /3 and the low degree of alignment is given, the intensity fluctuations acting on the
detected spatial fragmentation pattern are discussed. It turns out, that space charge
induced asymmetry gives an offset in our measurement as described in the next section.

5.2.1 FEL intensity dependence of the spatial fragmentation pattern
In addition to the periodic modulation the asymmetry parameter in Fig. 5.8 drifts on a
longer time scale. The shift is on the same order of magnitude as the short-time variation induced by the IR pump laser. If this profile is compared to the trend of the FEL
intensity, it becomes clear that both are correlated. Figure 5.10 shows the background
subtracted C+ ion yield that has been readout from the CCD camera by the control
software for online analysis of the anisotropy. Since the total intensity in the images is
to a good approximation proportional to the FEL probe pulse intensity, the ion count
measurement monitors the FEL intensity during the pump-probe scan. Two key observations can be derived from the intensity dependence. The asymmetry parameter
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in the raw data image (Fig. 5.8) follows the FEL intensity (Fig. 5.10) inversely. This
can be explained as follows. The CCD camera had to be mounted tilted by 90◦ due
to the chamber design. While the implemented analysis routine computes the hcos2 θp i
anisotropy parameter, the angle θp does not represent the angle between the molecular
axis and the laser polarization but is rotated by π/2. According to the angular relation cos2 α = 1 − cos2 (α − π/2) the measurement still represents the anisotropy of the
molecular sample and the image is simply inverted. Thus, we observe an increase of
the asymmetry parameter with increasing FEL intensity. It is important to note that
the FEL has neither an effect on the induced degree of alignment nor it is selecting a
particular fraction of aligned molecules to a large extend. The former can be excluded
simply because the FEL interacts with the molecular beam after the alignment pulse
induced the nuclear dynamics. The latter can be excluded by looking at the inset of Fig.
5.10. If the ionization probability is sensitive to the relative orientation of the molecular
dipole with respect to the FEL polarization axis, one would observe a modulation of the
C+ ion yield as a function of time delay with a periodicity that resembles the nuclear
dynamics. This is not the case.

Figure 5.10: FEL intensity fluctuation over 500 ps in a pump-probe experiment.
Background subtracted counts of C+ ions per camera picture for each time delay is proportional to the FEL intensity. The inset shows the absence of periodic structures on a
picosecond time scale.
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Furthermore, the oscillation of the asymmetry parameter is not affected and the peakto-peak amplitude stays constantly around 0.007 throughout the complete delay scan.
Therefore the rotational motion can be treated as decoupled from the long-term asymmetry drift following the intensity of the XUV probe pulse and allows for an FEL intensity
correction of the anisotropy parameter. This was performed by a linear correlation fit
between an averaged asymmetry parameter and the FEL intensity, or more precisely
the detected ion counts per time delay.

The origin of the asymmetry parameter drift

Figure 5.11: Influence of anisotropic charge density in the FEL focus on the
measured asymmetry of the C+ ion yield. Background subtracted counts of C+ ions
per camera picture for each time delay shows the effect of FEL intensity on the asymmetry
in the spatial fragmentation pattern.

with FEL intensity can be explained in terms of space charge effects of the ionized helium seed gas background. The degree of alignment, which is induced by the 800 nm
laser pump pulse is very low. The drift of hcos2 θp i follows the FEL intensity and adds
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an offset to the induced dynamical alignment signal. The time-of-flight mass spectra
showed that a huge amount of helium ions is present in the interaction volume. The
density distribution of generated ions (space charge) depends on the FEL intensity distribution in the interaction volume (focus). Figure 5.11 schematically shows the FEL
focus geometry. Clearly, all generated ions (He+ C+ , O+ , etc.) repel each other and the
maximum kinetic energy that can be gained depends on the maximum charge density.
Obviously, the charge density scales with FEL intensity. This behavior is visible in the
spatial distribution of the He+ mass channel. In these measurements, the outer radius
of the projected ions, which corresponds to the maximum kinetic energy of the ions is
fluctuating according to the pulse energy fluctuations of the FEL.
Nevertheless, this effect still does not account for changes in the asymmetry of the
spatial distribution, but just adds velocities to the ions equally for all directions. However, the intensity in the focus volume resembles a more cylindric distribution since it
is ”longer” in the direction of the FEL beam than in the perpendicular plane. Thus,
the direction of the space charge repelling is preferentially perpendicular to the FEL
beam since the ions are accelerated to the direction of the strongest gradient of charge
density. To explain it in simple words: Given an infinite long trace of charged particles,
the particles are accelerated radially away from the chain since the electric potential
rapidly decreases but is constant along the chain and therefore the parallel component
of the force field is zero. Consequently, generated ions (He+ , C+ , O+ , etc.) receive an
additional acceleration perpendicular to the FEL beam due to the space charge (electric field) distribution. Although, this contribution is weak in highly diluted gas phase
molecular beams, the sensitivity of our method is so high that we can even observe and
correct for it.

5.2.2 Phase evolution of rotational quantum states
In the following a quantitative explanation for both, the observed periodicity of Tr /3 and
the very low degree of alignment is given. The data shown in Fig. 5.8 has been corrected
for space charge effects. The asymmetry parameter hcos2 θp i has been monitored up to
1 ns covering more than 300 periods of signal modulations with no declining amplitude.
Although decoherence during the scan can be caused by collisions with other molecules
or through absorption or emission of microwave photons in our supersonic beam experiments, neither process is relevant on this time scale. The present data with improved
temporal resolution compared to the first beam time prevail a modulation with a period
fundamentally different from sharp full, half, and quarter wave packet revivals occurring
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Figure 5.12: Angular resolved asymmetry in a 3D representation. Asymmetry as
function of delay and angle. The angle θp between the molecular axis and the IR pump laser
polarization defines parallelism at θp = 0◦ and a orthogonality at θp = 90◦ .

Figure 5.13: Angular resolved asymmetry in a false color map. Asymmetry as
function of delay and angle. Higher maxima parallel to the laser polarization axis 0◦ than
perpendicular, indicate anisotropic character of the IR pump step.
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at the corresponding fractions of Tr = 1/2Bc for rotationally broad wave packets. The
figures 5.12 and 5.13 show that a modulation is not only visible as function of pumpprobe delay but also as function of angle with respect to the optical alignment laser
polarization. To derive angular resolved anisotropy, the measured pictures have been
post processed. For each pixel of the CCD chip cos2 θp is calculated and contributes to
the expectation value weighted with its intensity. The angular dependence is evaluated
by scanning the reference axis (θp of each pixel) in 5◦ steps for each time delay. For
a fixed time delay where maximum asymmetry at 0◦ indicates parallel alignment with
respect to the IR pump laser polarization, one can continuously follow the value of the
asymmetry parameter down to its minimum value at 90◦ . In simple words, by rotating
the reference axis from 0◦ to 90◦ for each time delay one qualitatively maps the probability density distribution to find the rotor at a particular angle, respectively plane. The
key result of this evaluation is a ”probability” oscillation according to a standing wave
with a node at 45◦ .
The appearance of a standing wave with nodes can be understood by simple quantum
mechanics. The number of coherently coupled rotational states in the induced rotational
wave packet plays a key role for its time evolution and oscillatory behavior respectively.
It has to be investigated which states are coupled by the subsequent Raman cycles
under the chosen experimental conditions. The short 70 fs pulses with a moderate
focus intensity of less than 5 x 1012 W/cm2 stay well below the threshold for ionization
and effectively limit the pumping process to a single Raman cycle. Under the chosen
molecular beam source conditions with stagnation pressures ranging from 5 to 50 bar, the
pulsed valve generates a supersonic jet of sufficiently cold molecules with temperatures
less than 3 K, resulting in CO molecules prepared mainly in the rotational ground state
J = 0.
Schwentner et al. investigated the J composition of a rotational wave packet depending
on the initial thermal distribution of diatomic molecules. Their numerical simulations
of the degree of field-free alignment reveal that for cold molecules the interaction is
non-adiabatic and low J levels are coupled preferentially [111].
To initiate this post-pulse coherent dynamics, the non-adiabatic perturbation couples
a set of quantum states at the time of the excitation. This imprints a common phase
on the subsequent time evolution. Figure 5.14 shows the wave packet dynamics in case
of N2 molecules at 80 K comprising four initially populated J levels that are involved
in the coherent superposition (bottom). The dynamics of the asymmetry hcos2 θi(t)
in the upper part shows the typical revival behavior of broad rotational wave packets
as described in section 2.3.2. Coherent alignment amplitudes are observable at char-
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Figure 5.14: Simulation of J level contribution to the revival profile. a) Numerical
simulation of non-adiabatic alignment in N2 at 80 K excited with Gaussian pulse (30 fs,
5 · 1012 W/cm2 ). Times of half and full revivals are indicated as τ1/2 and τ1 . b) Coherent
oscillations hcos2 θi(t) starting from the J = 0 (black), J = 2 (gray), J = 4 (red dashed),
and J = 8 (green dotted) rotational states averaged over all M [111].
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acteristic full and half revival times τ1 and τ1/2 . In between smaller quarter revivals
occur, which are characteristic for homonuclear molecules. In the lower part, coherent
dynamics due to occupied J = 0, 2, 4, and 8 rotational levels, averaged over all M
numbers, are plotted for comparison. The curves display oscillations with rather small
individual amplitude and a frequency that is increasing with the populated rotational
quantum number. However, overall constructive interference is realized only for short
time intervals around the full and half revival times (indicated by vertical arrows). The
oscillation periods differ significantly from the characteristic full revival time τ1 . In case
of two coherently coupled states for a transition J to J + 2 the oscillation period is
given by the beating frequency. Referring to the experimental conditions of the present
study on rotationally cold CO molecules, the short pulse duration limits the number of
Raman cycles in the pumping process. Thus, the dominant excitation is the transition
between J = 0 and J = 2 rotational states. In fact the modulation of the asymmetry
signal is a direct measure of the phase evolution of the coherent superposition of the two
quantum states coupled in the Raman cycle. It directly reveals the transition frequency
F (J → J + 2) = (4J + 6)B derived from Eq. 2.11.

5.2.3 Rotational temperature and state occupation
The observed temporal behavior is consistent with the assumption of a limited number
of J-levels contributing to the wave packet dynamics. The careful data analysis gives
more detailed information. The signal profile reveals an additional weak modulation on
top of the dominating structure, mainly expressing in periodic changes of the amplitudes
and peak width, which can be qualitatively described using a simple model. The data
can be fitted by a sum of two sine functions with a ratio of about 4 : 1 as it can be
seen in Fig. 5.15. It clearly reproduces the modulations. In this picture a dominant
transition J = 0 → J = 2 and an additional transition J = 1 → J = 3 from a subset of
CO molecules with thermally populated J = 1 level is assumed.
The model is confirmed by a fully quantum-mechanical calculation of the rotational
wave packet dynamics, which has been performed by the group of T. Seideman (Northwestern University Chicago, USA). The calculations served a dual purpose, first to compare the experimental observables with molecular alignment characteristics and second
to determine the rotational temperature and the thermal population of initial rotational
levels. The theory is discussed in detail elsewhere [3]. A short summary is given in the
following.
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Figure 5.15: Asymmetry parameter fitted with a simple two-frequency model.
Two sine functions with frequencies corresponding to the transitions J = 0 → J = 2 and
J = 1 → J = 3 and amplitude ratio of 4:1 reproduce the behavior of the asymmetry
parameter in the Pump-probe scan.

The complete Hamiltonian H = Hrot + Hind in the case of a diatomic molecule can
be written as a sum of the rotational Hamiltonian
Hrot = ~−2 Be J 2

(5.1)

with Be representing a dimensionless rotational constant in equilibrium bond distance,
and the induced field-free Hamiltonian
1
Hind = − 2 (t)∆α cos2 θ
4

(5.2)

where (t) and ∆α represent the laser polarization and the molecular polarizability,
respectively. The time-dependent wave packet is then expanded in terms of spherical
harmonics (see Eq. 2.19 and Fig. 2.2), eigenstates of the field-free rotational Hamiltonian
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|ΨJi Mi (t)i =

X

C JMi (t)|JMi i,

(5.3)

J

converting the time dependent Schrödinger equation into a set of coupled differential
equations for the expansion coefficients. The latter are propagated numerically to generate the wave packet and hence all observables as a function of time, including the
expectation value of hcos2 θi(t). As discussed in section 4.4.5, this quantity is the most
commonly used observable to quantify the degree and time-evolution of the alignment.
A thermal averaged parent state - a mixed state defined by a rotational temperature
Trot - is taken into account by Boltzmann averaging the observables:
hcos2 θiT (t) =

X

wni (Trot )hcos2 θini (t)

(5.4)

ni

where wni (Trot ) are normalized weight functions, consisting of the Boltzmann factor
P
Q−1
rot exp(−Eni /kTrot ) with Qrot =
ni exp(−Eni /kTrot ) being the rotational partitioning function and k Boltzmann’s constant.
A comparison of the anisotropy measured in the pump-probe scan at a stagnation
pressure P0 = 14 bar with a theoretical prediction from Eq. 5.4 assuming a thermal
population of the J = 1 state corresponding to a rotational temperature of 2.8 K is
shown in Fig. 5.16. The measured profiles agree perfectly with the simulation without
any sign of decoherence. It must be noted here that the simulation delivers the expectation value of hcos2 θi(t) within the full 3D representation of the angle θ between the
molecular axis and the laser polarization, indicating an isotropic sample of molecules at
a value of 1/3 (right vertical axis in Fig. 5.16), while the measurement refers to the 2D
projection of θ onto the detector plane (left vertical axis in Fig. 5.16).
Here, an isotropic distribution of molecular dipole moments results in a value of 0.5.
The thermally occupied rotational states of the CO molecules are derived by a Fourier
transform of the delay scan, which translates the time domain signal to the frequency
domain. As a result, the spectral composition and the population of rotational levels are
derived. As Fig. 5.17 shows, the single Raman cycle induces the transitions J(0 → 2)
and J(1 → 3). The frequency domain data obtained from two delay scans at different
stagnation pressures P1 = 14 bar and P2 = 50 bar clearly show an increased J(1 → 3)
contribution at higher temperature and lower pressure, respectively.
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Figure 5.16: Rotational coherence spectroscopy of CO, comparison between theory and experiment. The anisotropy observed in a pump-probe scan (P0 = 14 bar)
compared to theoretical prediction for a rotational temperature of 2.8 K.

Transition
J(0 → 2)
J(1 → 3)

Center Frequency
(345.27 ± 0.03) GHz
(575.6 ± 0.1) GHz

FWHM
(2.23 ± 0.03) GHz
(2.6 ± 0.1) GHz

Table 5.2: Transition frequencies for CO.

From the obtained transition frequencies, listed in tab. 5.2, the rotational constant
B = 57631(25) MHz was deduced which corresponds to B = 1.9224(9) cm−1 . This
is in good agreement with data from high resolution microwave spectroscopy (see tab.
5.3). The spectral resolution of the individual transition frequencies which had been
determined directly from the time-resolved measurement is mainly determined by the
number of periods in the time scan and is far outnumbered by the resolution of microwave
spectroscopy for CO molecules in the gas phase. We note that ultrafast microwave spectroscopy plays a key role for understanding complex intra- and intermolecular couplings
in large molecular systems. Developments like chirped-pulse FTMW overcomes traditional limitations in spectral bandwidth and data acquisition speed [113]. For instance,
the isomerization reaction rates of vibrationally excited cyclopropane carboxaldehyde
(c-C3 H5 CHO) initiated by internal rotation about a C-C bond have been measured with
a time resolution of the order of 100 ps limited by the sampling rate [17]. We empha-
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Figure 5.17: Fourier transform of RCS transients. Left: Schematic depiction of the
Raman cycle with involved rotational levels of the molecule. Right: Fourier transforms of
two pump-probe scans recorded at different expansion conditions. The frequency domain
data clearly show that the signal is dominated by J(0 → 2), with an increased J(1 → 3)
contribution at higher temperature and lower pressure, respectively.
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Constant
B [MHz]
B [cm−1 ]

Reference from MW spectroscopy
57635.968019(28)
1,9225289523(13)

This Work
57631(25)
1.9224(9)

Table 5.3: Rotational constants for CO. Comparison of values derived from the present
time-domain study to high resolution microwave spectroscopy [112]. (Microwave data refers
to main isotope 12 C16 O)

size that with our method the time resolution to elucidate fast dynamics, i.e. strong
couplings, can be pushed toward a single rotational period even for the fastest rotors.
Furthermore at the other limit of the time scale large pump-probe delays with small
sub-picosecond step size are possible due to the long intrinsic decoherence time that has
been proved in this study. This improves the accuracy of derived effective rotational constants allowing to measure weak molecular couplings as well as to explore the population
relaxation and phase decoherence of molecules dissolved in quantum fluids.
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In this work time-resolved rotational coherence spectroscopy (RCS) on carbon monoxide
molecules is presented. The nuclear dynamics is due to the superposition of only two
rotational quantum states. The methodology opens the door to study in future more
complex dynamics of embedded molecules in nanosuperfluids.
After a theoretical introduction, in which the fundamental concepts of rotational transitions in small molecules were given, coherent excitation of rotational wave packets and
their revivals were discussed. Alignment of molecular samples is usually established by
a coherent superposition of discrete quantum states generating a broad quantum wave
packet that evolves in time. Different methods to generate rotationally aligned molecular samples, or more generally to produce state-selected samples by electromagnetic
fields, were presented, such as collisional alignment, static electric or magnetic field
alignment and laser alignment. With the use of dynamical (or impulsive/non-adiabatic)
laser alignment caused by ultrashort femtosecond laser pulses rotational motion maintains even after the exciting laser pulse passed by. This establishes rotational dynamics
under field-free conditions, which makes RCS a versatile tool for investigation of weak
intra- and intermolecular couplings that are perturbed in external electromagnetic fields.
Within this work wave-packet motion is observed by subsequent Coulomb explosion
of Raman excited carbon monoxide, which results in a time-dependent asymmetry of
spatial fragmentation patterns. The experimental setup and components were presented
in detail. The concept of molecular beam and cluster formation by a co-expansion
of CO molecules in a carrier gas, helium in the present case, was explained and the
characteristics of the source were presented.
The intense femtosecond XUV pulses provided by the FLASH facility at DESY in
Hamburg play an important role for the performed time-resolved pump-probe experiments, the basics of this free-electron laser light source were given. The pulse intensities
of about 1013 W/cm2 at a photon energy of 92 eV are sufficient to multiply ionize small
molecules at the crossing point of laser and molecular beam. The technique of velocity
map imaging is appropriate to measure the angular distribution of molecular fragment
ions by FEL-induced Coulomb explosion. Therefore, a velocity map imaging detector
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has been designed and brought into operation.
Spatial fragmentation pattern show asymmetry distributions fundamentally different
from characteristic experimental fingerprints of rotationally broad wave packets that
coherently dephase and revive. Instead, transition frequencies F (J → J +2) = (4J +6)B
are directly observed. The time-resolved data follows the phase evolution of a coherent
superposition of two quantum states coupled in a Raman cycle. It results in a simple
beating pattern (modulation) of the measured time dependent spatial asymmetry as a
function of Raman pump and FEL probe delay.
Improvements on the experimental setup allowed to evaluate a so-called asymmetry
parameter hcos2 θp i(t) of C+ as a measure of molecular alignment on a single shot basis. An analysis of long-term FEL stability affecting the recorded spatial fragmentation
pattern revealed a dependence of hcos2 θp i(t) of C+ fragment ions on the FEL intensity.
The origin of the observed drift with FEL intensity can be explained in terms of space
charge effects of the ionized helium seed gas background. Although the space charge
is on an extremely low level, the sensitivity of our method is so high that we can even
observe and correct for it.
The measured rotational wave packet dynamics at 14 bar agrees perfectly with quantum mechanical calculations for a rotational temperature of 2.8 K of the molecular
ensemble. The finite temperature causes a weak modulation on top of the asymmetry
profiles due to a small fraction of CO molecules in the rotational level J = 1, which is
thermally occupied under the present experimental conditions. Time-resolved experiments over a 1 ns range were carried out and the signal modulations prevailed over 300
periods without any sign of declining amplitude. The Fourier transform of these long
transients allowed to deduce a rotational constant of B = 57631(25) MHz corresponding
to F = 1.99224(9) cm−1 , which matches microwave data within the error bars [112].
With the method presented in the present work, the time resolution to elucidate fast
dynamics, i.e. strong couplings, can be pushed toward a single rotational period even for
the fastest rotors. At the other limit of the time scale, the long intrinsic decoherence time
makes large pump-probe delays with small subpicosecond step size possible. This improves the accuracy of the derived rotational constants and introduces a new possibility
to measure weak molecular couplings as well as to explore in detail the population relaxation and phase decoherence of molecules in solutions or molecules dissolved in quantum
fluids. Thus, a detailed analysis of small perturbations of the order of ∆E/E = 10−4 is
feasible. An example of where this would be particularly valuable is the case of doped
helium nanodroplets [60]. Due to the exceptionally weak interaction of helium droplets
with the rotation of molecular dopants rotational coherence spectroscopy in the time
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domain provides a tool to investigate the structure and dynamics of superfluid and nonsuperfluid helium in response to rotational excitation of a dopant. The molecular beam
source is enabling such cluster-size dependent studies on molecules embedded in helium
clusters. Preparatory work has been performed within the present thesis. Figure 6.1
shows the formation of pure helium clusters up to He20 by cooling the nozzle to 180 K
in a time-of-flight measurement.

Figure 6.1: Mass spectrum of helium clusters. The nozzle of the cluster was cooled
down to 180 Kelvin at a stagnation pressure of 14 bar.

In principle, conventional broad (many state) rotational wave packets allow for these
measurements too, providing even richer information since they also show the decoherence of different J levels. However, many different cluster sizes are present in the molecular beam. The simple two-level beat pattern allows for straightforward assignment of
individual rotational constants, whereas the evaluation in the case of a broad rotational
wave packet becomes increasingly complex. Furthermore, recent measurements on broad
rotational wave packets in helium droplets in the XUV wavelength range reveal new coupling mechanisms that cause fast decoherence of broad wave packets [114]. Stapelfeldt
and coworkers observed rotational dynamics much slower than that of isolated molecules
and, suprisingly, complete absence of of sharp transient alignment recurrences characteristic of gas phase molecules. Here, the simple two-level coupling may bring new insight
to non-thermally excited elementary excitations in helium clusters and nanodroplets.
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Importantly, the presented method is not restricted to molecular systems that exhibit
permanent electric dipole moments as it is the case for rotational spectroscopy with
microwaves. In fact non-resonant, two-photon Raman excitation only requires anisotropy
of the molecular polarizability, which in turn allows the study of coupling phenomena in
homonuclear molecules and in clusters with zero or very small dipole moments.
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[80] P. Schmüser, M. Dohlus and J. Rossbach, Ultraviolet and Soft X-Ray Free-Electron
Lasers, Springer Verlag, Berlin (2008).
[81] G. Materlik and T. Tschentscher, Part V: The X-Ray Free electron Laser, TESLA
Technical Design Report (2001).
[82] V. Ayvazyan, N. Baboi, I. Bohnet, R. Brinkmann, M. Castellano, P. Castro, L.
Catani, S. Choroba, A. Cianchi, M. Dohlus, H. T. Edwards, B. Faatz, A. A.
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Flöttmann, J. Frisch, L. Fröhlich, T. Garvey, U. Gensch, C. Gerth, M. Görler,
N. Golubeva, H.-J. Grabosch, M. Grecki, O. Grimm, K. Hacker, U. Hahn, J. H.
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