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Für alle. | For everyone.

Mephistopheles: Von Sonn' und Welten weiÿ ich nichts zu sagen,
Ich sehe nur, wie sich die Menschen plagen.
Der kleine Gott der Welt bleibt stets von gleichem Schlag,
Und ist so wunderlich als wie am ersten Tag.
Ein wenig besser würd er leben,
Hättst du ihm nicht den Schein des Himmelslichts gegeben;
Er nennt's Vernunft und braucht's allein,
Nur tierischer als jedes Tier zu sein.
Er scheint mir, mit Verlaub von euer Gnaden,
Wie eine der langbeinigen Zikaden,
Die immer �iegt und �iegend springt
Und gleich im Gras ihr altes Liedchen singt;
Und läg er nur noch immer in dem Grase!
In jeden Quark begräbt er seine Nase.

(Prolog im Himmel, Faust I, J.W. von Goethe)
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1 Introduction

Bromine is an element whose properties have not been widely examined in the
past. Basic information such as the chemical characteristics or simple atomic
features are very well known. However when it comes to the behaviour of
electrons or the shape of orbitals, especially considering molecular bromine,
there remain a lot of questions. For instance the process of dissociation of
bromine molecules is not very well understood. This lack of knowledge is in
contrast with other common substances that occur in the environment and that
exist preferably in molecular states like oxygen or nitrogen.

A reason for the subordinated treatment might be that bromine is poisonous
and corrosive. So there is a danger for human health and the lifetime of ap-
parati might be shortened. Furthermore the fact that the boiling temperature
of bromine is in the range of room temperature complicates the execution of
experiments. Another aspect that causes di�culties while examining bromine
is that it possesses many more electrons than, for instance, nitrogen. Actually
there exist no exact theoretical solutions of many body problems. So the more
particles are involved the more di�cult is it to guess intuitively certain courses
of action or to develop su�ciently exact approximations.

Nevertheless it is very important to understand for instance the photodissoci-
ation dynamics of bromine. Only if we know the exact behaviour of dissociat-
ing bromine molecules in general can we understand how this diatomic halogen
molecule, or substances with bromine compounds, interact with other molecules.
For instance the depletion of ozone O3 in the stratosphere is one of the most cru-
cial problems that has to be solved these days. And because bromine produces
free radicals that destroy O3 it is important to know about the atmospheric
lifetime of bromides which depends mainly on the photolytic destruction rates.
That is why recent research has begun to deal with bromine more intensively.

Zhang and Zhang [1] have explored the photodissociation of molecular bromine
for near-visible UV absorption and Strasser et al. have produced a paper about
the transient photoelectron spectroscopy of the dissociative Br2(1Πu) state [2].
In our experiment we will try to rebuild or to improve the results that Wernet
et al. published in their article "Real-Time Evolution of the Valence Electronic
Structure in a Dissociating Molecule" [3]. In this publication from 2009 it is
explained that bromine molecules were excited with a pump laser beam in order
to trigger a dissociation process. The development of the molecular structure
was then probed with a 120fs FWHM VUV pulse. Finally the energies of the re-
sulting photoelectrons were determined in a magnetic bottle-type time of �ight
spectrometer. From the collected data Wernet et al. concluded how the elec-
tronic structure of the freed atoms rose from the valence statetes of the excited
molecules.

However in our experiment we hope to improve the temporal resolution of the
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process using a 9fs probe pulse. Furthermore we will apply a COLTRIMS ap-
paratus which allows us not only to measure the energy of photoelectrons but
also their distribution of momenta at the moment that the corresponding ions
are produced in the laser focus. Therefore we will have to align the bromine
molecules that we want to examine with another component of the laser's pump
beam.

In order to determine if we are generally able to achieve alignment of bromine
molecules in the chamber of our COLTRIMS apparatus we wanted to execute
several alignment tests. These tests should be the topic of this thesis. In a �rst
step we tried to align nitrogen molecules under almost the same conditions that
we would use to align bromine. As I have indicated before the properties of
nitrogen in various experiments are quite well examined. Hence the knowledge
about nitrogen under aligning conditions enabled us to tell by comparison with
our results if we were generally able to produce alignment or not.

In a second step we wanted to take alignment data of bromine molecules them-
selves. Unfortunately this part of the experiment could not be executed early
enough to be reported in this thesis. So I had to restrict myself to the analysis
of the nitrogen alignment.

To summarize it in a few words: This Bachelor thesis will treat an alignment test
with nitrogen molecules which we did in order to create a basis for a bromine
dissociation experiment. Therefore it will present the alignment experiment and
its theoretical basis as well as the most important aspects of the �nal complete
experiment.



2 About atoms

Before one discusses molecules one should review some atomic properties. Start-
ing from the simplest case - the hydrogen atom - I will explain the structure of
atoms and the common denotations used for the description of atomic states.
For further reading I suggest "Experimentalphysik 3" by Wolfgang Demtröder
[4].

2.1 Atomic orbitals

Since the "Rutherford experiment" in 1909 it has been known that atoms con-
sist of a nucleus which is surrounded by electrons and which is very small in
comparison to the size of the total object. Later it was dicovered that nuclei
are composed by positively charged protons and neutral neutrons1 and that
the electrons constitute a negatively charged sphere. The determination of the
properties and the shape of this sphere has occupied scientists until today.

Figure 2.1: Bohr's model for the atomic structure. [5]

One early example for a picture of the atomic structure is the Bohr model (1913)
in which electrons circle on orbits around the nucleus (see �gure 2.1). Setting up
three postulates Bohr made sure that experimentally observed atomic properties
were consistent with his picture:

1. Only discrete radii - so called shells - are allowed for the electrons' paths.
Electrons on a certain shell carry a corresponding energy.

2. The electrons' movement on the orbits is free from radiation. Only through
the transition from one shell to the other do electrons lose or gain
energy in the form of radiation with a distinct frequency:
ν = ∆E

h (h = 6.626 · 10−34Js Planck's constant)

3. The shells have to ful�ll the condition that their electrons' angular mo-
menta are an integer multiple n of ~ = h

2π : L = n~
1With the exception of 1

1H whose nucleus is only a proton.
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However during the development of the quantum theory Bohr's model was re-
vised. Finally phenomena that could not be explained in Bohr's picture could
be explained by the new concept which was no longer a rather arbitrary con-
struction but theoretically founded.

When treating an object that belongs to the quantum regime e.g. an electron
one will have to consider its wavefunction Φ. Only through the knowledge of
the absolute square of Φ is one able to determine the probability of �nding the
body in a certain area in space. That means that one will have to reconstruct
the wavefunctions of the involved particles in order to understand what happens
during a certain process. This can be done by solving the Schrödinger equation
that corresponds to the given problem.

In the case of a single electron that moves in an atom its squared wavefunction
gives the probability of �nding it in a certain volume around the nucleus. The
wavefunction is called atomic orbital and usually one sketches it by drawing
a surface of constant probability in which 90% of the probability density is
included. Hydrogen-like atoms where only one of initially Z electrons is left
after an ionization process constitute exactly this one electron case. So the
corresponding time independent Schrödinger equation is of interest2 [6]:

EΦ = ĤΦ

= − ~2

2me
∆Φ− Ze2

4πε0

1

r
Φ

= − ~2

2me

[
1

r2

∂

∂r

(
r2 ∂Φ

∂r

)
+

1

r2 sin(ϑ)

∂

∂ϑ

(
sin(ϑ)

∂Φ

∂ϑ

)
+

1

r2 sin2(ϑ)

∂2Φ

∂ϕ

]
− Ze2

4πε0

1

r
Φ

This equation can be solved with a separation of variables:

Φ(r, ϑ, ϕ) = R(r)Θ(ϑ)φ(ϕ)

For the angular part one gets the spherical harmonics and for the radial part
one obtains the associated Laguerre polynomials with two other r-dependent
factors. The total wavefunction for an electron in a hydrogen-like atom is:

Φnlml =

√(
2Z

na

)3
(n− l − 1)!

2n[(n+ l)!]3
e−Zr/na

(
2Zr

na

)l
L2l+1
n+l

(
2Zr

na

)
Y mll (ϑ, ϕ)

(2.1)

The coe�cient n = 1, 2, ... is the principal quantum number which determines
(after the considerations that we did so far) the energy of an electron in its
orbital:

En = − Z2mee
4

32π2ε20~2

1

n2

In comparison with Bohr's model, one can state that n gives the number of the
shell in which an electron moves. Another parallel between equation 2.1 and

2I assumed that the reduced mass of the electron-nucleus problem is equal to the electron's
mass because the latter is much lower than the mass of the nucleus.
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the older picture can be found in the constant a which equals the Bohr radius
a0 ≈ 0.529Å that corresponds to the smallest circle that an electron can travel
around the nucleus of a hydrogen atom (Z = 1).

l = 0, 1, ..., n − 1 is called the orbital angular momentum quantum number
because it speci�es the magnitude of an electron's orbital angular momentum:∣∣∣~L∣∣∣ = ~

√
l(l + 1)

It is a convention to denote atomic orbitals with l = 0, 1, 2, 3, ... as
s-,p-,d-,f-,...orbitals. Furthermore the ensemble of orbitals with the same quan-
tum numbers n and l form a so-called subshell.

Last but not least ml = −l,−l + 1, ..., l − 1, l denotes the magnetic quantum
number which gives the projection of the z-component of the angular momentum
onto the de�ned main axis of a system:

Lz = ~ml

All together n, l and ml determine the shape of an atomic orbital. There are
n− l− 1 nodes in the radial and l nodes in the angular probability distribution
function. Furthermore l andml or rather the corresponding spherical harmonics
specify the shape of the surfaces with constant probability which are used for
sketching the orbitals (see �gure 2.2).

Figure 2.2: Some atomic orbitals. The sign of the wavefunction changes with
the colour (black/white). [7]

As one might notice for the s-orbitals there is only one possible shape of the
orbital: A sphere. However if a p-, a d- or an even higher orbital is given
there are at least three possible values for ml. So for a given l there are sev-
eral possible shapes of an atomic orbital. In the case of a p-orbital the so called
pz-orbital (ml = 0) is easy to construct because it is given through
Φn,1,0 = Rn,1(r) · Y 0

1 (ϑ, ϕ) which is real. Yet for ml = ±1 the corresponding
spherical harmonics feature a real and an imaginary part. So it is a convention
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to do a linear combination of the two initial orbitals p± to obtain a px- and a
py-orbital which are real as well.

p+ = Y 1
1 = −

√
3

8π
sin(ϑ)eiϕ

p− = Y −1
1 =

√
3

8π
sin(ϑ)e−iϕ


px =

1√
2

(Y −1
1 − Y 1

1 ) =

√
3

4π
sin(ϑ) cos(ϕ)

py =
i√
2

(Y −1
1 + Y 1

1 ) =

√
3

4π
sin(ϑ) sin(ϕ)

For higher numbers of l the principle for the construction of the orbitals - a linear
combination - is similar but the procedure gets more and more complicated.

2.2 Many electron atoms

In the case of an atom with many electrons its total orbital angular momentum
is given by ~L =

∑
i

~li and total spin is ~S =
∑
i

~si.
3 Here ~li (~si) is the orbital

angular momentum (the spin) of electron i. Spin and orbital angular momentum
couple to give the total angular momentum ~J = ~L + ~S of an atom, where
J = |L− S| , |L− S|+ 1, ..., L+ S. The state of a many-electron atom is given
by:

2S+1LJ

If many electrons move around a nucleus the corresponding Schrödinger equa-
tion becomes more complicated because all the interactions between the particles
have to be considered. Actually it is no longer possible to �nd an exact solution
so one has to make use of approximations.

One �rst approach is to assume that the total atomic orbital con�guration con-
sists of an addition of single hydrogenic orbitals. That means that one assumes
that each electron occupies its own orbital unin�uenced by its companions and
contributes with its own wavefunction to the total wavefunction of the atom.
The only thing one has to be mindful of is not to violate the Pauli principle
which demands that two or more electrons are not allowed to occupy one and
the same quantum state. So given the two possible spin states (up and down)
each atomic orbital can only be occupied by two electrons.

In the groundstate of an atom the corresponding energy that results from the
occupation of its orbitals has to be minimized. Therefore there is a certain order
in which the orbitals that belong to an atom in its groundstate are �lled up. It
is speci�ed by the Hund's rule:

1. The total angular momentum J of completely occupied shells has to be 0.

2. The total spin S of an atom has to be maximized.

3. If S is given the total orbital angular momentum of the atom has to be
maximized.

3The sums should be interpreted as addition of angular momenta in the sense of angular
momentum theory.
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4. If L and S are given and the atom's outermost subshell is half �lled or
less J is minimized. If this shell is more than half �lled J is maximized.

The distribution of the electrons on the atomic orbitals and the corresponding
denotation for the �rst elements are sketched in �gure 2.3.

Figure 2.3: Distribution of electrons on atomic orbitals. [8]

Of course there are better and more exact determinations of the electrons' be-
haviour in an atom. For example the total atomic wavefunction can be approx-
imated with the Hartree Fock method. However the theoretical approaches do
not illustrate the occupation of orbitals so clearly as the presented one does so
I will refer to it in the following.
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3 About molecules

If one wants to examine the behaviour of dissociating molecules he should be
aware of their general properties. Due to the fact that this thesis will deal with
bromine and nitrogen molecules, I will restrict myself to explaining the most
important features of aligned, homonuclear molecules. For further reading and
more mathematical details I recommend "Molecular Quantum Mechanics"' by
P.W.Atkins and R.S.Friedman [6].

3.1 Wavefunctions and the Schrödinger equation

In the section "About atoms" I have already explained the importance and
the implications of the wavefunction of a quantum mechanical object. For a
diatomic homonuclear molecule its wavefunction Ψ de�nes the orbitals that are
occupied by its electrons. To derive the spatial electron density and the shape
of these orbitals one has to solve the many body Schrödinger equation for the
given potential V [6].

[
− ~2

2me

∑
i

∆ ~rei
− ~2

2mn
(∆~r1 + ∆~r2)

]
Ψ + V ({ ~rei} , ~r1, ~r2)Ψ = EΨ (3.1)

Here ~r1 and ~r2 are the positions of the two nuclei and the ~rei are the locations
of the electrons.

Unfortunately it is impossible to �nd an analytical solution for this problem so
one has to make use of various approximations.

First of all it is convenient to apply the Born-Oppenheimer approximation. It
exploits the fact that the nuclei are much heavier than the electrons. As a
consequence the electrons are able to respond almost instantanously to changes
in the arrangement of the nuclei. Hence one can assume that position of the
nuclei is �xed and that the electrons are moving in a potential that depends only
on the distance R between the two nuclei. The the initial Schrödinger equation
(equation 3.1) is simpli�ed to:

− ~2

2me

∑
i

∆ ~rei
ψ + V ({ ~rei} , R)ψ = Eψ (3.2)

The resulting energy E({ ~rei} , R) contains the electronic contribution to the
molecule's total energy as well as the potential energy of the involved particles'
attraction and repulsion. If one plotted E for di�erent values of R one would
obtain molecular potential energy curves like the ones sketched in �gure 3.1.
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Figure 3.1: Qualitative sketch of energy potential curves for di�erent energy
levels (Wi(R)). [4]

3.2 The LCAO-method

Sadly nobody would be able to draw the molecular potential energy curves
at this stage because even the simpli�ed Schrödinger equation (3.2) cannot be
solved analytically due to the contribution of many electrons. Therefore a sec-
ond approximation is usually made: The linear combination of atomic orbitals
(LCAO) method. Like the name indicates one assumes that the molecule's
overall wavefunction ψ is composed of weighted atomic orbitals Φi.

ψ =
∑
i

ciΦi (3.3)

The next simpli�cation is to select only the atomic wavefunctions that are
of interest meaning that they are de�nitely involved in the interaction of the
molecule's atoms. For example one will use only 1s atomic orbitals in order to
calculate the orbitals of a hydrogen molecule. In the case of nitrogen one should
take into account all the orbitals from 1s to 2p and for bromine one should
consider all the orbitals from 1s to 4p.

Afterwards in favour of getting the approximate wavefunction that is as close as
possible to the exact solution one applies the variation principle. One chooses
the coe�cients ci in equation 3.3 in a way that minimizes the energy of the
corresponding ψ. To achieve this goal the Hartree-Fock/Self Consistent Field
method is applied which means that many iterations will be executed until the
result is satisfactory. In the end one obtains di�erent possible molecular states
with di�erent energy levels dependent on the weights that are given to the
atomic orbitals in the linear combination. Plotted against the nuclear distance
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R one �nally gets the sought-after molecular potential energy curves.

In �gure 3.1 it is clearly visible that there are molecular states that possess a
minimum in the energy curve at a certain distance R0 between the nuclei. These
states are stable and try to achieve this optimal R0 while the other ones fall
apart meaning that the two single atoms don't bind.

3.3 Molecular orbital energy level diagrams

The procedure we treated up to now takes a long time and is quite di�cult to
understand. However there is a handwaving way to visualize and explain the
formation of molecular orbitals. One can state that in a diatomic homonuclear
molecule only atomic orbitals that belong to the same symmetry species can
overlap and therefore take part in the bonding.

For example the overlap of s-, pz- or dz2-orbitals (ml = 0) creates a molecular
orbital that has a rotational symmetry around the molecule's axis. There is
a high probability that the electrons that occupy these so-called σ-orbitals are
located between the two nuclei.

The molecular orbital that results from the overlap between either px- or py-
orbitals (ml = ±1), named π-orbital, is characterized by a nodal plane between
the nuclei. The probability of electrons moving in this area goes to zero. Figure
3.2 illustrates the considerations of symmetries.

Figure 3.2: Examples for molecular orbitals and their symmetry: a) and b) are
σ-orbitals, c) and d) are π-orbitals. [6]

There is a further simpli�cation on the way to picture molecular energy levels.
The overlap between two atomic orbitals with a large di�erence in their energy
levels is very small in comparison to those with similar energy levels. Hence one
can neglect the former and only consider sums or di�erences of atomic orbitals
that are alike.

Moreover it is safe to consider just the contribution of valence electrons to
the bonding because in this case one obtains molecular orbitals being neither
too di�use nor too compact. The �nal sketch that results out of all these
considerations could look like �gure 3.3.

It is clearly visible that if two atomic wavefunctions are added up an energy
level that is lower than the initial ones is produced. This provides an electron
the possibility to save energy entering this state and due to this fact the two
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Figure 3.3: Molecular orbital energy level diagram of a hydrogen molecule. [6]

nuclei are drawn together. That is why the molecular orbital that is associated
with the sum of two wavefunctions is called bonding orbital.

In contrast the di�erence between two wavefunctions creates a molecular orbital
with an energy level higher than the two atomic energy levels. The occupation
of this so called antibonding orbital raises the molecule's energy and the nuclei
are torn apart. Conventionally, antibinding orbitals are labeled with *.

If one wishes to �nd out the characteristics of a bonding between two atoms,
one must �ll up each molecular energy level with two electrons (�gure 3.4).
(Referring to Pauli exactly two electrons - one with spin up and one with spin
down - can occupy the same quantum mechanical state that is left.)

Figure 3.4: Filled in energy level diagram of a molecular groundstate (on the
example of B2). [4]

If the total energy that results out of the occupation of the molecular orbitals
is less than the energy out of the occupation of the atomic orbitals the two
nuclei will bind. Of course one has to remember that this total energy is still
dependent on the distance between the nuclei R which was assumed to be �x
at the beginning of the calculation.
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Furthermore one should be aware that the successive �lling of the energy levels
beginning at the lowest one reconstructs the molecule's groundstate (X). There
will be a highest occupied and a lowest unoccupied molecular orbital (HOMO
and LUMO respectively). However excited states exist as well. They are marked
by A for the �rst, B for the second etc. in the case of homonuclear diatomic
molecules.

3.4 Terminology

Up to now we know the conventions to denote if a molecule is in a groundstate
or excited (X,A,B,...).

In order to describe a molecule's state one should also declare Λ, the absolute
projection of its total orbital angular momentum on the axis of symmetry z
(write ~ = 1). Λ is composed of the projection of the single electrons' angular
momenta on the z-axis, λi:

Λ =
∑
i

λi

It is known that electrons occupying a σ-orbital are characterized by ml = 0, so
there is a contribution of λ = 0. In the case of π-orbitals ml = ±1 and therefore
λ = 1 or λ = −1 for each of them. Hence Λ has to take the values 0,1,2,... One
assigns the Greek letters Σ,Π,∆,Φ, ... to these numbers.

A further characterisation of the molecule's state is its multiplicity 2S + 1 with
the total spin S. Depending on the orientation of the total spatial angular
momentum against the total spin of the molecule one obtains the total angular
momentum J . J can take the values Λ − S,Λ − S + 1, ...,Λ + S according to
angular momentum theory.

Moreover one should be informed if the molecule is symmetrical when it is
mirrored on a plane through the z-axis. If this is the case one denotes it with
+ otherwise with -.

Finally one labels the molecule's state with g if it is of even parity and with
u if the parity is odd. Even parity means that the considered wavefunction is
symmetrical upon the inversion about the molecule's center of mass.

ψg(−~r) = ψg(~r)

Accordingly odd parity implies

ψu(−~r) = −ψu(~r)

In the end the total symbol that gives all the details about a molecule looks like
this:

X(2S+1)Λ
+/−
J,g/u

And now one can interpret for example the whole molecular potential energy
curve diagram in �gure 3.5.
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Figure 3.5: Energy potential curves for di�erent molecular states (on the exam-
ple of Mg2). [9]



4 Ionization

In order to obtain information about the dissociation of bromine molecules we
will have to resolve the process. That means that we will have to collect data
for instance on nuclear distances, electron con�gurations and more for di�erent
states of the molecule as it breaks into two atoms. An approach to achieve this
goal is to trigger a dissociation by exciting a molecule and to ionize the target
afterwards. Then the ions can be extracted by an electric �eld and detected
(see section 9 "The COLTRIMS apparatus"). Furthermore the ionization of
molecules is necessary if we want to examine alignment properties of an en-
semble of nitrogen or bromine molecules. Here the ionization has to happen
at several delay times after an aligning pulse has arrived at the target in order
to get a temporal resolution of the revival structures (see section 5 "Aligning
molecules"). In any case, we obviously will need means to ionize molecules or
atoms in our experiment. One way is by the application of strong laser �elds
which I will present in the next few paragraphs. If one wants to learn more about
this topic one could read "Atoms in ultra-intense laser �elds" by Burnett et al.
[10] or "Attosecond and Angstrom Science" by H.Niikura and P.B.Corkum [11].
"Anatomy of strong �eld ionization" by Ivanov et al. [12] gives more theoretical
details.

4.1 Ionization through photoexcitation

Since the middle of the 19th century it has been known that metal plates that are
hit by light get charged. Wilhelm Hallwachs examined this e�ect closer setting
up the famous "Hallwachs experiment". At the beginning of the 19th century
Philipp Lenard dicovered that the charging is caused by electrons leaving the
plate and that this observation is only possible if the light exceeds a certain
threshold frequency.

At that time the classical point of view of light being a wave dominated scienti�c
thinking. There was no explanation why electrons should not be able to gather
energy from the arriving wave and leave the material as soon as they had enough
energy to overcome the necessary work function Wa. 4

One can read the ionization energy Ip that con�nes an electron within the atomic
potential from �gure 4.1.

4The expression "work function" refers to solid materials which were used during the �rst
ionization experiments. The modern and more general denotation is given by "ionization
energy" or colloquial "ionization potential" Ip. In my thesis I will stick to the labeling corre-
sponding to the time when a theoretical description of a certain process was developed.
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Figure 4.1: Ionization potential for a hydrogen atom (R = |~r|). [13]

It was not until the beginning of the 20th century that a complete explanation
for the phenomenon which is called photoelectric e�ect could be given: Only by
introducing the particle nature of light one is able to understand what happens
when the light arrives at the target.

Referring to Albert Einstein a beam of light can be interpreted as a bunch of
light particles (photons) each having a portion of energy Wph that depends on
the light's frequency:

Wph = hν

Every photon can transfer its energy to exactly one electron. That means that
only if the photon's energy given through the frequency is higher than the energy
that keeps an electron bound in the target (work function Wa) the electron will
be set free. It will carry the part of the photon's energy which exceeds the
material dependent Wa as kinetic energy.

Wkin = hν −Wa hν ≥Wa

So it is possible to ionize a material through exposure to light with su�ciently
high frequency. (In the case of radiation that is characterized by a very high
energy one will instead observe the so called Compton e�ect. Anyway, because
our experiment will be executed in the range of low frequencies this should
remain a side remark.)

4.2 Ionization in strong laser �elds

The image of the energy transfer from exactly one photon to exactly one electron
and the corresponding conviction that light can only ionize materials if the
threshold frequency is reached came to an end in 1932. Maria Göppert-Mayer
published the theory of a two photon excitation process in her doctoral thesis.
And at the latest after the invention of the laser in the 60's the one photon
concept had to be revised. Ît was experimentally proven that under the in�uence



4 IONIZATION 17

of the strong electric �elds that propagate from this special source of light it is
indeed possible to ionize a target with apparently too low frequencies.

There are three pictures to illustrate why this phenomenon can be observed:
The multiphoton ionization picture the tunneling ionization picture and the
over barrier ionization picture. Which of these models one should choose de-
pends on the Keldysh parameter γ = ω

ωt
which de�nes the relation between the

laser's frequency to the tunneling time. If γ >> 1 ⇒ multiphoton limit and if
γ << 1 ⇒ tunneling limit. In the tunneling limit one distinguishes the special
case of the over barrier ionization which happens if

WLaser ≥
I2
p

4Z
(in a.u.)

where E is the elctric �eld strength and Z the e�ective charge which e.g. equals
1 for single ionization (from [14]).

Anyway, there is a shortcut in the choice of pictures. The intensity of the laser
light that is used gives a rough criterion which of the three models is to apply.
And because one can assess intensities better than the Keldysh parameter I will
use this approximation in the following paragraphes.

4.2.1 Multiphoton ionization

If the laser produces an electric �eld strength of around 1012 W
cm2 one should

use the multiphoton picture as a basis to explain how ionization can happen
although the material speci�c threshold frequency is not exceeded.

Referring to the energy-time Heisenberg uncertainty principle it is possible for
quantum mechanical objects to occupy virtual states. These virtual states are
characterized by a higher energy than that one which is classically given to the
object. However it is only allowed to "borrow" the additional energy ∆E within
a time frame that is given through:

∆t ≥ ~
2∆E

Hence it is possible for an electron to overcome the ionization potential Ip if
there are enough photons arriving and exciting the electron before it has to
return to the original state. That means that in a very short range of time the
electron is lifted up by steps of hν for every arriving photon onto higher energy
levels until the work function is exceeded. This process is illustrated in �gure
4.2.

If the n arriving photons transfer just the energy that is required to ionize the
molecule or atom we can write the ionization potential as

Ip = nhν

The probability ωn for this to happen depends on the light's intensity I:

wn ∝ In
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Figure 4.2: Multiphoton ionization for a hydrogen atom (R = |~r|). [13]

Due to this high exponential sensitivity to the intensity of light it is no wonder
that with the rather low intensity of common light sources it is impossible to
achieve multiphoton ionization.

Of course there is a certain probability

wn+s ∝ In+s

that s more photons than needed for the ionization will lift the electron on an
energy level of

We = (n+ s)hν.

In this case the electron will keep the excessive energy in the form of kinetic
energy:

Wkin = (n+ s)hν − Ip − Up

The corresponding process is called above threshold ionization (ATI). In the
equation Up is the ponderomotive energy which corresponds to the quiver energy
of an electron in a laser �eld averaged over one period. It can be neglected if
the electron leaves the laser focus su�ciently fast.

4.2.2 Tunneling ionization

The tunneling ionization will dominate in our experiment so one should espe-
cially keep this section in mind.

In the case of laser �elds about 1013 W
cm2 to 1014 W

cm2 one should apply the classical
picture of light being a wave. This is reasonable because one treats an extremely
high density of photons suggesting an application of the correspondence principle
which leads from the quantum mechanical to the classical description.

The potential VL of the external laser �eld adds to the electrostatic potential
Vel that con�nes the electron within the atom.

Vtot(~r) = Vel(~r) + VL(~r, t) = − e

4πε0 · |~r|
− ~r · ~E(t)
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Now one can assume that the oscillating laser �eld (wavelength in the infrared
region or longer) changes slowly in comparison to electronic time scales. Hence
one can imagine that there are times when the external laser �eld deforms the
con�ning potential in a way that an electron gets the possibility to escape the
barrier by tunneling. See �gure 4.3.

Figure 4.3: Tunnel ionization for a hydrogen atom (R = |~r|). [13]

During the tunneling process the electron has to cross a classically forbidden re-
gion. Therefore the ionization becomes more and more probable with increasing
intensity of the light I because this shortens successively the tunneling distance.
The probability for the ionization (ionization rate) of an atom can be calculated
using the ADK (M.V.Ammosov, N.B.Delone and V.P.Krainov) formula

wtunnel ∝ exp
(
−2

3

Ip√
I

√
2Ip

)
Unfortunately this formula is not valid for molecules. Here one has to account
for instance for the orientation of the molecule's axis relative to the external
electric �eld. So the ADK theory has to be extended to the molecular ADK
theory (MO-ADK) and the corresponding ionization rate for a diatomic molecule
�nally results from:

wtunnel(E, ϑ) =
∑
m′

B2(m′, ϑ)

2|m′| |m′|! · κ2Zc/κ−1
·
(

2κ3

E

)2Zc/κ−|m′|−1

e−2κ3/3E

with

B(m′, ϑ) =
∑
l

ClD
l
m′,m(0, ϑ, 0) · (−1)m

′

√
(2l + 1)(l + |m′|)!

2(l − |m′|)!

and

ϑ: Angle between ~E and the molecular axis z
κ:

√
2Ip

m = 0, 1, 2, ...: Projection of the ionizing electron
orbital angular momentum onto z
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Dl
m′,m: Rotational matrix for angular momentum with the

Euler angles (0, ϑ, 0)
Zc: E�ective Coulomb charge
Cl: Empirical factors

4.2.3 Over barrier ionization

For the sake of completeness one has to mention the over barrier ionization (OBI)
as a way to ionize a molecule in a strong laser �eld. Starting from the tunneling
ionization picture it is quite easy to imagine that there are laser intensities that
are high enough to deform the atom's electrostatic potential so much that an
electron can escape the con�nement even without tunneling. Its actual energy is
already enough to overcome the potential barrier as one can see in the diagram
in �gure 4.4.

Figure 4.4: Over barrier ionization for a hydrogen atom (R = |~r|). [13]



5 Aligning molecules

In an ensemble of diatomic molecules their axes are randomly oriented meaning
that there is no given principal axis. However for the measurement of changes
in the symmetrical properties - like in our case the examination of the orbitals'
transformations - it is very useful to have a certain order in the sample. Oth-
erwise one would have to �nd a way to readjust the collected data in order to
�nd equal starting positions for all the observed processes. Actually this won't
be possible in most cases. So it would be very useful if one could force the
molecules to have their axis pointed in one direction.

Recently it was discovered that this so called alignment of molecules is fea-
sible and di�erent techniques to achieve this goal are the subject of current
research. The progress made in this �eld until 2003 is very well summarized in
a colloquium by Henrik Stapelfeldt and Tamar Seideman [15]. If one wants to
understand the physical background and the corresponding theories concerning
alignment I recommend reading "Field-Free Alignment and Strong Field Control
of Molecular Rotors" by Michael Spanner [16]. In order to get deeper insight
into the calculations one should take a look at the papers of Ortigoso et al. [17],
or Friedrich and Herschbach [18].

5.1 Di�erent techniques to create alignment

To bring order into an ensemble of diatomic molecules one can exploit their
polarizability in external electric �elds ~E.5 Here a molecule aquires a dipole
moment

~d =←→α · ~E

where ~E is the electric �eld and ←→α is the polarizability (tensor). Due to the
fact that a diatomic molecule has a dominant axis of polarizability (�gure 5.1)
it is often more convenient to take into account the perpendicular and parallel
parts of ~d (d‖ and d⊥) or of

←→α (α‖ > α⊥).

Depending on the orientation of the molecule's axis with respect to the direction
of ~E (expressed through the angle ϑ) the molecule possesses a corresponding

5It is also feasible to make use of supersonic expansion. In this case the collisions between
the particles that stream into the vacuum cause a perfect perpendicular alignment of the
rotational angular momenta with respect to the �ight direction.
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Figure 5.1: Parallel and perpendicular components of the polarizability in an
electric �eld ~E. [16]

potential energy

Wpot = −~d · ~E

= −
∣∣∣~d∣∣∣ · ∣∣∣ ~E∣∣∣ · cos(ϑ).

Of course a molecule that is randomly oriented in the external �eld will try to
minimize its potential energy and therefore experience a torque ~τ that turns its
axis parallel to the electric �eld vector (cos(ϑ = 0) = 1).

~τ = ~d× ~E ∝ dWpot

dϑ

Now there are several aligning techniques that exploit this e�ect. For instance
one can apply a very strong DC �eld that aligns the molecules by "brute force".
That means that the interaction energy of the particle with the �eld is so much
larger than its rotational energy that the molecule is turned and �xed in a
parallel position. Unfortunately the ionization threshold is easily exceeded in
a strong electric �eld so the method works only for molecules with high dipole
moments and with little rotational energy. For further information I recommend
reading "Brute force in molecular reaction dynamics: A novel technique for
measuring steric e�ects" by Loesch and Remscheid [19] or "Photodissociation
of molecules oriented by dc electric �elds: Determining photofragment angular
distributions" by Wu et al. [20].

The same restrictions as for the strong DC �eld method apply for the electrical
hexapole focusing technique which also exploits the behaviour of molecules in a
static electric �eld. ([21])

An alternative to the application of electrostatic �elds is the use of optical �elds.
Here molecules are placed in a strong linearly polarized laser beam. The electric
�eld ~E(t) is time dependent for instance
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~E(t) ∝ ~E0 · sin(ωt). (5.1)

Actually even pulsed laser beams can align molecules. In this case ~E0 is time
dependent as well e.g.

~E0(t) = ~E0 · f(t) (5.2)

with the maximum �eld amplitude ~E0 and the envelope f(t).

Applying the optical �elds technique opens the possibility to align a larger
number of di�erent kinds of molecules. And because we use strong pulsed laser
�elds to align the bromine molecules in our experiment, I will treat this method
in depth in the next following paragraphs.

5.2 Aligning molecules in strong laser �elds

5.2.1 The angle dependent Stark shift

If one wants to examine the molecule's behaviour in a varying electric �eld -
such as that of a laser beam - one should consider the di�erential

dWpot = −~d · d ~E
= −d‖ · dE‖ − d⊥ · dE⊥
= −α‖ · E‖ · dE‖ − α⊥ · E⊥ · dE⊥.

Integration of this equation yields

Wpot = −1

2
(α‖ · E2

‖ + α⊥ · E2
⊥)

= −1

2
(α‖ · E2 cos2(ϑ) + α⊥ · E2 sin2(ϑ))

= −1

2
α⊥ · E2 − 1

2
∆α · E2 cos2(ϑ) (5.3)

with ∆α = α‖ − α⊥ [16].

Considering equation 5.3 one realizes that only the term with the variable cosine
dependence can contribute to the torque that aligns the molecules. Therefore
it is convenient to drop the �rst term of equation 5.3 for further calculations if
one wants to get only a rough estimation of what happens. Moreover for the
near-infrared lasers commonly used for dynamical alignment the oscillation of
the electric �eld is too fast for the molecules' nuclei to follow (compare equation
5.1). The induced dipole moment does follow the �eld, though. So the molecules
experience the time average over one oscillation period of the potential energy.
It can be calculated with equations 5.1, 5.2 and 5.3:

Wpot(t, ϑ) =

2π∫
0

1

2
∆αE2

0f
2(t) sin2(t′) cos2(ϑ)dt′

= −1

4
∆αE2

0f
2(t) cos2(ϑ).
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This potential energy which is caused by a molecule's orientation in the electric
�eld of a pulsed laser is called angular AC Stark shift. Wpot(t, ϑ) and the
corresponding torque can be seen in �gure 5.2. Of course the assumptions and
simpli�cations that I made in order to get this demonstrative result are not
appropriate if one wants to examine molecular behaviour more precisely. So
in the following I won't neglect the constant contribution of equation 5.3 any
longer or take the time average.

Figure 5.2: Qualitative sketch of the potential energy and its corresponding
torque for a diatomic molecule in an electric �eld.

5.2.2 Di�erent types of alignment in a laser �eld

Of course one cannot generalize and assume that a laser beam has the same
e�ect on di�erent types of molecules. To begin with, one has to consider the
light's wavelength and how it may in�uence the molecules' electrons. There are
two possible cases: Firstly the beam could feature a wavelength that is able to
excite a certain kind of molecule through electronic or vibronic transition. This
is called a resonant or near-resonant alignment. The molecule's total initial
angular momentum J0 has to rise or fall by ±1 to satisfy the selection rules.
That means that one photon has to be absorbed or emitted in order to conserve
the angular momentum.

The second case - as it is the case in our experiment - is nonresonant alignment
in which the laser's frequency is far below the transition frequency. Now the
selection rules demand |∆J | = 0; 2 which means that two photons have to be
absorbed or emitted. However this is only possible at very high intensities
(compare with the section "Ionization"). Fortunately the intensities involved in
our experiment are high enough that this will cause no additional problem.

Another point that one should consider when treating possible in�uences of
a laser pulse on a molecule is the time scale. Again there are two cases to
distinguish: The adiabatic and the dynamical alignment. If the �rst case is
given the rotational period of a molecule τrot is shorter than the pulse length of
the laser (if the laser is pulsed at all). The problem can be treated as if there
was a continuous wave �eld of constant amplitude that acts on the particles.

Dynamical alignment occurs when the pulse duration of a laser is much shorter
than a molecule's rotational period. In this case the laser pulse gives the
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molecule a "kick" transferring a huge amount of angular momentum to the
whole system within a short time frame. Most of the molecules will reach a
parallel orientation to the laser's polarization at the same time independent
of the initial angle ϑ of their symmetry axis to the direction of ~E (exception:
ϑ = π

2 ). The reason for this is the proportionality of the transferred angular
momentum to the operating torque and the proportionality of the latter to ϑ
for small angles:

∆J ∝ |~τ | ∝ − sin(2ϑ) ≈ −2ϑ

After the �rst full alignment the individual molecular rotations will destroy it
at �rst but it will return periodically. To understand this phenomenon, called
wave-packet revival, one should do some little calculations in the next section.
It is worth going through these computations because we will have dynamical
alignments in our experiment.

5.2.3 Time evolution of pendular states and wavepacket revival

Under �eld free conditions the molecules in an ensemble occupy di�erent angular
momentum states |JM〉. If there is a laser �eld that forces the molecules to align
adiabatically then pendular states will be occupied. They are the eigenstates of
the Hamiltonian that corresponds to rotating molecules in an electric potential.
More importantly Friedrich and Herschbach proved in 1995 that the pendular
states Ψ(k) are coherent superpositions of the �eld free angular momentum states
[18]: ∣∣∣Ψ(k)

〉
=
∑
J

A
(k)
J |JM〉 (5.4)

Due to the coherence the coe�cients A(k)
J are well de�ned and time independent.

So one has stationary states.

However as soon as nonadiabatic e�ects occur (dynamical alignment, such as a
pulse being switched on and o�) the
molecule's states become a linear combination of the pendular states, called
a rotational wavepacket ψ(t). The character of such a rotational wavepacket
depends on the initial angular momentum state the particle occupied before the
interaction with the laser.

If one wants to examine the time evolution of a molecule's state under the
in�uence of a laser pulse with an electric �eld that is linearly polarized along the
z-axis one has to solve the corresponding time dependent Schrödinger equation:

i~
∂ψ(t)

∂t
= Ĥ(t)ψ(t)

= [B ~̂J2 − 1

2
E2(t)(∆α cos2(ϑ) + α⊥)]ψ(t)

= [B ~̂J2 −W∆(t) cos2(ϑ)−W⊥(t)]ψ(t) (5.5)

The Hamilton operator contains a part for the �eld free rotation with the ro-
tational constant B and a part for the interaction with the laser pulse (second
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term)6. In order to �nd a solution for equation 5.5 one has to expand the wave-

function ψ(t) in the eigenbasis of ~̂J , the �eld free angular momentum states:

|ψ(t)〉 =
∑
J,M

aJ,M (t) |JM〉

Now one realizes that only the time dependent expansion coe�cients aJ,M (t)
determine the solution of equation 5.5 at given initial conditions. Therefore one
has to solve

i~
∂aJ,M (t)

∂t
= 〈JM | Ĥ |ψ(t)〉

= [BJ(J + 1)−W⊥(t)]aJ,M −W∆(t)CJ,J+2,MaJ+2,M

−W∆(t)CJ,J,MaJ,M −W∆(t)CJ,J−2,MaJ−2,M (5.6)

with

CJ,J,M = 〈JM | cos2(ϑ) |J M〉

=
2(J2 + J −M2)− 1

(2J − 1)(2J + 3)

CJ,J+2,M = 〈JM | cos2(ϑ) |J + 2 M〉

=

√
(J +M + 2)(J +M + 1)(J −M + 2)(J −M + 1)

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

CJ,J−2,M = 〈JM | cos2(ϑ) |J − 2 M〉

=

√
(J +M)(J +M − 1)(J −M)(J −M − 1)

(2J − 3)(2J − 1)2(2J + 1)
.

In the calculation it is taken account that J only couples with J + 2 and J − 2
(transitions occur in even steps of J) and that di�erent M do not couple at all
[22] [23]. So one can denote aJ,M → aJ .

In the end one can express the time evolution of aJ using a time development
operator Û(t, t0) that is generally not trivial to determine. Thomas and Meath
show the corresponding calculations in a paper from 1983 [24].

~a(t) =
1

~
Û(t, t0)~a(t0)

with ~a representing the components aJ . As a result the rotational wavepackets
behave as follows:

|ψ(t)〉 =
∑
J

Û(t, t0)aJ(t0) |JM〉

6I neglect vibrational energy contributions because we are performing our experiment at
300K where almost no vibrational excitation occurs. Furthermore we are using wavelengths
that cause nonresonant reactions of the system. So Ĥ is only an approximation (e�ective
Hamiltonian) for the real Hamilton operator.
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However the evolution of the states in the �eld free environment after the end
of a pulse is comparatively easy to calculate because Û(t, t0)→ e−

i
~BJ(J+1)t:

|ψ(t)〉 =
∑
J

e−
i
~BJ(J+1)taJ(t0) |JM〉

As one may notice the periodicy of the complex exponential function guarantees
the wavepacket revival. Explicitly it can be seen if one calculates the state of a
molecule at a time t = π~

B · n (n ∈ N):∣∣∣∣ψ(t =
π~
B
· n)

〉
=
∑
J

e−
i
~BJ(J+1)(π~

B ·n)aJ(t0) |JM〉

=
∑
J

e−iJ(J+1)π·naJ(t0) |JM〉

=
∑
J

aJ(t0) |JM〉

= |ψ(t = t0)〉

Here I used that J is integer and that J(J+1) is integer and even consequently.

So every

Trev =
π~
B
· (5.7)

time units after the �rst full alignment in t0 there will be a full alignment in
the ensemble of molecules once again. Actually at time steps of Trev

j (j ∈ N)
a certain fraction of the molecules is aligned giving an alignment signal that is
not as strong as full alignment. Therefore one calls this phenomena fractional
revivals. Another e�ect that occurs in this context is the anti-alignment. In this
case the molecules' symmetry axis are oriented perpendicular to the direction
of polarization of the light. The di�erent kinds of alignment are illustrated in
�gure 5.3.

Figure 5.3: The molecular distribution for di�erent alignments. In the case
of full alignment all molecules' axis point up or down whereas in the case of
anti-alignment this direction is forbidden. [25]

5.2.4 Measurement of alignment

For the measurement of alignment it is common to take a look upon the expec-
tation value of cos2(ϑ) where ϑ is the angle between the polarization axis of the
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aligning laser pulse and the molecular axis. In order to see the time evolution of
this expectation value one collects data at several delay times after the aligning
pulse. As an alternative to ϑ one can consider the angle ϕzy which is the projec-
tion of ϑ onto a selected plane. Which plane one should choose and the reason
why the determination of ϕzy could be more reasonable than the determination
of ϑ will be explained in the following paragraphes.

Obviously it is not possible to directly measure ϑ for every single molecule in
an ensemble. So one will have to �nd another physical variable through which
can suggest the corresponding angle. This physical varible is the momentum of
produced atomic ions. Whenever there is a dissociation of a diatomic molecule
the nuclei will break away along the original bonding. So one can conclude from
the measured momenta of the atomic ions in which direction the molecule's axis
pointed.

Actually there are several ways to cause molecules to dissociate. In the �nal
execution of our experiment we will align the molecules and cause them to
dissociate with an excitation laser pulse afterwards. However during common
alignment tests where scientists want to determine if they are generally able to
create alignment with an experimental setup they do not apply an excitation
laser pulse.

Even if there is no exciting laser pulse there will be a separation of the nuclei of
a molecule in a process called coulomb explosion. As soon as diatomic molecules
are doubly ionized in the laser focus - which happens su�ciently often - the two
nuclei will begin to repel very strongly. Then only a small energy transfer is
necessary to break the bonding between them. Afterwards the two fragments
will move into exactly opposite directions and along the axis of the original
molecule. So after the detection one will be able to determine the produced
atomic ions' momenta and one can calculate the direction of the single molecules'
axes before they were torn apart.

So for an alignment test alone we obviously do not need the exciting part of our
laser beam. Hence we switched it o� during this part of the experiment and we
only used the aligning part of the pump beam and the probe beam. Up to this
point there is nothing unusual about our alignment test. However there is a
signi�cant di�erence between our alignment test and common ones. In common
alignment test one uses cirularly polarized light to probe the target whereas we
used linearly polarized laser pulses (along the z-axis).

The application of circular polarized probe beams is due to the angle dependent
ionization probability of molecules. If the ionizing laser beams are linearly
polarized molecules whose symmetry axis enclose di�erent angles ϑ with the axis
of polarization (z) have di�erent ionization probabilities. If circularly polarized
light is used this distortion in the angular distribution of the three dimensional
angle ϑ remains. However in the case of circularly polarized probe beams there
is a way to remove this bias.

If one considers the angle that results from the projection of a three dimen-
sional angle ϑj onto the polarization plane which must not be perpendicular to
the alignment axis the in�uence of the angle dependent ionization probability
vanishes. Here ϑj has to be the angle between the molecular axis and the coor-
dinate axis j that is perpendicular to the polarization plane. All molecules with
the same ϑj have the same ionization probability. So if the polarization plane
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is the z-y-plane one has to integrate over all ϑx in order to get the two dimen-
sional angle ϕzy (angle between the alignment axis and the projection of ϑx onto
the polarization plane) which is unin�ueced by the angle dependent ionization
probability. Figure 5.4. illustrates the previous geometrical explications.

Figure 5.4: a) The three dimensional angles: ϑ ist the angle between the align-
ment axis and the molecular axis. ϑx is the angle between the axis that is
perpendicular to the polarization plane and the molecular axis. b) The two
dimensional angle ϕzy if circular polarization is given. c) The two dimensional
angle ϕzy in our experiment. [25]

Making a statement about the alignment properties of a target on the basis of
ϕzy has another advantage. Concerning the in�uence of the ionizing laser beam
on the rotating molecules one has to consider that any incoming pulse will
align molecules up to a certain degree. That means that in the case of circular
polarization the axes of the molecules will be drawn towards the polarization
plane of the ionizing laser pulse. Of course this changes the initial values of
three dimensional angles. Once again one can remove this bias projecting the
angle ϑj onto the polarization plane.

Unfortunately one cannot remove the bias that is due to the angle dependent
ionization probability if the ionizing laser pulses are linearly polarized and the
polarization axis equals the alignment axis. Also, the molecules are not drawn
into a plane but they rotate towards the axis of polarization of the ionizing
pulses. This changes the initial direction of the molecules' symmetry axes and
there is no way to gain undistorted information.

So in our experiment where we used an ionizing laser beam with a linear polar-
ization along the alignment axis our results are distorted by the two previous
e�ects. We will have to take account for this during the analysis. However,
because we wanted only to get a rough statement if we are able to produce
alignment it was justi�ed to chose the rather unconvenient experimental setup
for the alignment test. Actually we accepted a potentially imperfect alignment
test keeping the setup of the total bromine experiment in order to be sure that
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will have alignment during its �nal execution.

In order to come as close as possible to common alignment tests with nitrogen
we chose to consider the angle ϕzy during our analysis although we had no
polarization plane. In any case, if one considers ϕzy instead of ϑ one has to
take into account that this means treating a two dimensional problem instead
of a three dimensional one. Therefore the expectation value of < cos2(ϑ) > and
< cos2(ϕzy) > are generally not the same. For example < cos2(ϑ) > = 0.33
for an isotropic sample. This changes to < cos2(ϕzy) > = 0.5 if the ioniz-
ing pulses are circularly polarized and to < cos2(ϕzy) > = 0.6 if the ioniz-
ing pulses are linearly polarized. It only holds that for perfect alignment
< cos2(ϑ) > = < cos2(ϕzy) > = 0 and for perfect anti-alignment
< cos2(ϑ) > = < cos2(ϕzy) > = 1. However, the angular distribution of the
molecules is not distorted through the projection so it is legitimate to consider
ϕzy instead of ϑ.

Some nice results for the distribution of ϕzy for alignment, anti-alignment and
the case of an isotropic distribution are shown in �gure 5.5.

Figure 5.5: Distribution of the angle ϕzy for alignment, anti-alignment and an
isotropic sample. In the corresponding experiment the ionizing laser beam was
linearly polarized. The polarization axis was perpendicular to the alignment
axis. [25]

In order to verify if alignment was indeed existent one should take a look at the
revival structure. Therefore one ionizes the particles at selected delay times.
Then one gets values for < cos2(ϕzy) > in the course of time. The resulting
graph could qualitatively look like �gure 5.6.

So in the end if a typical revival structure is obeserved one can de�nitively
conclude that dynamical alignment was taking place.
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Figure 5.6: Revival structure of a homonuclear diatomic molecule (O2). [26]
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6 Bromine

Bromine (Br) is a halogen element that is normally found in molecular form
(Br2). Due to the fact that bromine is poisonous it has to be handled with
care in an experiment. Fortunately the colour of bromine in liquid form is
reddish and the smell of bromine in gas form is pungent. That is why the name
"bromine" in its greek origin "brómos" means "stench". So one will at least
notice if dangerous amounts of the matter have escaped.

Nevertheless dealing with bromine will always cause problems. Even if harmful
e�ects on humans can be prevented the apparati that are used in an experiment
will be damaged because bromine is corrosive. So vacuum pumps, nozzles and
other instruments have to be checked frequently if they still work in the way
they should.

Despite all the disadvantages that occur while dealing with bromine it is really
worth it to examine the substance closer as indicated in my introduction. And
for the purpose of further research some basic properties have to be known [27]:

Property Br Br2

Average weight 79.904u 159.808u
Melting point 265.9K
Boiling point 332K
First ionization energy 11.81eV 10.52eV
Vapour pressure (300K) 31kPa

One realizes that bromine is liquid at room temperature at atmospheric pressure.
Actually it is very likely that the substance already begins to evaporate at this
temperature and of course at a little lower pressure it will evaporate in any case.

6.1 The bromine atom

Talking about atomic "bromine" in general can be a little dangerous if one
wants to examine the matter very deeply. This is because bromine features
two stable isotopes with e.g. slightly di�erent masses: 79Br and 81Br. Those
isotopes appear almost in the same proportions in nature. Therefore one has to
pay attention when the mass of particles is crucial for the analysis of data - as
it is in the case in our experiment.

At the end one should take a look at the electronical properties of bromine.
The element has the atomic number Z = 35. Therefore it possesses 35 electrons
which are distributed among the atomic orbitals in the following way (ground-
state):

(1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2(4p)5 (6.1)



6 BROMINE 34

Figure 6.1: Occupation of atomic orbitals for bromine. [28]

This distribution is illustrated in �gure 6.1.

One sees from the graphic that there are 5 valence electrons in the 4p orbital.
These electrons should be considered if one wants to treat the characteristics
of a bromine molecule Br2. So the groundstate (6.1) can abbreviated to (4p)5.
According to the convention one denotes the complete groundstate properties
as (4p)5 2P 3

2
in the end. I will refer to it as Br through the rest of my thesis.

In the �rst excited state Br* the total angular momentum changes from J = 3
2

to J = 1
2 due to a di�erent spin-orbit coupling. So one writes (4p)5 2P 1

2
.

6.2 The bromine molecule

In order to assess the properties of the bonding between two bromine atoms it
is helpful to take a look at the molecular orbital energy level diagram in �gure
6.2.

Figure 6.2: Occupation of the highest molecular orbitals of Br2 in its ground
state. [29]
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The graphic shows the molecules groundstate X1Σ+
g . One can see that the 10

valence electrons (5 from each Br atom) have the following con�guration:

(4pσ)2(4pπ)4(4pπ∗)4

If the molecule is excited to A3Π1
1,u, B

3Π+
0,u or C1Πu one electron is lifted up

into the 4pσ∗-orbital so that the total molecule's state is:

(4pσ)2(4pπ)4(4pπ∗)3(4pσ∗)1

In the following I will use the notation Br* to refer to either of the three pre-
sented excited states.

The potential energy curves that belong to the di�erent states of a bromine
molecule can be extracted from �gure 6.3.

Figure 6.3: Energy curves for di�erent bromine molecular states. [1]

One notices that the molecular states X1Σ+
g , A

3Π1
1,u and B3Π+

0,u can be stable
featuring nuclear distances of minimal energy. However one has to admit that
the two excited states show only shallow extrema implying that a dissociation
is very probable. Furthermore C1Πu always decays into two bromine atoms so
that one is safe to say that most of bromine molecules dissociate as soon as they
are excited. As a product one obtains either two bromine atoms in the ground
state (Br+Br) or Br and an excited bromine atom Br*.
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Generally speaking if we provide a system of bromine molecules with a certain
energy ∆H through laser absorption one of the following processes will happen
[1]:

Br2 + ~ω → (Br2)∗ → Br+Br ∆H = 1.97eV
Br2 + ~ω → (Br2)∗ → Br∗+Br ∆H = 2.43eV
Br2 + ~ω → (Br2)∗ → Br∗+Br∗ ∆H = 2.88eV

Another phenomenon that one should consider when talking about the interac-
tion of bromine molecules with a laser beam is the alignment. Therefore some
further properties of Br2 have to be known:

Rotational constant (B): 1.6310·10−24J
∆α: 4.1716·10−40Fm2

Inserting B in equation 5.7 one can conclude that the revival time Trev of a
bromine molecule is 203.1ps. Moreover on the basis of the given data for the
rotational behaviour of bromine we made some simulations for the behavior of
this substance under aligning conditions. First we calculated the distribution of
bromine molecules on rotational states with a di�erent quantum number J with
a computer program that Caterina Vozzi had written for her phd thesis [30].
There we had to insert not only the molecules' properties but also the settings
of our experiment e.g. the laser wavelength (800nm) or the estimated rotational
temperature (TR = 50K) which corresponds to the average rotational energy of
the molecules. The result for the molecules' distribution before and after the
aligning pulse is illustrated in �gure 6.4.

Figure 6.4: Br2: Occupation of the di�erent rotational states with given J before
and after the aligning pulse. The conditions correspond to the experimental
settings.

Comparing the distributions before and after the aligning pulse there is no big
di�erence which must be due to the implied conditions. However, we needed
only the molecules' initial distribution over the di�erent J as a basis for the
simulation of the revival structure of Br2. Here we used equation 5.6 and again
the program that was originally written for the above mentioned phd thesis. We
wanted to take a look at the half revival of bromine molecules so we chose the
appropriate time frame. The resulting graphic is pictured in �gure 6.5.
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Figure 6.5: Revival structure of Br2 in the time frame of the half revival.
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7 Nitrogen

As I have mentioned before - in the course of the preparation of the �nal bromine
experiment we did an alignment test with nitrogen. We chose nitrogen because
its behaviour under aligning conditions is very well examined. Actually it has
become a kind of standard reference for aligning tests. So I will give the most
important features of this substance in the next few paragraphes in order to
present what we should have expected in our nitrogen aligning test.

Nitrogen (N) or rather its molecule (N2) is the main component of air (≈
78,08%). So at room temperature and atmospheric pressure it is found in gas
form, it does not smell and it is colourless. Its chemical properties and the
low cost make it to one of the most popular substances for laboratory work.
For example liquid nitrogen is used for cooling purposes. Some of the chemical
properties can be found in the following table (from [27]):

Property N N2

Average weight 14.0067u 28.0134u
Melting point 63K
Boiling point 77K
First ionization energy 14.53eV 15.58eV

The fact that nitrogen will be found in the gas phase at standard conditions is
convenient because in our experiment there will arise no problem of nitrogen
gas condensing on the nozzle or other instruments.

7.1 The nitrogen atom

Comparable to bromine, there are two stable nitrogen isotopes, namely 14N and
15N. However here 14N makes 99,6% of an unpuri�ed nitrogen gas so in contrast
to bromine one can neglect the contribution of 15N in calculations and analysis.

As for the electronic properties of atomic nitrogen, there are 7 electrons dis-
tributed among the atomic orbitals as shown in �gure 7.1. One can denote this
distribution with

(1s)2(2s)2(2px)1(2py)1(2pz)
1.

Obviously in the case of nitrogen, three valence electrons in each N atom con-
tribute to a molecular bond. Hence the short-hand notation for the atomic
ground state would simply be (2p)3. In this state with the lowest energy the
spins of the three valence electrons couple to S = 3

2 (quartet state) and the total
spatial angular momentum is L = 0. So one can denote the groundstate of a
nitrogen atom as (2p)3/4S 3

2
. If the nitrogen is found in the lowest doublet state

(S = 0) it is denoted with (2p)3/2D 5
2
. Further data can be taken from [32].
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Figure 7.1: Occupation of atomic orbitals for nitrogen. [31]

7.2 The nitrogen molecule

As I just mentioned the bonding of a nitrogen molecule is constituted by three
valence electrons from each involved atom. The result is a very stable triple bond
that is hard to break. Figure 7.2 illustrates how the electrons are distributed
among the molecular orbitals if the N2 molecule is in its ground state X1Σ+

g .

Figure 7.2: Molecular orbital energy level diagram of N2 in its ground state.
[33]

From �gure 7.2 one sees that the the N2 groundstate can be written as

(1sσ)2(1sσ∗)2(2sσ)2(2sσ∗)2(2pπ)4(2pσ)2

However, electrons can be excited which creates higher states of N2 like A3Σ+
u

or B3Πg. The corresponding potential energy curves are shown in �gure 7.3.
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Figure 7.3: Potential energy curves of N2. [34]
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If one wants to do an alignment test with nitrogen it is clear that he will have
to know the following properties (for the ground state X1Σ+

g ) [22]:

Rotational constant (B): 3.952·10−23J
α⊥: 1.71·10−40Fm2

α‖: 2.48·10−40Fm2

With this information and equation 5.7 one can calculate that the full revival
time of nitrogen molecules is Trev = 8.38ps. Furthermore the time development
of rotational states of nitrogen can be simulated using the theories that I have
described in the section "Aligning molecules". Michael Spanner did such a
simulation in his phd thesis [16]. His result is shown in �gure 7.4.

Figure 7.4: Theoretical revival structure of N2. [16]

The simulation could be con�rmed by experiments that were executed for in-
stance by Dooley et al. [35]. One representative result can be seen in �gure
7.5.

Figure 7.5: Experimental revival structure of N2. [35]

Obviously nitrogen molecules show a quarter revival after approximately 2.1ps,
a half revival after 4.2ps, a 3

4 revival after 6.3ps and a full revival after 8.4ps
(as calculated). For our experiment we chose the time frame around the half
revival time of N2 to test if alignment is given.

Actually we did a computation on our own to get to know how the nitrogen
molecules would behave under our experimental conditions. First of all we
calculated the occupation of the di�erent rotational states |JM〉 (we considered
only J) before and after the aligning pulse. We chose a rotational temperature
TR = 50K. The other parameters were chosen to match the settings in our
experiment. Our result is illustrated in �gure 7.6.

From this basis we produced a simulation for the revival structure in the time
frame of the half revival. Again we chose TR = 50K and additionally the pa-
rameters of our experiment. The produced graphic can be seen in �gure 7.7.
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Figure 7.6: Distribution of N2 molecules for di�erent values of the total angular
momentum J before and after an aligning pulse. The settings correspond to
those of our experiment.

Figure 7.7: Revival structure of N2 in the time frame of the half revival.
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If one compares the results of our simulation with other theoretical results e.g.
from Michael Spanner's phd thesis one will �nd a good agreement.

One last point will be important for the analysis of our experiment. It is the
ionization properties of nitrogen. This molecule is easiest to ionize if it is oriented
parallely to the electric �eld. One will have to consider this fact if he wants to
compare numbers of ion hits for di�erent forms of alignment (characterized by
angles) in an ensemble of molecules.



8 The laser system

The �rst part of our experimental setup consists of a laser system. In the present
section I will pursue the beam from its origin to its entrance into the COLTRIMS
apparatus. Here the laser beam must have enough power to dissociate the
bromine molecules and, more important, it must provide us with means to get
the best temporal resolution of the process realizable. That is why we use
pulsed beams with pulse durations of about 9fs and pulse peak powers of about
500mW. How we create such short and intense �ashes of light will be the topic
of the next paragraphs. For remaining questions or detailed information about
laser systems I strongly suggest visiting "The Encyclopedia of Laser Physics and
Technology" on www.rp-photonics.com [36]. On this internet-site one will not
only �nd excellent descriptions of phenomena, setups and much more but also
links that guide you directly to corresponding scienti�c papers. Furthermore
reading "High power ultrafast lasers" by Backus et al. [37] is very instructive.

8.1 The oscillator

In the beginning of every advanced laser system there has to be a simple pump
laser. In our case we use a Neodym-YVO4 (Nd:YVO4) laser (Coherent Verdi V5)
with an integrated frequency doubler. The actual optical resonator produces a
coherent beam of light at the wavelength of 1064nm which leaves the apparatus
at 532nm as a continuous wave.

Afterwards the beam enters a Kerr lens mode locking oscillator. As the name
suggests is serves two purposes: Focusing the laser beam and modelocking. Both
goals are achieved through the exploitation of one phenomenon: The Kerr e�ect.

8.1.1 The Kerr e�ect

In principle every material changes its optical properties when an external elec-
tric �eld is applied because charged particles will be displaced. Of course di�er-
ent materials will react more or less sensitively or in a di�erent way than other
ones. If the refractive index

n(ω,E) = n0(ω) + n1(ω) · E + n2(ω) · E2 + ... (Taylor expansion)

of an object changes mainly proprtional to E2 it shows the Kerr e�ect. If the
external electric �eld is a wave of light one calls it the optical Kerr e�ect. Due
to the intensity of light being proportional to E2 one can then conclude that

n(ω,E) = n0(ω) + n2(ω) · I. (8.1)

Considering the intensity of a laser beam there are two possible variables that
can in�uence its value: The space and the time. Depending on which variable



8 THE LASER SYSTEM 46

is taken into account the Kerr e�ect is the basis for two phenomena that can be
used to modify a laser beam: The self-focusing and the self-phase modulation.
The former is crucial for the beam focusing and the modelocking.

8.1.2 The self-focusing and the modelocking

The self-focusing of a laser beam is the result of its spatial distribution of in-
tensity. A laser beam is normally much more intense close to its axis than in
the outer regions following approximately a Gaussian distribution. So under the
in�uence of a Kerr-medium with n2 > 0 the outer part of the beam is driven
to the center because of the increasing refractive index. As a consequence the
beam becomes more focused when passing this so-called Kerr-lens. Figure 8.1
illustrates this process. If an appropriate Kerr lens is installed as the active

Figure 8.1: Focusing using a Kerr lens.

medium of an optical resonator mode locked laser beams can be produced. In
our case the cavity consists of a titanium doped sapphire (Ti:Sa) crystal inside
an arrangement of mirrors, an output coupler and two prisms which compensate
for the dispersion in the crystal (see �gure 8.2). The incoming 532nm pump
beam is converted by the Ti:Sa into a ray with maximal intensity at 800nm
and a very large bandwith from 700 to 1100nm. However in contrast to our
Nd:YVO4 laser there is no single mode that dominates during the gain process
and results as the output of this array. In contrast the newly formed beam keeps

Figure 8.2: Setup of the oscillator. [13]
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a multitude of modes that arise within the bandwidth. Moreover the outgoing
laser beam is pulsed and no longer a continous wave. The reason for this is
that the Kerr lens acts as an arti�cial absorber in a passive soft aperture mode
locking process.

Through random �uctuations that can be provoked by stirring a mirror several
modes of the laser beam can get in phase. The wider the bandwidth of the laser
the more modes are likely to add up constructively. The result is a little pulse
with higher intensity than that of the rest of the continouus wave underground.
This higher intensity causes a higher refractive index so everytime that the
pulse passes through the Ti:Sa it will be more tightly focused than the rest of
the beam.

Now the mirrors are arranged in a way that the consequence of this focusing
is a better overlap with the pump beam. And because the gain of the active
medium rises with the intensity of the pumping (as long as the active medium is
not saturated) the modes forming the pulse are ampli�ed more than the others.
One can state that the pulse extracts the crystal's amplifying photons and that
the whole described process acts like a (soft) aperture for the continuous wave.
So the pulse gets stronger and shorter in time.

As a result the laser's output are ultrashort pulses (≈ 35fs) which contain a
wide range of frequencies. With a repetition rate of about 84MHz and a power
in the range of 300mW they carry an energy of approximately 4nJ.

8.2 The ampli�cation process

After the pulsed beam leaves the oscillator its energy would not be enough to
dissociate the bromine moelcules in the COLTRIMS apparatus. The production
of a higher laser peak power inside the oscillator cavity itself is technically not
feasible. On one hand the Ti:Sa crystal reaches his saturation and on the other
hand a higher intensity would lead to a self destruction due to the self-focusing.
So we have to amplify the pulses' peak power in a way that does not destroy
the system and leaves the resulting pulse duration almost unchanged. This can
be done by applying the chirped pulse ampli�cation (CPA).

8.2.1 The chirped pulse ampli�cation

In order to increase the peak power of a laser pulse without nonlinear pulse
distortion or even damages on the amplifying system the �rst step is to broaden
the pulse in time. Paradoxically this procedure reduces the pulses' peak power
at �rst but the lower intensity now allows for non-destructive ampli�cation.
The subsequent recompression of the pulse in time gives the required high peak
power in the end. The three steps are shown in �gure 8.3.

There are two ways of compressing or stretching a pulse in time: The linear
and the nonlinear pulse compression/stretching. In our ampli�cation system
we apply the linear version which uses gratings, mirrors and prisms (or lenses)
to disperse the beam. In the case of pulse stretching one has to arrange the
optical elements in such a way that the path length for shorter wavelengths of
the pulse is larger than for longer wavelenghts. The consequence of this positive
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Figure 8.3: A laser pulse undergoing a chirped pulse ampli�cation process. [36]

dispersion is a so-called chirped pulse where the high frequency components
lag behind the low frequencies. This increases the pulse duration by 103 − 104

times. Of course one has to ensure that the spatial broadening that goes hand
in hand with the dispersion is eliminated through the arrangement of the optical
elements.

In our experiment we use two stages in the stretching process. In the �rst one we
broaden the pulses in time employing two prisms. In the second step we increase
the pulse duration even more sending the laser beam through an installation of
three mirrors and a grating. Afterwards we obtain a pulse duration of about
200ps.

The compressor acts exactly in the opposite way of the stretcher. In a process
of negative dispersion the low frequencies are delayed which causes a negative
chirping. So after we realized the compression with three mirrors and a grating,
we obtain again an unchirped pulse. Unfortunately it is not possible to comprss
the pulse by the same factor that it was stretched by. So instead of the initial
pulse duration of 35fs we get a pulse duration in the range of 40fs after the CPA.

Between the stretcher and the compressor there is the ampli�er that increases
the pulses' energy. In our case we insert a Ti:Sa crystal that is pumped by
a 500Hz Nd:YLF laser. This active medium supplies the arriving pulses with
additional photons so that the pulses' energy rises to 0.8mJ. At a given repetition
rate of 500Hz that corresponds to a pulse power of 400mW.

The whole ampli�cation process is illustrated in �gure 8.4.

8.3 The �nal beam production

For our experiment we need to insert three di�erent beams into the COLTRIMS
apparatus. Two beams that act together as one pump beam and an additional
probe beam. Furthermore we must be able to move the three sequences of light
pulses temporally relative to each other. The �rst step to achieve all these goals
is to divide the ray of pulses that results after the ampli�cation process with a
beamsplitter. We obtain the probe and the pump beam.
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Figure 8.4: A qualitative sketch of the CPA system. [38]

8.3.1 The pump beam

The �nal pump beam should consist of a 400nm and a 800nm beam. So we
divide the pump beam with a second beam splitter.

The �rst part keeps a wavelength of 800nm and is used to align the bromine
molecules nonresonantly. Therefore it has to be linearly polarized e.g. along the
z-axis like in our experiment. The pulse duration of about 40fs is short enough
to achieve a dynamical evolution so the molecules are "kicked" and rotate freely
afterwards. As one might have noticed there is no speci�c adjustment of this
aligning part of the pump beam to bromine so it can be used to align almost
any other kind of diatomic homonuclear molecule as well7. This is very conve-
nient because the alignment test with nitrogen molecules can be done without
changing the laser system's setup.

The 400nm part of the pump beam causes the excitation and therefore triggers
the dissociation of the bromine molecules. We transform the initial wavelength
of 800nm into 400nm installing a BBO crystal in the arm of the excitation pump
beam. In a process of second hamonic generation the frequency is doubled. Fur-
thermore the excitation part of the laser beam runs through a translational stage
in order to be able to achieve di�erent temporal delays between the 800nm and
the 400nm pump pulses when they are reunited. The pulse duration after the
whole treatment is unchanged approximately 40fs and there is a linear polar-
ization along the z-axis.

Certainly one has noticed that the excitation part of the laser beam is adjusted

7Of course one has to pay attention that the 40fs pulse duration are still much shorter than
the rotational period of an examined molecule and that there is no resonance. However this
will be true in most cases.
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to the characteristics of bromine and therefore it can hardly be used for other
molecules. However, in case that one wants to do only alignment tests the
excitation of test molecules is not necessary. So the excitation part of the beam
can be blocked without evoking any problem.

8.3.2 The probe beam and the self-phase modulation

Using the 800nm probe beam we ionize the atoms and molecules that are located
in the beam's focus. In order to achieve the best temporal resolution feasible we
have to produce pulse durations that are as short as possible. Unfortunately it is
impossible to shorten the pulse length as long as we have a bandwidth of about
400nm that is given through the titanium sapphire's gain curve. This is because
after the CPA we got already very close to the fourier limit that constraints the
pulse duration given a certain bandwidth. Moreover the intensity of our laser
beam is very high. So if a bulk nonlinear medium was applied there would
arise nonlinear e�ects that would downgrade the beam's quality or even lead to
destruction.

So we send the probe part of the laser beam through a very special nonlinear
pulse compression system. It consists of two parts: A hollow �bre in which the
optical bandwith is increased and a compressor that unchirps the pulses and
reduces their duration (see �gure 8.5).

Figure 8.5: The laser beam being temporally compressed. [36]

The hollow �bre is a fused silica capillary �lled with krypton. The capillary
forms a waveguide for the light in a way that the beam's spatial intensity dis-
tribution becomes �at. So there will be no distorting spatial inhomogenous
spectral broadening due to self-focusing or other nonlinear e�ects. In addition
the noble gas provides a medium that is resistant to nonlinear phenomena and
damages. Nevertheless it shows the Kerr e�ect given our high pulse intensity.
So we are able to exploit the self-phase modulation that goes hand in hand with
it. (More details are presented in Berit Körbitzer's bachelor thesis [39].)

The self-phase modulation in a Kerr medium is the consequence of the time-
dependence of the intensity of light that is connected with a short laser pulse.
In order to understand the process it is helpful to have a look at the theoretical
development of a pulse with a carrier frequency ν0 and a vacuum wavelength
λ0 (from [40] and [41]). The corresponding instantanuous frequency is:

ν(t) =
1

2π

dΦ

dt
(8.2)

with the oscillation phase Φ. For a constant phase the pulse intensity can be
approximated through a Gaussian distribution:
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I(t) = I0 · exp
(
−4 · ln(2) · t

2

τ2

)
with the peak intensity I0 and the pulse duration τ .

Due to the fact that the refractive index of a medium that shows the Kerr e�ect
increases with the intensity (equation 8.1) it changes in time corresponding to:

dn(I)

dt
= n2 ·

dI

dt
= −n2 · I0 · 8 · ln(2) · t

τ2
· exp

(
−4 · ln(2) · t

2

τ2

)
Due to the temporal variation of the refractive index there is a shift in the
instantanous phase Φ(t) depending on how long (distance L) the pulse remains
in the medium:

Φ(t) = 2π · ν0t−
2π

λ0
· n(I)L

This causes a shift in the instantanuous frequency (equation 8.2) in the end:

ν(t) = ν0 −
L

λ0

dn(I)

dt
= ν0 +

L

λ0
· n2 · I0 · 8 · ln(2) · t

τ2
· exp

(
−4 · ln(2) · t

2

τ2

)
The result is a chirped pulse where the pulse's higher frequencies lag temporally
behind the lower frequencies (for n2 > 0). One can see that in �gure 8.6.

Figure 8.6: A chirped pulse where the higher frequencies lag behind the lower
ones in time. [36]

Furthermore the bandwidth of the frequencies corresponding to a laser pulse is
increased through the phase shift.

So we obtain a spectral broadening after the laser beam has crossed the hollow
�ber. And after applying a relatively simple linear dispersion line, pulses with
a duration of about 9fs are created in the end. We chose to give this part of the
beam a linear polarisation (along the z-axis) for our experiment.

Before we recombine the probe with the pump beam we send it through a delay
stage in order to be able to adjust the required time delays. The whole process
of the �nal beam production is shown in �gure 8.7.
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Figure 8.7: The �nal beam production.



9 The COLTRIMS apparatus

After having explained the �rst part of our experimental setup - the laser -
I will now turn to the heart of the arrangement in which the bromine molecules
(or generally the test molecules) �nally come into action: The COLTRIMS
(COLd Target Recoil Ion Momentum Spektroscopy) apparatus. Using this spe-
cial system we are able to determine the three-dimensional distribution of the
momentum vectors of the target at the moment that it gets ionized. This en-
ables us e.g. to reconstruct the process of dissociation if we ionize what is left
of excited bromine molecules at several delay times. Furthermore we can collect
data about alignment properties of an ensemble of molecules that is ionized in
the laser focus.

9.1 The gas jet and its way through the apparatus

The COLTRIMS apparatus consists of three chambers and a detector system. In
�gure 9.1 one can follow the way the bromine or nitrogen gas jet takes through
the system.

The jet enters through a nozzle (diameter 30µm) into the source chamber that
is evacuated (see below under "The vacuum"). At room temperature (300K)
the molecules possess an average kinetic energy of

< Wkin >=
3

2
kBT = 39meV

which corresponds to an average velocity (root mean square) of

vrms =

√
2 < Wkin >

MBr2

= 217.6
m

s
.

The corresponding Maxwell distribution of momentum

f(p)dp =

√
2

π
(kBT )−

3
2
p2

√
m
exp

(
− p2

2mkBT

)
dp

is much to wide for our experiment.

We want to measure e.g. recoil momenta from ionization processes which are
smaller than 1a.u. However this won't be possible as long as the average mo-
mentum transfer through collisions is kept high through huge di�erences in the
single molecules' velocities resulting from a wide distribution. So we need a very
narrow distribution of the molecules' velocity which means that the jet has to
be very cold when we hit it with the laser beam.



9 THE COLTRIMS APPARATUS 54

Figure 9.1: Part of the setup of a COLTRIMS apparatus. [25]
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A cold gas jet with an almost uniform distribution of the molecules' velocity
(direction and absolute value) can be achieved through a supersonic expansion.8

To achieve this the sudden drop in pressure for the gas entering the chamber
must be su�ciently large.

Bromine is unfortunately a substance that condenses at room temperature if
the pressure is only a little higher than standard conditions. That means that
we wouldn't be able to realize a high gas pressure in front of the entrance to
the source chamber if the jet consisted only of bromine. So we seed a helium
jet with bromine in order to get a typical supersonic expansion in the end.9

After the expansion the beam of molecules shows a center (zone of silence) with
the required uniform velocity without rotations. Around this center there is a
warmer region where the molecules' momenta are rather undirected because of
the disturbance by residual particles that couldn't be pumped o�. We remove
this outer zone with a skimmer (diameter 0.3mm) to accomplish a really cold
gas jet that enters the Collimator chamber.

Here we withdraw once again atoms and molecules with undirected velocities
using a Collimator (diameter 1mm) which serves as a kind of aperture. Finally
the jet enters the main chamber of the COLTRIMS apparatus. The last few
steps of my explanation can be seen in �gure 9.2.

Figure 9.2: The jet's way from the inlet to the main chamber. [13]

8More details about the supersonic expansion can be found for instance in "Laserspek-
troskopie" by Wolfgang Demtröder [42].

9Seeding a helium jet with bromine causes two more desirable e�ects. First almost every
bromine molecule or atom is ionized if it comes into the laser beam (ionization rate ≈ 1)
whereas the ionization rate of Helium is only about 1

1000
. That means that we won't get

too many signals on the detectors which couldn't be resolved if we dilute the bromine gas
with helium. Second a lower concentration of the quite agressive substance bromine in the
apparatus prevents an excessive corrosion.
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Inside the main chamber of the COLTRIMS apparatus there is a spectrometer
where the gas jet intersects with the laser beam. Some of the molecules are
aligned, excited and ionized. The ions and electrons are drawn towards the
detectors (see the below subsection "The spectrometer") whereas the rest of the
gas jet leaves the spectrometer and is pumped o� in a jetdump.

9.2 The spectrometer

The spectrometer that is located in the main chamber of the COLTRIMS appa-
ratus consists of several components: An extraction zone, a drift tube and two
microchannel plate (MCP) detectors - one for the ions and one for the electrons.

9.2.1 The extraction zone and the drift tube

The extraction zone is characterized by an electric �eld (≈ 100 − 4000 Vm ) and
a magnetic �eld (≈ 10−3T) that run parallel and almost homogenous along the
spectrometer's axis (z). The magnetic �eld is produced by two large Helmhotz
coils that are wound around the very outside of the COLTRIMS apparatus and
the electric �eld is created by several parallel copper plates that are separated
by large ohmic resistances which forms a potential divider. After the ionization
in the laser focus (z = 0) the electric �eld accelerates the ions and electrons to-
wards their corresponding detector. In the process the ions cover a distance of
z = 15.1cm whereas the electrons remain z = −7cm inside the electric �eld and
�y another 15cm inside the drift tube onto their MCP (z = −22cm). The mag-
netic �eld forces above all the electrons into spiralling trajectories so that they
cannot escape the spectrometer. One can get an overview of the spectrometer's
components from �gure 9.3.

Figure 9.3: Three dimensional sketch of the spectrometer together with the
directions of the coordinate axis. [13]
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9.2.2 The microchannel plate detectors

As mentioned before the ions and electrons hit a corresponding microchannel
plate at the very end of the spectrometer. A microchannel plate is a disc of
highly resistive lead glass that is at most 2mm thick. It is penetrated by millions
of tiny tubes (diameter ≈ 5− 25µm) which are about 10µm apart and run from
one side to the other at an angle up to 15◦ to the surface normal. The inner
surface of the channels shows a semiconducting behaviour. That means that
at an applied voltage of about 1kV an incoming charged particle will most
probably hit a channel wall because of its inclination and release an electron.
In order to accelerate this electron towards the back of the plate the two outer
surfaces of the disc are coated with metal which acts as electrode on each side.
If the rear electrode is positively charged against the front electrode the released
electron will move into the required direction but it will strike the tube's wall
several times on its way. With every new wall contact another electron will
be set free and hit its way towards the anode (see �gure 9.4). As a result one
obtains a whole avalanche of electrons out of one incoming particle - typically a
multiplication of about 103− 104. To increase the e�ect one can pile up several
of these electron multipliers.

In our experiment we use two MCPs arranged as a Chevron stack where the
�rst disc is rotated 180◦ against the second one creating a v-like shape. That
way one achieves that the income and output channel is on the same level at
either side. Furthermore ions that could be released at the back of the plate
cannot cause a so called ion feed back accumulating enough energy on a free
drift towards the cathode and starting a new electron avalanche that could enter
the spectrometer.

Figure 9.4: Functional principle of a MCP. [25]

9.2.3 Getting signals for the time of �ight and the location

At the end of the day we want to gain two pieces of information with the help
of the MCP: The time of �ight (TOF) of the ions and of the electrons and the
locations where the particles hit the detector.

To get the TOF we need a signal that tells us when a particle arrives at the MCP
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(t = TOF) after it was born from the laser pulse (t = 0). This signal is provided
by the electron avalanche itself. It acts as a current that runs through the MCP
lowering the ohmic resistance. As the power supply provides a constant voltage
there is an increase of voltage at any other resistor as soon as the electron cloud
is released. We have installed resistors in the connection between the power
supplies and the MCPs and we decouple the rise of the potential capacitively in
order to obtain the requested time signal.10

The location of the arriving charged particles is determined with a delayline
anode. This is practically a pair of wires (signal and reference) that constitutes a
Lecher line and that is wound in rectangular slopes. The signal line is positively
charged compared to the reference line in order to absorb signi�cantly more
electrons. Furthermore the delayline carries a higher positive charge than the
back of the MCP so that arriving electrons are drawn into the wire and do not
pile up preventing further electron avalanches from advancing inside the MCP.

As soon as an electron cloud reaches the rear end of the MCP it causes two
voltage pulses in the delay line. Each of them propagates to one end of the
signal wire. Figure 9.5 sketches this process.

Figure 9.5: Two voltage pulses run along the delayline after the arrival of a
bunch of electrons. [25]

From the di�erence between the points of time (t1 and t2 respectively) when
the pulses reach their corresponding end we can calculate the position where
the accumulation of electrons struk the line. If the speed of propagation on the
delayline is vp and the electrons hit the wire at the position u (I assume that
the wire runs straight) one gets

u =
vp
2
· (t1 − t2)

Now we have a one-dimensional information about where the ion collided with
the MCP. In order to get two-dimensional results one has to use several layers

10If we had installed the resistors at the cathode end of the MCP we would have got a drop
in the potential.
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of delaylines that are rotated against eachother in a certain angle. For our ion
detector we use two delaylines (x, y) that are arranged at an angle of 90◦ and
for our electron detector we have three delaylines (u, v, w) stacked at an angle
of 60◦ (a so-called hexanode HEX80). Employing more than two wires has
the advantage that the deadtimes during which signals cannot be resolved are
shortened and the multi-hit ability is increased as a consequence. The HEX80
anode is shown in �gure 9.6.

Figure 9.6: A HEX80. [43]

For further details I strongly recommend visiting www.roentdek.com [43] where
we ordered our equipment.

9.3 The data aquisition

Of course the electric signals that one gets from the MCP and the delay lines
have to be converted. Therefore an array of electronics is necessary whose
components I will present in the next paragraphs. A sketch of the corresponding
setup is shown in �gure 9.7.

9.3.1 Constant fraction discriminators

First of all one needs to extract the time information from the pulses that leave
the MCP and the delay lines. Unfortunately the amplitude of the signals varies
because of dispersion e�ects that occur when the pulses run along the wires. So
it is not recommended to trigger on an absolute signal hight but rather on a
certain fraction of the pulse's total amplitude. Therefore one uses constant frac-
tion discriminators (CFDs). Here every incoming pulse is divided in two parts.
One part is ampli�ed, inverted and delayed before it is reunited with the other
part again. The superposition of these two components creates a signal with a
zero transition at a selected fraction of the initial signal strength which can be
used for the triggering. Finally the CFD converts the triggered analogue pulse
into a logical pulse conforming to the NIM (Nuclear Instrumentation Module)
standard. This we can use on the next stage.
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Figure 9.7: Sketch of the signal lines that leave the MCP and the delay lines
and go through several stages of converting. [13]
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9.3.2 Time to digital converters, COBOLD and the calibration

After their conversion to the NIM standard the signals are treated in two syn-
chronized time to digital converters (TDCs) operating in a common stop and
a common start mode at the same time. Every TDC features 8 channels and
every signal line (2 from the MCP, 6 from the electron delay lines and 4 from
the ion delay lines) occupies one channel. With the help of the TDCs one gets
the pulse's individual arrival time referring to one common temporal starting
point. This starting point is triggered with a copy of a certain MCP signal. At
the moment of the triggering the hits of the preceding 60µs and the following
30µs seconds are collected and the relative incoming times are recorded. After-
wards the whole package of data is transferred to the computer. There they can
roughly be analyzed with a program that is called COBOLD (computer based
online-o�ine listmode data analyser). For further treatment of the data one
should take the "list mode �les" which are created by COBOLD and transfer
them e.g. into the "root" program that is published by CERN. With the help
of this software and additional programming in C++ one will be able to recon-
struct not only the time of �ights and the positions of ions when they hit the
detector but momenta and further physical parameters as well.

Of course one has to do a calibration before data can be analyzed. For instance
one has to �nd the middle of the detector in order to obtain the correct values of
the x and y coordinates. Another example is that a possible inclinement of the
detector with respect to the direction of �ight of the ions has to be corrected.
Fortunately there is a C++ program called "LMF2root" provided by "roentdek"
[43] that we could use to calibrate the whole detecting system.

9.4 The vacuum

In our experiment we want to collect data about ionized nitrogen or bromine
molecules and atoms respectively. Therefore we use laser intensities that ionize
almost everything that is located in the focus. However every ion or electron
besides from nitrogen or bromine that hits the detector causes an undesirable
signal that occupies the detecting system. Hence one has to get rid of rest gas
atoms that might be in the COLTRIMS apparatus by creating an ultra high
vacuum (UHV).

We apply several steps to achieve this important condition. First we create a
rough vacuum with a scroll pump (�gure 9.8). The gas enters at one side of
this kind of displacement pump. It is enclosed and compressed by one spiral
moving in circles (without rotation) against a static one until it is exhausted at
the other side. Simpli�ed one can imagine that the size of the vacuum chamber
is repeatedly enlarged through the spiral's movements. The gas that enters this
region is shovelled away passing through decreasing volumes and accelerated
by the moving spiral. The pressure of the gas rises along the way through the
pump until the output. Through the application of our scroll pump we achieve
a pressure of approximately 10−3mbar.

Afterwards we lower the chamber pressure using a turbomolecular pump. Once
again we have a moving and a �xed component. Yet this time the moving
blades (rotor) rotate against the stator and the basic functional principle is not
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Figure 9.8: A scroll pump: One half pictured from the outside and one half
pictured when it is opened. One can recognize the two spirals in the inside. [44]

the same. In a turbomolecular pump the rotor is designed to provide particles
that hit its surface with an additional momentum component along the pump's
axis (�gure 9.9). Hence it moves with a speed comparable to the gas' average
velocity. This way the atoms and molecules are accelerated out of the chamber.
As a result the chamber pressure is lowered up to 10−8mbar. This is su�cient
for the source chamber and the collimator chamber.

Figure 9.9: Momentum transfer in a turbomolecular pump.

However for the main chamber an even better vacuum has to be produced.
Here we use a cryo pump which features a very cold surface (≈12K) onto which
remaining gas atoms condense. Furthermore we have installed a titanium sub-
limation pump - a certain type of getter pump. Like the name suggests some
of the very few remaining atoms and molecules are trapped when they come in
contact with the pump's surface. They enter a chemical bond with the titanium
which acts as "getter". After this chemisorption we arrive at our �nal chamber
pressure of about 10−10mbar. The three chambers, the corresponding pressures
and the pumping speeds are visualized in �gure 9.10.
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Figure 9.10: The vacuum system. [13]
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10 De�nitions and formulas for

the analysis

In this section I will present some de�nitions and simple calculations that will
lead to formulas or results that I will need in my data analysis in section 11
"The experiment".

10.1 Atomic units

In our experiment we will have to deal with numbers that belong to atomic scales
e.g. very small masses, lengths and times. In order to not have to calculate with
highly negative powers the atomic units are introduced. Here one sets atomic
natural constants to 1 and deduces the values of the SI units from multiplication
of the constants with their corresponding units.

It is given that

Planck's constant over 2π ~ = 1a.u.
Elementary charge e = 1a.u.
Electron mass me = 1a.u.
Bohr's radius a0 = 1a.u.
Finestructure constant·Speed of light (vac.) αc0 = 1a.u.

and it follows amongst others that

Time 2.4189 · 10−17s = 1a.u.
Length 5.2918 · 10−11m = 1a.u.
Velocity 2.1877 · 106m

s = 1a.u.
Momentum 1.9929 · 10−24 kg·m

s = 1a.u.
Energy 4.3598 · 10−18J = 1a.u.
Voltage 27.211V = 1a.u.

The information was taken from [45].

10.2 The coordinate system

Due to the fact that one will have to be aware of the orientation of the coordinate
system that is used for the calculations in our experiment I summarize once again
the information I gave in the proceeding sections in the subsequent table and
�gure 10.1:
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x-axis: Direction of propagation of the laser beam
y-axis: Direction of propagation of the gas jet
z-axis: Symmetry axis of the spectrometer;

Direction of the COLTRIMS apparatus' electric �eld;
Polarization axis of the aligning part of the laser beam
Polarization axis of the probe beam

Figure 10.1: The coordinate system of our experiment.

10.3 The motion of charged gas particles in an electric

�eld

10.3.1 The equation of motion and its solution

In presence of an electric �eld charged particles will be accelerated. To determine
their postiton and the velocity at a given point of time one will have to solve
the following equation of motion

m~a = q · ~E

with the acceleration ~a, the mass m and the charge q.

In our experiment the electric �eld will have only a z-component so

vx(t) = vx,0 (10.1)

vy(t) = vy,0 (10.2)

vz(t) =
q

m
Ezt+ vz,0 (10.3)

If one puts the origin of the coordinate system into the laser focus one gets the
following position of a charged particle dependent on the time:

x(t) = vx,0t

y(t) = vy,0t

z(t) =
q

2m
Ezt

2 + vz,0t (10.4)
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10.3.2 The time of �ight and other physical variables

Taking a look at equations 10.3 and 10.4 one will notice that in general vz,0 is
not known for a single gas atom or molecule. This can become a di�culty for
further calculations e.g. if one wants to determine the time of �ight (TOF) of
a particle when all other parameters are given. Fortunately there is a solution
for this problem considering that in a whole ensemble of gas particles the ex-
pectation value of their velocity into one certain direction will be 0. So when a
large number of ions is created in the laser focus and accelerated by an electric
�eld towards a detector the maximum of the countrate will be at a TOF0 that
corresponds to vz,0 = 0.

The peak at TOF0 will get even sharper if the particles are forced to �y into a
direction that is perpendicular to the z-axis because in this case vz,0 is de�nitely
equal 0. In our experiment we will have a gas jet that contains molecules whose
velocities point almost exactly along the y-axis. Therefore one should expect
that in a TOF spectrum there will be very narrow peaks.

Of course the statement that vz,0 ≈ 0 in the presence of a gas jet does not
count if there is an event that changes the velocity distribution. This can be
the dissociation of molecules where the resulting atoms �y into exactly opposite
directions along the molecular axis which must not be parallel to the direction
of �ight. That is why one should expect wider peaks in a TOF spectrum in this
case.

Anyway, if the electric �eld Ez, the distance of �ight z0 and the characteristics
(q,m) of a certain kind of ions are given, one can e.g. determine the time TOF0

that corresponds to the maximum of a distribution of time of �ights:

TOF0 =

√
m

q

√
2z0

Ez
(10.5)

Obviously the TOF0 is proportional to the square root of mq so ceteribus paribus
heavier particles will need a longer time to arrive at a certain point than lighter
ones. As well particles with a larger charge will c.p. arrive sooner than those
with a smaller one.

If the distribution of the TOF of ions is recorded - like in our experiment - one
can consider TOF0 to be given through maximal peak points. Then one can
calculate e.g. the relation m

q of a particle that arrives at the given TOF0 at the
detector:

m

q
=
Ez · TOF 2

0

2z0
(10.6)

Here one has to assume that Ez and z0 are known. Of course one can calculate
as well the electric �eld (assuming that z0 is �xed and m and q of a particle are
given) with

Ez =
2mz0

q · TOF 2
0

(10.7)

or the distance of �ight (assuming that Ez is given) with

z0 =
qEz · TOF 2

0

2m
(10.8)
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Unfortunately it will be very hard to determine either the exact electric �eld or
the exact distance of �ight for an ion in an experiment. So neither equation 10.7
nor equation 10.8 can be used. And due to the experimental setup a particle's
velocity cannot be gained except from calculating it employing Ez and z0 (in
contrast e.g. to the TOF that is explicitly recorded). So one will have to adjust
Ez and z0 in order to obtain velocity (or momentum) distributions with the
peak at 0 .

10.3.3 The momentum

So far I have considered only the z-component (vz,0) of the ions' initial veloc-
ity because it can be drawn from the TOF spectrum that we record in our
experiment. However we will determine as well the x- and the y-position of
the particles that arrive at the detector. From this information one is able to
gain the initial x- and y-component of the velocity of the ions before they were
ionized. Referring to equations 10.1 and 10.2 the x- and y-velocity components
will remain constant over the time (vx,0 and vy,0 respectively). Thus it holds
that

vx,0 =
x

TOF
(10.9)

vy,0 =
y

TOF
(10.10)

Of course the corresponding momenta are

px,0 =
mx

TOF
(10.11)

py,0 =
my

TOF
(10.12)

10.3.4 The angle ϕzy

At the end of the day we want to determine the angle ϕzy between the projection
of an ion's initial momentum onto the z-y-plane and the direction of polarization
of the aligning laser beam (z-axis). Figure 10.2 illustrates the whole problem.

Figure 10.2: Geometrical basis for the calculation of ϕzy.
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Now one needs to do only one simple geometrical calculation. It holds that

~p0 =

px,0py,0
pz,0


so

tan(ϕzy) =
py,0
pz,0

and

ϕzy = arctan

(
py,0
pz,0

)
. (10.13)
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11 The experiment: Alignment

test with nitrogen

Before we did any serious measurement with bromine gas we tested if alignment
was feasible with our experimental setup. On 26. May 2010 we inserted a
molecular nitrogen jet into the COLTRIMS apparatus and took data under
almost the same conditions as if the jet was consisting of bromine (and helium).
The only things that had to be adjusted to the di�erent kind of molecule were
the delay times we chose to check if alignment was achieved or not.

11.1 The delay times

In order to see characteristics of a hopefully existent alignment we chose to have
a look at < cos2(ϕzy) > in the time frame around the half revival of nitrogen
alignment. The expected time of the half revival can be read from �gure 7.8 so
we ionized the target at delay times in a range from 3.6ps to 4.47ps after the
aligning pulse. As we arranged steps of 0.3ps we gained 30 sets of data which
we could use for the analysis.

11.2 The settings

The exact experimental settings that we noted before the start of the align-
ment test with nitrogen can be read in the following table (visualization of the
coordinate system in �gure 10.1):

Pump beam: Repetition rate: 505Hz
(alignment) Pulse duration: 50fs

Average power: 8mW after beam combiner

Pump beam: Blocked
(excitation)

Probe beam: Repetition rate: 505Hz
Pulse duration: 8fs
Average power: 1mW after beam combiner

Jet: Temperature: 300K
Pressure N2 in the bottle: 551.58kPa
Pressure source chamber: 0.011Pa
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Spectrometer: Voltage for the electric �eld: -1204V
Current for the electric �eld: 235µA
Magnetic �eld: Switched o�

Ion detector: Voltage on the front: -2218V
Current on the front: 140µA
Voltage signal: 271V
Current signal: 55µA

Electron detector: Switched o�

Countrates: Dark: 50Hz
Without jet: 55Hz
With jet: 300Hz
With jet, without probe beam: 50Hz

As one might have noticed we switched o� the electron detector because we
were not interested in electrons in our alignment test. And because ions are
hardly in�uenced by a magnetic �eld we switched it o� as well. Furthermore
we blocked the part of the pump beam that should excite bromine molecules
because it only can disturb results in a measurement with nitrogen.

11.3 Ion time of �ight spectra

At the beginning of the analysis I want to present the initial ion time of �ight
(TOF) spectrum we took in the nitrogen test (�gure 11.1). It gives the number
of ion hits on the detector with respect to the time it took the particles to arrive
there.

In the spectrum there are two peaks that I enlarged. The center of these peaks
lie at TOF0 = 3328.9ns and at TOF0 = 4714.9ns respectively. With equation
10.6 one can approximately calculate the corresponding relation of mq . Stating
that only a charge of one or two times the elementary charge is reasonable and
assuming that Ez = 4000 Vm and z0 = 0.151m one gets the following masses:

TOF0 [ns] Charge [a.u.] Corresponding mass [u]
3328.9 1 14.16
3328.9 2 28.33
4714.9 1 28.42
4714.9 2 56.83

One realizes that the masses that result for the �rst peak almost equal the
theoretical masses for N and N2 respectively. So one can assign the ions that
arrive at TOF0 = 3328.9ns at the detector to one of these forms of nitrogen.
Of course silicon with a mass of 28.09u could be a further candidate for the
originator of the 3328.9ns peak. But where should such a huge amount of Si
come from? Therefore this alternative is not very probable.

Thus there remains only the question: To which of the two forms of nitrogen
- molecular or atomic - should the peak be assigned? This question can be
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Figure 11.1: Initial TOF spectrum. The left extract shows the time frame
around the TOF of N+ and N++

2 . The right extract shows the time frame
around the TOF of N+

2 .



11 THE EXPERIMENT: ALIGNMENT TEST WITH NITROGEN 74

Figure 11.2: Final TOF spectrum after the correction of the �ight time. The
left extract shows the time frame around the TOF of N+ and N++

2 . The right
extract shows the time frame around the TOF of N+

2 .



11 THE EXPERIMENT: ALIGNMENT TEST WITH NITROGEN 75

answered by taking again a closer look at the spectrum. At the foot of the
considered peak there is a hill that corresponds to particles that arrived at the
detector between 2987.1ns and 3704.1ns. As I wrote in section 10 "De�nitions
and formulas for the analysis" a TOF peak gets wider when an event happens
that in�uences the initial velocity of the particles of the gas jet. I gave the
example of dissociation where atoms are produced which �y along the axis of
the originating molecule.

Now this is exactly what happens. If some nitrogen molecules are double ionized
in the laser focus there will be a "coulomb explosion" which I already described
in the section "Aligning molecules". After all one can state that the nitrogen
atoms then aquire z-components of the velocity that are not necessarily equal 0.
So in the TOF spectrum the atomic nitrogen (N+) produces a wide hill in the
ion distribution around the TOF0 whereas the molecular nitrogen (N++

2 ) shows
almost a discrete line. In this way one has to interpret the left detail of �gure
11.1.

For the right peak in �gure 11.1 one can easily state that the originating ion has
to be the single charged nitrogen molecule (N+

2 ) because there are no reasonable
alternatives. Furthermore it is quite convincing that most of the particles that
hit the detector are single charged ions of the originally employed molecule.

In order to improve the results that we got so far one can easily eliminate a
mistake that was made until now. It is known that the TOF is a linear function
in
√

m
q and that for m = 0 the function should go through the origin. So it

holds:

TOF0 =

√
m

q
a+ b (11.1)

and b should equal 0.

Now we have some data for (
√

m
q |TOF0) and we can calculate the linear rela-

tionship (equation 11.1) e.g. from the two points (5.3864·10−4|4714.9·10−9) and
(3.8088·10−4|3328.9·10−9). One gets the result b = -17.39ns. In order to achieve
b = 0 one will have to subtract -17.39ns from every measured TOF. This cor-
rection of the �ight time takes into account that incoming electric signals have
to run di�erent distances through cables which causes misleading information
and it improves the result in this point. The upgraded TOF spectrum looks like
�gure 11.2.

11.4 The momentum spectra

On the next stage of the analysis of our experiment we produced histograms
which contain the distribution of the ions' momenta. With equations 10.11 and
10.12 we programmed the computer to give us the distribution of the momenta
of all the ions that arrive at the detector. However, in order to analyze the
di�erent forms of nitrogen namely N+, N+

2 and N++
2 one will have to �lter the

corresponding data for each of them. This can be done by giving a frame for
the TOF that ions have to match if they shall be counted for the statistics. In
the following table are the minimal and maximal TOFs that particles have to
show in order to be counted as a certain form of nitrogen:
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Form of nitrogen Minimal TOF [ns] Maximal TOF [ns]
N+ 3004.5 3721.4
N+

2 4724.4 4739.9
N++

2 3338.9 3359.5

In the case of N+
2 the condition TOFmin(N+

2 ) < TOF < TOFmax(N+
2 ) gives

already the �nal result. E.g. the y- and z-momentum distribution at the delay
time 3.6ps can be seen in �gure 11.3. For all the other delay times and for
the distribution of the x- compared to the z-component the picture looks simi-
lar. Therefore I restrict myself to the �rst delay time and the z/y-momentum
spectrum.

Figure 11.3: Distribution of the z- and y-momentum component at the delay
time 3.6ps for N+

2 (4724.4ns < TOF < 4739.9ns).

As one might have noticed, the frames for the time of �ight for N+ and N++
2

overlap because of the same relation m
q . So one has to �nd another criterion to

separate the individual data. A rough way to achieve this is to state that the
atomic nitrogen ions feature a quite high momentum that they aquired during
the coulomb explosion. This is con�rmed by the histogram in �gure 11.4 that
plots the z- and y-momenta for the time frame of N+.

One sees the bright spot in the middle of the picture. That means that huge
numbers of particles arrive at the detector with almost the same low momentum
in y- and z-direction. Actually all of the double ionized nitrogen molecules
feature a similarly low momentum because they were only accelerated by the
electric �eld and not by an explosion like the N+ ions (the electron recoil is
small). So one can assign the bright spot to the N++

2 ions. The counted hits
with larger momentum have to be the "rest" of particles that arrive in the given
time frame: The ionized nitrogen atoms.
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Figure 11.4: Original distribution of the z- and y-momentum component at the
delay time 3.6ps for 3004.5ns < TOF < 3721.2ns.Both N++

2 and N+ ions are
in this TOF window. The former are responsible for the bright spot around
(0a.u.|0a.u.) while the latter have higher momenta.

Figure 11.5: Final distribution of the z- and y-momentum component at the
delay time 3.6ps for 3004.5ns < TOF < 3721.2ns. The applied condition |~p| >
7a.u. �ltered out the N++

2 ions so that only N+ remained.



11 THE EXPERIMENT: ALIGNMENT TEST WITH NITROGEN 78

Taking into account all these considerations about momenta one can think of a
way to roughly separate N+ from N++

2 data: One has to demand that ions have
to show a minimal momentum to be counted as N+. In our analysis we chose
|~p| > 7a.u. because this seems to be a reasonable number taking a look at the
size of the N++

2 spot in �gure 11.4. The resulting momentum spectrum for N+

is given in �gure 11.5.

Of course the whole thing works the other way round for the aquisition of the
N++

2 data. Here we have to select the particles with |~p| < 7a.u. Unfortunately in
this case there will still be a certain amount of N+ in the records and act as noise.
Anyway, this does not matter because only the N+ momentum distribution gives
us information about the alignment properties of N2. So there is no problem in
having no adequate data for N++

2 .

11.5 The angular spectrum

Now that we had the momenta of the N+ ions we could calculate the angle
ϕzy between the projection of the inital molecules' symmetry axis onto the z-y-
plane and the direction of polarization (z) of the aligning laser beam. Therefore
we programmed the computer to give a histogram for every delay time where
the number of ions is plotted with respect to ϕzy. For this calculation equation
10.13 had to be applied. In favour of a clear representation the result for the ϕzy
distribution should be plotted in a polar coordinate system. From the produced
histograms it is clear that we had succeeded in aligning the nitrogen molecules.
Figure 11.6 shows �ve selected diagrams at di�erent delay times.

Obviously I chose �ve histograms that should prove the statement that align-
ment was achieved. Diagram a), c) and e) show very random distributions of
the ions with respect to ϕzy. They correspond to delay times when no alignment
was expected and therefore they at least do not contradict the claim.

More important are diagram b) and d). At least in diagram b) at a delay
time of 3.87ps there is a clear anisotropy of the ions' ϕzy distribution. The
angle between the projection of the counted ions' momenta onto the z-y-plane
and the z-axis equals in most cases 0 or ±π. This argues strongly for a given
alignment. In contrast diagram d) at a delay time of 4.11ps should show that
ϕzy predominantly equals ±π2 . Certainly this can be declared but one has to be
a little bit optimistic to see di�erences e.g. in comparison with diagram e).

Actually, the weaker result for the case of anti-alignment could be expected if one
considers what I wrote in the section "Aligning molecules". For ϕzy = ±π2 the
probability to ionize molecules is relatively low compared to all other molecular
orientations. So the ionization signal from the anti-aligned molecules will be
smaller than the the signal of the aligned molecules even if the fraction of anti-
aligned molecules at 4.11ps should be a little bit higher than the fraction of
aligned molecules at 3.87ps. That is why the angular distribution for the delay
time corresponding to anti-alignment is not very convincing.

Due to this uncertainty of the actual result it is advisable to check for a second
time if alignment is indeed given.



11 THE EXPERIMENT: ALIGNMENT TEST WITH NITROGEN 79

Figure 11.6: Distribution of N+ ions with respect to the angle between the
projection of their momentum vector onto the z-y-plane and the direction of
polarization of the aligning pulse. Delay times: a) 3.6ps; b) 3.87ps; c) 4.02ps;
d) 4.11ps; e) 4.47ps. a),c) and e) correspond to isotropic samples. b) corresponds
to the case of alignment and d) corresponds to the case of anti-alignment.
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11.6 The revival structure

In order to strengthen the hypothesis that we achieved alignment we created a
histogram which should show the revival structure of N2. To this end, we noted
the mean values of cos2(ϕzy) at the thirty selected delay times. Afterwards we
plotted these values over the time and obtained the diagram that is pictured in
�gure 11.7.

Figure 11.7: Revival structure of N2 in the time frame between 3.6ps and 4.47ps.
This corresponds to the time frame of the �rst half revival.

Finally it is quite safe to say that we are able to produce alignment with our
experimental setup. Figure 11.7 shows clearly the expected maximum and the
following minimum of cos2(ϕzy) in the considered time frame. So the nitrogen
molecules are really periodically oriented due to our aligning laser pulse. Now
we can go on with our actual experiment and try if alignment is feasible as well
for bromine molecules.



12 Mistakes

and possible improvements

There are several errors that we did during our data analysis. They concern
very obvious aspects like a non optimal experimental setup up to details like the
temporal resolution of electronic devices. A selection of possible mistakes we
made is presented in the next paragraphs. I restricted myself to the discussion
of mistakes that we made at the N+ data aquisition because this was the main
task in our experiment.

12.1 The experimental setup

Concerning the alignment experiment with nitrogen one has to admit that we
did not chose the optimal experimental setup because we wanted to keep the
conditions that we will use for the bromine experiment. For instance it is better
to cool the nozzle at the gas inlet when one deals with nitrogen. Then one
achieves a nitrogen gas jet with a really narrow velocity distribution. In our
case - with a nozzle at almost room temperature - one should suspect that the
thermal movement of the N2 molecules prevented them from adopting a uni-
form direction of velocity through the supersonic expansion and the subsequent
apertures.

So we did not actually produce a stream of molecules that absolutely �owed
into one direction. Consequently it is not right to assume that the produced
atoms' initial velocities in x- and y-direction originated only from the coulomb
explosion and the corresponding repulsion of the nitrogen ions N+. However,
because we made this assumption in the determination of the N+ momenta this
produced an error in our results.

Furthermore a very cold gas jet features only rotational states |JM〉 with a
low energy which means that there is a low rotational temperature. Actually
the average rotational energy is low enough to be easily overwhelmed by the
potential energy that is added by an aligning laser pulse. And this dominance
of the laser potential is necessary to align the molecules. Moreover to achieve
a coherent pedular states - which are the basis for rotational wavepackages -
it is much more convenient if there are only few initial states that have to be
matched in phase. So in a really cold gas jet alignment is much easier to achieve
and one should conclude that our rather "warm" nitrogen jet is a large source
of errors and problems.

The adequate improvement would have been to cool the nozzle down before
we started the aligning experiment. Yet in this case we would have obtained
results on a basis that is not completely comparable with the �nal setup of the
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experiment.

12.2 The data analysis

Of course we could not avoid the standard mistakes that happen during spec-
troscopic experiments. One point is that there is always a certain underground
noise that distorts collected information. Unfortunately it is impossible to get
a perfect vacuum inside the COLTRIMS apparatus' chambers and as a result
there will always be ions that arrive at the detector that should not be counted.
Actually, if their time of �ight or their location on the detector coincidently
conforms with the ones of the examined ions one gets more counts than in the
optimal case.

There is no real improvement for this source of error but one can try to keep the
dark count rate as low as possible and to watch the pressure in the COLTRIMS
apparatus' champers carefully. After all one has to argue that the noise is
randomly distributed over the collected data and that no signi�cant change in
the total results should be expected due to this homogenity of the distortion.
(We had 2% of background noise. See the table on page 67.)

Furthermore during the analysis we had to make several assumptions in order
to �lter the data that we gained with respect to the di�erent forms of nitrogen.
For instance we chose a momentum threshold (|~p| > 7a.u.) to seperate N+ from
N++

2 . Of course this threshold is quite arbitrary and with other adjustments
one would have got slightly di�erent results. In addition no one can guarantee
that all the hits that were caused by N++

2 ions were �ltered out. So because the
N++

2 ions arrive exactly in the TOF range of N+ one should expect a system-
atic error. And this time there is no homogenous distribution of the distorting
counts over all the collected data that could be used as an argument for ne-
glecting the distortions. Anyway, fortunately it is safe to say that the number
of N++

2 ions with a momentum |~p| > 7a.u. is so small that the ratio of counted
N++

2 to counted N+ is very low. After all this is why one can argue that the
corresponding error is negligible.

Another source of error can be found in formula that we applied to calculate the
momentum of the ions that arrived at the detector. Here we had to insert an
electric �eld and a distance of �ight that we did not exactly know. At the scale
that corresponds to atomic magnitudes a little uncertainty can cause signi�cant
deviations from the actual results. Again there is no real mean to avoid this
problem.

12.3 The apparati

If one wants to determine possible sources for errors in an experiment one should
not forget that the electronical equipment that was used has its limits in pre-
cision as well. For instance the time to digital converter we used has a �nite
resolution. We determined it by taking a closer look at the TOF histogram. If
one chooses di�erent ranges around a well de�ned peak and if one �ts gaussian
curves in order to determine the position of the maximum (TOF0) each time one
will get slightly varying values. From these values we concluded that the tem-
poral resolution of the TDC is better than 1ns. Actually for error calculations
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we used this worst case scenario and set ∆TOF0 ≈ 1ns.

The spatial resolution of the ion detector is limited as well. In front of the MCP
there is a metal grid that should shield it from the electric �eld that is inside the
spectrometer. Therefore the grid is set to a constant potential being connected
to a power supply. However it acts as a kind of array of lenses that produces
rays of ions that will arrive at the detector in this discrete formation. Due to
the fact that the gaps of the grid are about 0.25mm we have to calculate with
an uncertainty in the local resolution of maximal ∆x ≈ ∆y ≈ 0.25mm.

The error due to the restricted temporal and local resolution in�ltrates the whole
data analysis process that follows. So applying the Gaussian error propagation
on equations 10.11 and 10.12 respectively we get for the ions' momenta:

∆px ≈ ∆py ≈ ±
m

TOF

√
(∆x)

2
+

(
x

∆TOF

TOF

)2

≈ ±1.0a.u.

Here I used the worst case scenario x = 40mm (length of the delay line),
TOFmin(N+) = 3004.5ns and ∆ TOF = ∆TOF0.

Unfortunately it is not really possible to get a su�cient estimation for ∆pz.
In contrast to the x- and y-direction there is no spatial coordinate that we
could use in the combination with the TOF to determine this number with a
Gaussian error propagation. One way to estimate the error of the momentum
in z-direction would be to exploit the momentum conservation in the ionization
process. However, in this case we would need to know the momenta of the
produced electrons which we didn't measure. So the only way to get a very
rough value for ∆pz is to use old estimations. For instance Moritz Meckel
calculated that ∆pz = 0.13a.u. in a comparable experiment for his diploma
thesis [25]. This value is the best that we can present for our own research.
Anyway, in the next point of discussion I will stay close to the error discussion
of Moritz Meckel's diploma thesis.

Another matter that has to be treated in the our error discussion is the delay
times that we chose for the temporal reconstruction of the revival structure. We
programmed the delay stage to produce delay times through variable distances
that the laser beam had to cover. Of course these distances cannot be exactly
settled. So we have to account for a deviation of about ∆d ≈ 0.1µm. For the
delay time τ it results that

∆τds = 2 · ∆d

c0
≈ ±0.0007ps.

Furthermore the delaystage moves with a velocity of vds = 0.2mms . Yet the
program that controls the motion determines its position only every 2ms and
the electronics need another millisecond for the information transfer. After
all this causes an undeterminacy in the light's path length of approximately
∆dv ≈ ±0.6µm. The corresponding error in the delay time is

∆τv = ±0.004ps.

However the initial position of the delaystage could only be adjusted within
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∆d0 = ±1µm and this corresponds to

∆τ0 = ±0.007ps.

Adding all up we have a maximal inaccuracy in the delay time of about

∆τmax = ±0.012ps.

One last and very simple point that has to mentioned is that the size of the
electronic apparati is limited. For instance the detector has a radius of 40mm.
That means that ions with a momentum that exeeds a certain threshold won't
be counted because they are de�ected to much by the electric �eld. One sees the
very weak rim that is caused by the edge of the detector in �gure 11.5. From
that we can conclude that only N+ ions with |~p| . 110a.u. were counted.



13 Outlook:

First experimental approaches

with bromine

The fact that we are able to produce alignment of nitrogen molecules with our
experimental setup is very pleasing. Now there is a reasonable chance that the
procedure will work for bromine as well. So the next step in the execution of
the total experiment will be to test if bromine alignment is feasible.

Therefore we will have to insert a bromine gas jet into the COLTRIMS' chamber
which has been one of the major problems so far. We had to notice that one has
to wait about one hour after the bromine inlet until one begins to get bromine
ion hits on the detector. From this we concluded that one has to saturate the
volume around the nozzle that leads into the source chamber with bromine gas
in order to obtain a really usable bromine jet that arrives in the spectrometer.
However, now that we know this peculiarity it does not constitute a problem
any longer.

Actually, we already took some time of �ight spectra with bromine. One of it
is shown in �gure 13.1.

The paralleles between the bromine and the nitrogen spectrum are quite obvious
and the interpretation can be done similarly. Hence in this outlook I will only
indicate some di�erences that will occur in future analyses of bromine data.

The peaks 1 to 3 belong in �gure 13.1 can be assigned to double ionized bromine
molecules and the lines 4-6 belong to single ionized bromine molecules. The fact
that the higher charged molecules arrive earlier at the detector than the lower
charged ones is comparable to the result that one obtains with nitrogen. Another
common point is that the "hill" around the foot of the double charged molecule
ions is constituted by the single ionized atoms in both cases.

Contrastly one did not observe three peaks for "one" common species (N+
2 and

N++
2 respectively) in the case of ionized nitrogen molecules. The explanation for

the phenomenon that there are three peaks for Br+2 and Br++
2 each is that there

are di�erent bromine isotopes which possess di�erent masses. Therefore the
lighter isotopes have to arrive at an earlier time at the detector than the heavier
ones. This is what one sees in the spectrum. Of course nitrogen features several
stable isotopes as well. However, as I have explained in the section "Nitrogen"
there is only one isotope that constitutes the largest part in an ensemble of
unpuri�ed nitrogen so that the other ones become negligible. Thus I just gave
one example for a di�erence that one will have to consider when treating bromine
instead of nitrogen.
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Figure 13.1: Time of �ight spectrum with a bromine seeded gas jet. The left
extract shows the time frame around the TOF of Br++

2 and Br+. The right
extract shows the time frame around the TOF of Br+2 .
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Of course another di�erence is the chemical property of bromine being corrosive.
One of the reasons why we could not go on doing experiments with bromine was
that the vacuum pumps began to su�er. We had to do a lot of improvements
for the safety of our apparati which took a lot of time. So even in the timing
of experimental operations the contrast between nitrogen and bromine becomes
perceptible. Whereas the aligning test with nitrogen was settled within a few
days we still do not have aligning data for bromine. And it remains a question
when these data can be gained because bromine is not easily to handle.

After all one can state that it will take a longer time until the total bromine
dissociation experiment will be �nished. Beginning from the alignment test
- that is still missing - up to the �nal run in which we want to observe what
happens to the molecules' orbitals during the dissociation process we will always
have to account for unforeseen di�culties with our dear bromine. However, that
is what makes life interesting!
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Puck: If we shadows have o�ended,
Think but this, and all is mended,
That you have but slumber'd here
While these visions did appear.
And this weak and idle theme,
No more yielding but a dream,
Gentles, do not reprehend:
If you pardon, we will mend:
And, as I am an honest Puck,
If we have unearned luck
Now to 'scape the serpent's tongue,
We will make amends ere long;
Else the Puck a liar call;
So, good night unto you all.
Give me your hands, if we be friends,
And Robin shall restore amends.

(A Midsummer Night's Dream, W.Shakespeare)


