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Preface
The angular distribution of photoelectrons contains a great deal of information about the ionization process as well as the molecular orbital the
photoelectron originated from.
In time-resolved experiments the angular distributions can be used
to study different time-dependent phenomena where either the rotational
composition or the electronic symmetry of the wave packet changes [6].
These phenomena could be rotational-vibrational coupling, intra molecular
processes like internal conversions or dissociation reactions. Most of these
processes can also be studied using other methods for example photoelectron spectroscopy or fluorescence, but the angular distributions contains
information, which cannot be obtained with these methods and will hence
be a good supplement to these experimental methods.
For atomic systems the angular distribution is measured with respect
to the polarization vector of the laser used to ionize. For molecular systems the distribution can be measured with respect to either a molecular
axis (molecular frame) or the polarization vector of the laser (laboratory
frame). The latter is of course the easiest to measure as it can measured
directly, unfortunately much of the information in the angular distribution
is lost when it is measured in this frame. To obtain as much information as
possible from the angular distribution it is necessary to measure it in the
molecular frame. In a sample of molecules the molecular axes will be distributed isotropically, so you have to either measure the orientation of the
molecular axis in coincidence with the emitted photoelectron or somehow
control the orientation of the molecular axis to obtain the angular distrivi

vii
bution in the molecular frame. In this thesis two different techniques are
presented, which can be used for obtaining the angular distribution in the
molecular frame.
In the first part of the thesis I present the test experiments of an electron spectrometer, which is build for measuring angular distributions of
photoelectrons from anions in either the laboratory frame or the molecular
frame. To obtain the latter the molecule must dissociate, the two photo
fragments and the photoelectron are then measured in coincidence allowing
us to transform the distribution of the photoelectrons from the laboratory
frame to the molecular frame.
The second part of the thesis a series of experiments with non-adiabatic
alignment are presented. In these experiments a short laser pulse is used
to control the orientation of a molecular axis in space, hence the molecular
axes are no longer distributed isotropically and one of the molecular axes
will coincide with a laboratory axis.

Outline
This thesis is divided into two main parts; The first part focus on photoelectron spectroscopy and contains the description of a spectrometer for
measuring photoelectrons detached from negative ions. A time-resolved
experiment on the predissociative S3 state of CS2 is also described in this
part. The second part describes several experiments studying laser induced
alignment on symmetric and asymmetric top molecules.

Part I
Chapter 1
An introduction to photoelectron spectroscopy both time-resolved and non
time-resolved.
Chapter 2
In this chapter an electron spectrometer for photoelectron spectroscopy
on negative ions is described. The ability of the electron spectrometer
to measure the kinetic energy and angular distribution of the detached
photoelectrons is tested.
Chapter 3
A time-resolved photoelectron spectroscopy experiment measuring the lifetime of the predissociative S3 state of CS2 is described. This experiment
viii
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was done in the group of Albert Stolow at the Steacie Institute of Molecular
Sciences, which I visited during the fall of 2004.

Part II
Chapter 4
An introduction to laser induced alignment.
Chapter 5
In this chapter two series of experiments are described; 1) An extensive
study of the alignment dynamics of symmetric top molecules. Especially the
rotational revival structure and its dependence of pulse length, intensities
and centrifugal distortion, was studied. 2) An alignment experiment on two
iodoalkanes showing the generality of laser induced alignment, as a tool for
controlling the orientation of molecules.
Chapter 6
This chapter describes the first experiments carried out trying to combine
laser induced alignment and photoelectron spectroscopy, especially the angular distribution of the emitted photoelectrons are of interest.

Appendixes
Appendix A
Ion properties and laser parameters used in the negative ion experiments
(Chap. 2).
Appendix B
Laser parameters for the beams used in the alignment experiments (Chaps.
5 and 6).

x
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Appendix C
Molecular properties for the molecules used in alignment experiments (Chaps.
5 and 6).
Appendix D
Time of flight spectra of tert-butyl iodide obtained from the alignment
experiments (Chap. 5).
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Photoelectron Spectroscopy
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Chapter 1

Introduction
The field of photoelectron spectroscopy has existed for several decades, and
during this period there has been a tremendous development from measuring ionization energies of atoms to studying reaction dynamics in biomolecules. Numerous review articles have been written about this field and for
a full review I refer to these [7, 8, 9, 10, 11, 12, 6]. It is beyond the scope of
this thesis to cover the full evolution of the field and I will instead highlight
the uses of photoelectron spectroscopy that have inspired the work in this
thesis.
Photoelectron spectroscopy is a term generally used for any experimental technique, which uses photoelectrons as a probe. Some techniques
simply measure the number of photoelectrons created at different photon
energies, where others measure properties of the photoelectrons like kinetic
energy distributions or angular distributions, which both contain information about the molecule or ion being investigated. Since the development
of femtosecond laser systems in the eighties photoelectron spectroscopy has
also been shown to be a very efficient probe in time-resolved experiments.
In the beginning the method was used to measure ionization energies,
electron affinities, cross sections for electron photoejection and more. Photoelectron spectroscopy was used to study the atoms and ions of the elements as well as diatomic molecules [8, 13, 14, 15, 16, 17, 18, 19]. The
2

3
technique is very effective and most of the electron affinities and ionization
energies used today have been measured using photoelectron spectroscopy
[20]. Electron affinities were generally measured using tunable laser sources
and monitoring the electron signal at each wavelength: When the energy
of the photon reached the electron affinity, electrons would appear. This
method is very accurate and can measure electron affinities with a precision
of better than 0.0001 eV.
The angular distribution of the photoelectrons is also very interesting
as it contains information about the symmetry of the orbital the electron
originated from. In atoms the orbitals are characterized by their angular
momentum quantum number (l) and the angular momentum of the photoelectron will depend on both the angular momentum of the orbital the
electron originated from and the energy of the photon used to detach the
electron [13]. For molecules group theory is used to characterize the orbitals
by their irreducible representation (irrep) and the correlation between the
angular distribution of the photoelectrons and the orbital they originated
from is expressed in the following relationship [7]:
Γini ⊗ Γµ ⊗ Γf inal ⊗ Γe− ⊇ ΓT S

(1.1)

where Γini is the symmetry of the initial molecule/ion, Γµ is the symmetry of dipole operator, Γf inal the symmetry of the resulting molecule/ion,
Γe− the symmetry of the photoelectron wave function and ΓT S the totally
symmetric irreducible representation of the molecular symmetry group.
Another difference between the angular distributions of photoelectrons
originating from atoms or from molecules are the coordinate system they are
measured with regards to. For atoms the angular distribution is measured
with respect to an axis in the laboratory system for instance the polarization axis of the laser field [13]. For molecular systems the distribution
is defined with respect to a molecular axis [21], this gives a complication
when measuring the angular distribution of photoelectrons for molecular
systems, as the distribution of the molecular axes is isotropic in the laboratory frame. This will wash out the photoelectron distribution unless it
is possible to measure the molecular axis in coincidence with the emission
vector of the photoelectron. Another possibility is to confine the molecular
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axis to a laboratory axis, this way the measured angular distribution of the
photoelectrons will be the same in the laboratory frame as in the molecular frame. There are a few methods for confining the molecular axis to a
laboratory axis, later in this thesis some of these methods will be reviewed.
In the later years the development of femtosecond laser systems has
opened a wide range of possibilities in the field of time-resolved spectroscopy. In time-resolved spectroscopy two femtosecond pulses are used to
study a time-dependent phenomena like photodissociation, internal crossing etc. [22]. First a pump pulse initiates the process and then after a
time delay a probe pulse probes the evolution of the process by creating a
measurable signal. This signal can be created by a range different processes
for instance fluorescence, absorption or ionization. If the probe pulse ionizes the molecules the measurable signal can be either the ion signal or the
photoelectron signal, a photoelectron signal can also arise from the probe
pulse detaching an electron from a negative ion. There are several advantages of using ionization/photodetachment as a probe process; 1) The
electron can carry away angular momentum, so all transitions are allowed.
2) The electron can also carry away excess energy, hence no resonance requirements on the wavelength of the probe pulse. 3) Detection of electron
and neutral/cation in coincidence gives information about the molecule the
electron originated from. 4) Detection of charged particles is very sensitive,
as electric fields can be used to guide the particles, thereby creating large
detection angles. 5) Single particle detection is possible. [7, 12].
In time-resolved photoelectron spectroscopy it is again possible to probe
either the kinetic energy of the photoelectrons, their angular distribution or
both depending on the information needed. Time-resolved photoelectron
spectroscopy has been used to probe a wide range of different time dependent phenomena for instance the lifetime of short lived excited states,
monitoring the rates of internal conversion and measuring the evolution of
wave packets [7, 12]. Time-resolved angular distributions have been used
to investigate the changes in molecular orbitals during photodissociation
reactions [23, 24].
There are most likely many exciting possibilities to be discovered for using photoelectron spectroscopy both time-resolved and non time-resolved.

5
In the next chapter I will describe the testing of an electron spectrometer
designed for measuring both the kinetic energy distribution and the angular distribution of the photoelectrons. The spectrometer is connected to an
ion beam line allowing us to do experiments on negative ions.

Chapter 2

Photodetachment
2.1

Theory

Photodetachment is the process in which an anion absorbs one or more
photons and an electron is emitted. This can formally be written as [8]:
X − (αi ) + hν → X 0 (αf ) + e− (Ee , λ)

(2.1)

where αi is the initial state of the anion, αf is the final state of the neutral
particle, Ee is the kinetic energy of the electron and λ is the orbital symmetry of the emitted electron. For molecular anions the α state represents
both electronic, rotational and vibrational quantum numbers, whereas for
atomic anions it represents only the electronic quantum numbers.
Using the law of energy conservation the photodetachment process can
be written in energy terms as:
hν + Eint (αi ) = Eint (αf ) + EA(X 0 ) + ∆E

(2.2)

where Eint (αi ) and Eint (αf ) are the internal energies of X − and X 0 respectively, EA(X 0 ) is the electron affinity of X 0 and ∆ E the kinetic energy
release.
From classical mechanics we know that the kinetic energy release will
6
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be split between two particles according to the following expression:
Ekin (m1 ) =

m2
∆E
m1 + m2

(2.3)

where m1 and m2 are the respective masses of the two particles and ∆E
the kinetic energy release.
Since the mass of the electron is at least three orders of magnitude
smaller than the mass of the neutral particle, it is easily seen from Eq.
(2.3) that essentially all of the kinetic energy release will be carried away
by the electron. Consequently, we can make the following approximation:
Ee = ∆E

(2.4)

Within the dipole approximation the differential cross section for photodetachment of atomic anions or an isotropic distribution of molecular
anions can be written as [13]:
σ(Ee )
dσ
(Ee , λ) =
[1 + β(Ee , λ)P2 (cos θ)]
dΩ
4π

(2.5)

where Ω is the solid angle1 , σ(Ee ) is the total cross section for emitting
an electron with kinetic energy Ee , β(Ee , λ) is the anisotropy parameter,
P2 (cos θ) is the second Legendre polynomium2 and θ is the angle between
the polarization vector of the laser and the emission vector of the photoelectron.
The anisotropy parameter can assume values in the range from -1 to 2,
and as the name suggests the value of β indicates how far the distribution
is from being isotropic. A closer look at Eq. (2.5) shows that if β = 0
the dependence of θ in the cross section disappears giving an isotropic distribution of the emitted electrons. For β = −1 the preferred value of θ
is 90◦ , so the electrons will be emitted in the plane perpendicular to the
laser polarization (perpendicular transition), and for β = 2 the preferred
value of θ is 0◦ /180◦ , so in this case the electrons will be emitted along the
1
2

dΩ = sin θdθdφ
P2 (cos θ) = 12 [3 cos2 θ − 1]
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polarization vector of the laser (parallel transition).
For atomic systems with full rotational symmetry β is directly related
to the orbital angular momentum of the emitted electron [13]. Selection
rules states that lf ree electron = lorbital ± 1 [25], so the distribution of the
photoelectrons will reveal which type of orbital the emitted electron occupied in the atom. If lorbital 6= 0 there is two possibilities for the value of
lf ree electron , the two states will interfere and the value of β will depend not
only on the angular momentum of the orbital but also the energy of the
photon used to detach the electron [13].
For molecular systems the angular distribution of the photoelectrons
are very different depending on whether looking at the distribution with
respect to polarization vector of the light or looking at the distribution with
respect to an axis in the molecule. In the first case Eq. 2.5 can be used for
an isotropic distribution of the molecules, for the latter case more terms
are introduced making the angular distributions more structured [21].
In the experiment all electrons created by a certain photon energy are
measured, and the total cross section of the experiment can be obtained by
summing over all possible photoelectron energies:
σtot (hν) =

X

σ(hν, Ee )

(2.6)

Ee

There are three different types of excitation, which can cause the kinetic
energy spectrum to split into more than one peak. The largest difference in
energies will be seen if it is possible to create the neutral molecule/atom in
an electronically excited state, this will create a photoelectron with lower
energy than the ground state → ground state detachment.
The other two types of excitation are only relevant for molecules, as
they are vibrational and rotational excitations. Vibrational excitation can
create photoelectrons with both higher and lower energies than v”=0 →
v’=0 detachment. If the anion initially has more than one vibrational state
populated, it is possible to create more energetic photoelectrons through
detachment to a lower vibrational state in the neutral molecule. This scenario has to be considered if the anions are created in a hot source. It is
also possible to excite the neutral molecule vibrationally creating photoelec-

2.1 Theory
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E01

A+B

E00
E10

A + B-

Figure 2.1: An illustration of the three different vibrational excitation possibilities during photodetachment. The dotted line illustrates excitation
to a lower vibrational quantum number in the neutral molecule than the
initial vibrational level of the ion. The full line illustrate no change in
the vibrational quantum number during photodetachment and the dashed
line illustrates excitation to a higher vibrational quantum number during
photodetachment.
trons with lower energies than v”=0 → v’=0 detachment. These different
excitations are illustrated in Fig. 2.1.
Finally rotational excitation has to be considered, when making a transition the rotational quantum number (J) can change. Depending on which
rotational state is the most populated in the ion, the size of the rotational
constants and the energy resolution of the spectrometer this can lead to
either a broadening of an energy peak or to separated rotational peaks.
The kinetic energy spectrum can be seen as a hierarchy of three types
of peaks. First the peaks arising from electronic excitation, these will be
separated into vibrational peaks, which will be separated into rotational
peaks. How far down the hierarchy the peaks will be separated depend on

10
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the resolution of the spectrometer.

2.2

Experimental Setup

This section contains a detailed description of the experimental setup. In
short the experimental setup consists of an ion beamline ending in an electron spectrometer, where the ion beam is crossed at 90◦ by a laser beam,
see Fig. 2.2.
Region 1

Region 2

Region 3

Ion Source
Laser Beam
Bending
Magnet
Chopper

Faraday Cup I

Electron
spectrometer

Faraday Cup II

Figure 2.2: A schematic overview of the entire experimental setup.

2.2.1

The Optical Setup

The experiments were carried out using a regenerative amplified modelocked Ti:Sapphire femtosecond laser system. The output pulses from this
system have a duration of about 100 fs and fundamental wavelength of 810
nm. The pulse energy varies depending on the repetition rate of the system,
at 1000 Hz it is about 0.60 µJ and slightly higher at lower repetition rates.
Figure 2.3 shows a schematic of the optical setup used for the experiments. The setup is designed in a way so it is possible to change several
pump-probe pairs. The possible pairs are (810 nm, 810 nm), (810 nm, 405

2.2 Experimental Setup
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CL

WP

DL

OM

CL
BBO-SHG

DL
BBO-THG

WP

BS

CL
WP

BB

DL CL

CL
OM
MM

DL
WP
MM

Spectrometer

Figure 2.3: Schematic of the optical setup. CL converging lens, DL diverging lens, WP half wave plate, BS beam splitter (90/10), MM metallic
mirror, BB beam block, OM overlap mirror and the red, blue and purple
lines represent 810 nm, 405 nm and 270 nm light.

nm) and (810 nm, 270 nm). It is also possible to control the polarization of
each beam individually, this may be needed for certain experiments. The
setup was designed with time-resolved experiments in mind, but so far we
have only used each color separately. The experimental parameters of the
different beams are shown in Tab. 2.1.
λ
810 nm
405 nm

Pulse energy
0.60 mJ
0.15 mJ

τ
108 fs ± 5 fs
158 fs ± 18 fs

beam radius
3.5 mm
2.5 mm

Table 2.1: Experimental parameters of the two laser beams.
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The Ion Beam Line

The ion beam line is divided into three regions (see Fig. 2.2), which are
differentially pumped to pressures around 10−6 mbar (region 1), 10−8 mbar
(region 2) and 10−9 mbar (region 3), respectively.
Creation and Selection Region
In Region 1 (see Fig. 2.2) the ions are created in an ion source. For our experiments we have used a sputter source [26], but it is possible to use other
ion sources as well. A sputter source is particularly useful when working
with negative ions either atomic or diatomic, as it is easy to change the
ion species, the produced ion currents are high and there is a minimum of
maintenance. The sputter source works by accelerating Cs+ onto a cathode, this sputters of the anions. The material for the cathode is chosen to
create the wanted anions [27]. After the ions are created they are accelerated, the acceleration voltage is chosen so the kinetic energy of the ions
is appropriate for the experiment carried out. This may mean choosing a
small acceleration voltage, if we are looking at an ion that dissociates into
two fragments, so the flight time is long giving a larger distance between
the two fragments.
After acceleration a (90◦ ) bending magnet selects the ions according to
their m
q ratio, where m and q is the mass and charge of the ion, respectively.
Just after the magnet a Faraday Cup can be inserted (Faraday cup I), see
Fig. 2.2, making it possible to measure the DC-current of the ion beam.
In table 2.2 the measured DC currents of the different anions used in our
test experiments are shown.
ion
O−
H−
OH−

Ion source
Sputter source (Al2 O3 /TiH2 )
Sputter source (TiH2 )
Sputter source (TiH2

current cup I
≈ 1 µA
≈ 2 µA
≈ 2 µA

Table 2.2: The DC currents of the different anions measured in Faraday
Cup I, see Fig. 2.2.

2.2 Experimental Setup
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Chopper and Focusing
Region 2 (see Fig. 2.2) connects the creation region with the interaction
region. To reduce the number of electrons created in the spectrometer by
collisions between the ions and the residual gas, we chop the DC ion beam.
This is done using a pair of electrostatic deflection plates. One of the plates
is kept at 0 V, while the other is switched from 3 kV to 0 V letting the
ions through, when a trigger signal is received. The timing of this signal
is chosen so that the ions will reach the spectrometer at the same time as
a laser pulse, the duration of the signal is chosen as short as possible. In
our experiments we chose the duration of each ion bunch to be 0.5 µs, the
signal to the chopper is sent with a repetition rate of 20 Hz creating one ion
bunch per laser pulse.
To steer the beam through the beamline down to
the interaction region without loosing to many ions there are three steering
devices. First an Einzel Lens, where both the focus and the astigmatism of
the beam can be controlled followed by two pairs of electrostatic deflection
plates. These can be used to steer the beam either in the horizontal or the
vertical plane, thus making sure the beam reaches the end of the beam line.
Just before entering the interaction region (Region 3) the ion beam is
bent 3◦ by a pair of electrostatic deflection plates, this is done to prevent the
neutral particles produced by collisions with residual gas in the beamline
to enter the interaction region.
The ion beam is collimated with two sets of horizontal and vertical slits,
one set at the beginning of this region and one set just before entering the
interaction region through a 5 mm aperture. These slits can be used to
reduce the signal if this is needed.
The Interaction Region
The spectrometer consists of a stack of 25 equidistant circular electrodes
with linearly increasing aperture diameters from 10 mm to a constant of
70 mm interconnected through identical resistors (R=100 kΩ). The last
electrode is grounded and the first electrode is biased with the voltage -VL .
These plates provide a homogenous electric field accelerating the photoelec-

14

Photodetachment

Foto diode
CCD
camera

Lens
Slits
3

MCP

-

e

Def. plates

o

5mm

MCP

X
X

0

-

Faraday
cup

CCD
camera

-VL
Electrode system

Figure 2.4: A schematic drawing of the interaction region.

trons towards the detector giving a 4π detection angle.
At the end of the electrode system a micro channel plate (MCP) with
a phosphor screen is placed, this is used for detecting the photoelectrons.
This detector has a hole in the middle with a diameter of 15 mm allowing
the created neutral particles and the remaining ions to pass through and
continue down the beamline.
At the end of the beamline a second MCP-detector is installed, this is
used for detecting the neutral particles. A second Faraday Cup is placed
just before this detector and can be positioned both in front of the detector
or next to it, see Fig. 2.4. The second cup is used both to measure the ion
current at the end of the beamline when running in DC mode, and for collecting the remaining ions after laser interaction when the beam is chopped.
The ions are guided to the cup using a pair of electrostatic deflection plates
placed after the spectrometer, see Fig. 2.4.
It is possible to use CCD (charge coupled device)-cameras to monitor
both detectors, and thereby measure the position of both the photoelectrons and the neutral particles, their arrival times are found by using the
electronic signal from the phosphor screens on the MCP-detectors. If only
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Figure 2.5: A schematic drawing of the data acquisition system.

the arrival time and not the position of the particles is needed, it is possible
to use a photomultiplier for detection. The photomultiplier signal has less
noise than the signal from the phosphor screen on the MCP-detector and
should always be used if it is not necessary to measure the position of the
particle.

2.2.3

The Data Acquisition System

A schematic drawing of the data acquisition system is shown in Fig. 2.5.
To determine the arrival times of the laser pulse, the photoelectron and
the neutral particle, we use a photodiode for the laser signal, the signal
from the phosphor screen on the e− -MCP for the photoelectron signal and
a photomultiplier for the neutral signal.
The signals from the photodiode, photomultiplier and phosphor screen
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on the e− -MCP are sent through constant fraction discriminators (CFD’s)
to get a better signal. A CFD improves a signal in several ways. It can
be gated, so that only signals occurring within a defined period of time are
registered, this reduces the chance of background particles interfering with
the measurements and filters out noise. The timing of the signal from the
CFD is independent of the amplitude of the input signal, as long as the
shape of the input signals are the same. The CFD’s output signal has a
standard height, this is useful when using the signal as a trigger. Hence
using a CFD improves the precision of the timing measurements.
The three output signals from the CFD’s are used as start and stop
signals for time-to-amplitude converter (TAC) signals. When a TAC receives a start signal it begins to step up a voltage, when it receives a stop
signal, it produces a signal with the reached voltage. The amplitude of the
signal is a measure of the time difference between the start and stop signal,
and by calibrating each TAC it is possible to convert the voltage into a
time difference, see Sec. 2.4.1. It is possible to change the maximum delay
between the start and the stop signal, of course the smaller the range the
better the resolution.
In the experiment three TAC signals are used. One is used for determining the time of flight of the photoelectrons, here the photodiode signal
and the signal from the phosphor screen of the e− -MCP as start and stop
signals, respectively. The time difference found from the TAC signal can
be expressed as:
Tle = Te − Tl − D1

(2.7)

where Tle is the time measured by the TAC, Te is the arrival time of the
electron, Tl the arrival time of the laser and D1 is all the delays introduced
in the setup for instance by amplifiers, cables and other electronics. This
delay has to be determined using a reference ion, see Sec. 2.4.3.
The other two TAC signals are used as coincidence requirements to
make sure that the measured photoelectron is in coincidence with both
the laser pulse and the measured neutral fragment. These signals both
use the signal from the photomultiplier measuring the arrival time of the
neutral particle as stop signal. Since the neutral particle is detected several
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µs after both the electron and the laser, the possibility of a false signal
arriving between the start and stop signal is large. To avoid this and to
get a better time resolution of the TAC signals, both the laser and electron
signals are delayed using delay generators until they are within 200 ns of
the neutral signal. The expressions for the two TAC signals can be seen
below:
Tln = Tn − Tl − D2

(2.8)

Ten = Tn − Te − D3

(2.9)

where Tln and Ten are the two times measured by the TAC’s, Di is all
the delays introduced in the setup including the delay generator, Te is the
arrival time of the electron, Tn is the arrival time of the neutral particle
and Tl the arrival time of the laser. The signals from the three TAC’s are
sent through an analog-to-digital converter and the converted data are then
stored in our datafile along with the recorded images.
It is not possible to trigger the CCD-camera, which just runs with a
repetition rate of 25Hz, so to be sure that a real event could have occurred
during its exposure time, we give it an end of frame signal and only when
such a signal is received during the exposure time, the image is saved. The
position of the of the electron can then be found from the saved images.
In the previous sections I have mentioned a lot of different signals,
which have to be timed with respect to each other; the chopper signal,
end-of-frame and others. To get the timing right we use a trigger from the
femtosecond laser system as a master clock.

2.3

Data Analysis

This section will concentrate on how to get from the measured variables to
kinetic energy and emission angles of the photoelectrons.
Using classical mechanics it is possible to convert the measured position and time of flight into the kinetic energy and emission angle of the
photoelectron.
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Figure 2.6: A) The propagation vectors and angles of the experiment. The
Origo of the coordinate system is the interaction point, ~klaser is the propagation vector of the laser, ~kions is the propagation vector of the ions/neutrals,
~kelec is the emission vector of the photoelectron and ~εlaser is the polarization of the laser field (~εlaser = (εx , 0, εz )). B) The e-MCP-detector plane
(Xe , Ye ) is the point, where the photoelectron hits the MCP. The hole in
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The values of the Xe and Ye coordinates on the detector for a photoelectron released in direction ~kelectron with energy Ee are given by:
s

Xe = velectron Te cos φz sin θz =
s

Ye = velectron Te sin φz sin θz =

2Ee
Te cos φz sin θz
me

(2.10)

2Ee
Te sin φz sin θz
me

(2.11)

where Te is the time of flight (TOF) of the photoelectron, velectron is the
velocity of the photoelectron and the angles the same as described in Fig.
2.6.
In the interaction region the photoelectron is accelerated by the electric
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field from the electrode system. This acceleration in the z-direction can be
expressed as:
eVL
(2.12)
ae =
me L
where VL is the lens voltage (see section 2.2.2) and L is the length of the
electrode system.
We can now express the length from the interaction point to the detector
Ld as a function of Te using classical mechanics [28].
Ld =
=

1
ae Te2 + velectron(z) Te
2
s
s
ae 2
2Eion
2Ee
Te + [
+
cos θz ]Te
2
mion
me

(2.13)

Eqs. (2.10), (2.11) and (2.13) can now be used to derive expressions for
the kinetic energy of the photoelectron (Ee ), the radius of the signal (R)
and the emission angles (φz , θz and θ), see Fig. 2.6. The expressions are as
follows:
R2 = Xe2 + Ye2
(2.14)
2
me R + [Ld −
Ee =
2

q

2Eion
mion Te
Te2

φz = arctan
θz = arctan

q

Ld −

−

ae 2 2
2 Te ]

Ye
Xe
R

(2.15)
(2.16)

2Eion
mion Te

−

ae 2
2 Te

cos θ = ~εlaser · k~e

(2.17)

(2.18)
2

2

tan θ = tan θz if |~ε| = |~εz |

(2.19)

The formulas above show that the measured variables can be used to calculate the full 3D velocity distribution of the emitted electrons.
The angular distributions of the photoelectrons can now be used to find
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the anisotropy parameter. From Eq. (2.5) it is possible to find an expression for the angular distribution containing the anisotropy parameter for
the detachment reaction, see Sec. 2.1.
The angular distribution can be found with respect to either the flight
direction of the ions (z-axis) or with respect to the polarization vector of
the laser. We choose to name the angle pairs with respect to the two different polar axes either (θz , φz ) or (θ, φ), respectively. The solid angle dΩ
can be written as sin θz dθz dφz or sin θdθdφ for the two different sets of
polar angles, respectively. If the the laser is polarized along the z-axis the
two angle pairs coincide. The angular distribution may then be found by
integration.
First we find the angular distribution using the polarization of the laser
as the polar axis:
Z

I(θ)dθ =
=
=
=
I(θ) =
I(θ) =
I(θ) =

φ

dσ
1
=
σ
4π
Z

Z
φ

[1 + β(Ee , λ)P2 (cos θ)]dΩ

1
[1 + β(Ee , λ)P2 (cos θ)] sin θdθdφ
4π φ
Z
1
1
[1 + β(Ee , λ)( [3 cos2 θ − 1])] sin θdθdφ
4π φ
2
Z
1
β 3β
cos2 θ] sin θdθdφ
[1 − +
4π φ
2
2
Z
1
β 3β
cos2 θ] sin θdφ
[1 − +
4π φ
2
2
Z
1 2π
3β
β
cos2 θ sin θ]dφ
[(1 − ) sin θ +
4π 0
2
2
1
β
3β
(1 − ) sin θ +
cos2 θ sin θ
2
2
4

(2.20)

Instead of using the angles θ and φ for the distributions, it is also possible to use the more easily calculated angles θz and φz . The distributions
with respect to these angles are also found using Eq. (2.5). To do this we
need to express cos θ from the Legendre polynomium in terms of θz and φz
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from Eq. (2.18) we have :
cos θ = ~εlaser · k~e
cos θ = (εx , 0, εz ) · (sin θz cos φz , sin θz sin φz , cos θz )
cos θ = εx sin θz cos φz + εz cos θz

(2.21)

We are now ready to find the angular distribution using the z-axis as
the polar axis:
Z

I(φz )dφz =

θz

dσ
1
=
σ
4π

Z

Z
θz

[1 + βP2 (cos θ)]dΩz

1
1
[1 + β (3 cos2 θ − 1)] sin θz dθz dφz
4π θz
2
Z
1
1
I(φz ) =
[1 + β (3(εx sin θz cos φz + εz cos θz )2 − 1)] sin θz dθz
4π θz
2
Z π
β
3β
1
=
[εx sin θz cos φz + εz cos θz ]2 ) sin θz dθz
( (1 − ) +
4π
2
8π
0
1
β
3β 2
β 2
=
(1 − ) +
ε cos2 φz +
ε
(2.22)
2π
2
8 x
4π z
=

By integrating over φz it is possible to find the angular distribution in
θz :

I(θz ) =

β
3
3
1
(1 − ) sin θz + β sin3 θz ε2x + β cos2 θz sin θz ε2z (2.23)
2
2
8
4

Fitting the expressions above ((2.20),(2.22),(2.23)) to the measured angular distributions enables determination of the anisotropy parameter for
the photodetachment process.
It is also seen that Eq. (2.20) is independent of laser polarization,
whereas by changing to the other set of angles a dependence on the laser
polarization is introduced into the angular distributions, see Eqs. (2.22)
and (2.23).
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Calibrating the Equipment for the Photodetachment Experiments

The setup needed to be calibrated before starting experiments. In the
following section a brief description of the calibration experiments carried
out will be given.

2.4.1

Calibration of the TAC Signal

To get from the amplitude of the TAC-signal to the actual time between
the start and stop signals it is necessary to know the conversion factor of
the TAC. This can be found by making a number of measurements, where
different known delays are inserted in the stop signal. This will give a set
of (time/delay, voltage) pairs, and making a linear fit to these points gives
the conversion factor.
This type of experiment was carried out several times for each TAC used
in the experiment. We found that the conversion factor does not change
from day to day. It is still necessary to carry out these experiments once
in a while to check that the TAC’s are working properly and nothing has
changed. It is also necessary to recalibrate, if the settings of the TAC are
changed.

2.4.2

Calibrating the Detector

We also needed the conversion factor between pixels and distance(mm) of
the e− -MCP-detector in order to find (Xe ,Ye ) and calculate the radius of
the signal. The conversion factor was found by recording an image, where
no ion or laser beam was on. This gave an image with a very homogenous
coverage of the detector, which could then be fitted to the dimensions of
the detector using a routine written by H. B. Pedersen [29]. This produced
both the conversion factor from pixels to mm and the position of the center
of the detector.

2.4 Calibrating the Equipment for the Photodetachment
Experiments

2.4.3
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The Unknown Delays Introduced by the Setup

To get the TOF of the electrons the laser-electron TAC (Tle ) was used,
but from Eq. (2.7) it is seen that we need to know the size of the delay
introduced in the setup. This delay is found by using a reference ion, which
should be easy to produce and have a simple well known photoelectron
spectrum at the chosen wavelength. When the electron affinity of the ion
and the wavelength of the photon are known, the kinetic energy of the
electron can be calculated and hence the time of flight distribution can be
found. The experimental and theoretical time distributions are then fitted
to coincide by changing the unknown delay (D1 ). The found delay can then
be used when analyzing data recorded with other ions. This needs to be
done everyday, since the delay varies from day to day.
The time of flight measurements have an uncertainty of about 0.5 ns
introduced in the measuring process. The unknown delay also have this 0.5
ns uncertainty and it is therefore necessary adjust the delay within this 0.5
ns window for each measurement. This is done by minimizing the width of
the energy distribution, as the energy distribution is very sensitive to the
TOF distribution.

2.4.4

Coincidence Requirements

We record sets of one electron and one or more neutral particles created
by one photon. To be sure that the measured electron was created by
detachment from a negative ion, we set up three coincidence requirements;
all three TAC signals should be non-zero, when this is fulfilled the electron
measured is in coincidence with a neutral particle and both particles are in
coincidence with the laser.
Apart from these requirements it is also easy to calculate from detector
efficiencies that if we are to have close to none false coincidences, we are
only allowed to have one electron/neutral pair for every 20 laser shots when
doing two particle coincidence, and one electron/two neutrals per 100 laser
shots when doing three particle coincidence.
It is important that all particles are measured in coincidence if we are to
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calculate the full 3-D distribution of the emitted electrons. Since our setup
at the moment is recording data with a repetition rate of about 20Hz, it
is very time consuming to record just a single data set with these strict
coincidence requirements.

2.5

Testing the Setup

To make sure the setup was working properly we performed a series of test
experiments using O− and H− as test ions since these ions are already well
studied both experimentally and theoretically [13, 14, 30], for ion properties
and experimental detail see App. A. In this section these experiments will
be described in detail.

2.5.1

O− Experiments

O− has an electron affinity of 1.4611 eV [20], so it is possible to detach an
electron using a single 405 nm photon. The anisotropy parameter of O−
is -0.8 at this wavelength, see Tab. A.1, so the electrons will be emitted
in the plane perpendicular to the polarization of the laser. Preferably the
electrons should be emitted parallel to the detector to minimize the number
of electrons disappearing through the hole in the middle of the detector,
for this reason the polarization of the laser was chosen to be horizontal
(~εlaser = (0, 0, 1)), see Fig. 2.6.

Lens Voltage
First the electric field in the spectrometer was tested. This was done by
measuring a data series with different lens voltages and confirming that the
dependence of the maximum radius of the electron signal and the mean
of TOF distribution were in agreement with Eqs. (2.14) and (2.13). The
results are shown in Fig. 2.7.
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Figure 2.7: Test of the correlation between lens voltage and mean TOF and
maximum radius. The dots are the measured values and the lines are the
calculated values. The TOF are all taken relative to TOF(VL = 500 V).
The experiments were carried out on O− using horizontally polarized 405
nm pulses.

Radial Distribution
The radial distribution was then examined, to see if it was in agreement
with the theoretical result. From Eq. (2.14) the radial distribution of the
detached electrons can be found. And for a system with known anisotropy
parameter and electron affinity, it is possible to calculate the expected radial
distribution using Eqs. (2.10), (2.11) and (2.14). Fig. 2.8 shows the results
obtained from detachment of O− using 405 nm pulses. As seen in the figure
there is good agreement between the calculated and the measured results.
The only discrepancy is that fewer electrons than expected are detected
at large radii. This is potentially a problem when calculating energy and
angular distributions, as these electrons are ejected with a θz around 90◦ ,
this could effect the anisotropy factor found in the experiment.
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Figure 2.8: The radial distribution of detached electrons from O− using
405 nm pulses with horizontal polarization. The columns are experimental
results and the line is the calculated results.

Time Distribution
For calculating the TOF distribution of the electrons we use the laserelectron TAC (Tle ). After calibrating the TAC the conversion factor from
voltage to time is known and Eq. (2.7) leads to the following equations:
Te = Tle + Tl + D1

(2.24)

Te = Tle + Dtot

(2.25)

where Dtot is the unknown delay mentioned in Sec. 2.4.3.
Since the unknown delay only consists of the arrival time of the laser
and the delays introduced by the setup, it should only be necessary to find
it once a day. In these test experiments the delay was found by using the
routine described in Sec. 2.4.3. The result is shown in Fig. 2.9, and as seen
there is good agreement between the two distributions.
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Figure 2.9: The time distribution for electrons detached from O− with
horizontally polarized 405 nm pulses. The columns are experimental results
and the line is the calculated results.

Energy Distribution
The energy distribution is calculated using Eq. (2.15), since both the radial
and the time distribution are known. The electron affinity of O− is 1.4611
eV [20], so when using 405 nm photons to detach the electrons, their kinetic
energy should be 1.605 eV.
The energy distribution with a gaussian fit is shown in Fig. 2.10. The
gaussian fit gives an energy of 1.52 eV with a FWHM of 0.65 eV.
The uncertainty on the absolute value of the electrons kinetic energy is
estimated to 0.1 eV, so the result is in agreement with previously measured
values. The width of the energy distribution depends on the applied lens
voltage, the kinetic energy of the electron and the time and the spatial
resolution of the spectrometer [29]. As we have a high kinetic energy and
a high lens voltage the width of the distribution is expected to be quite
broad [29], this of course makes the energy resolution of the spectrometer
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Figure 2.10: The energy distribution for electrons detached from O− with
horizontally polarized 405 nm pulses. The columns are experimental results
and the line is a gaussian fit giving Ee = 1.52 eV and FWHM = 0.65 eV.

worse and it is important to always keep the kinetic energy of the detached
electron and the lens voltage as low as possible.
Angular Distributions
The angular distributions can be found from the (X,Y) position and time
distribution of the electrons using Eqs. (2.16), (2.17) and (2.18). The
distributions can then be fitted to the theoretical distributions to find a
value for β, see Eqs. (2.20), (2.22) and (2.23).
It is easily seen from Eq. (2.22) that if the light is horizontally polarized,
the distribution will be isotropic in φz , so using horizontally polarized light
will make it impossible to determine β from this distribution, leaving us
with only the θ distribution for determining β.
Figure 2.11 shows the two different angular distributions obtained from
O− with horizontally polarized light. From the θ distribution we find β =
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Figure 2.11: The angular distributions as a function of θz and φz for electrons detached from O− with horizontally polarized 405 nm pulses. The
columns are the symmetrized results and the line is a fit to Eq. (2.20)
giving β = -1.0 ± 0.1.

-1.0 ± 0.1 using Eq. (2.20). The uncertainty of 0.1 is only the statistical
uncertainty of the fit without taking the uncertainties of the measured
angular distribution into account, hence the actual uncertainty is about 0.2,
so the result is within our expected range of β-values. The φz distribution
is uniform as expected from Eq. (2.22).
Both distributions have been symmetrized in the analysis to avoid any
effect from a non-uniform detector, this is why there may seem to be a
pattern in the φz distribution.
Summary of the Results
In this section our results from experiments carried out on O− have been
shown. These results show that the setup can be used to measure both the
kinetic energy and the angular distributions of detached electrons.
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The uncertainty on the absolute value of the electrons kinetic energy is
quite a bit higher than what can be achieved with other measuring techniques, but this is not a problem, since we are more interested in looking at
the changes in electron energies and angular distributions during reactions,
than measuring precise electron affinities.

2.5.2

H− Experiments

To further test the setup a series of experiments on H− were carried out,
this was done using 810 nm pulses since the electron affinity of hydrogen
is much lower than that of oxygen [16]. These experiments were designed
to test our ability to determine the unknown delay (Dtot ) of the system.
So each day a calibration experiment with O− was carried out and used to
determine Dtot , see Sec. 2.4.3, which was then used for finding the time
distribution of H− , see Eq. (2.25).
The electrons detached from H− originate from the 1s-orbital and since
the angular momentum (l) changes by ±1, it will have angular momentum
of 1 (p-electron, β = 2), hence it will be emitted along the polarization
axis of the laser. For this reason the experiments were carried out using
vertically polarized light (~εlaser = (1, 0, 0)), see Fig. 2.6.
Radial Distribution
The radial distribution for H− is in agreement with the expected distribution, see Fig. 2.12. There is a bit of background outside the maximum
radius, this is from ionization of the background gas in the chamber. Our
data analysis program allows us to ignore these electrons, when calculating
the angular, energy and time distribution, which has been done in the following analysis. The background could not be seen in the O− data as the
radius of this signal was much larger than the electron signal from H− .
Time and Energy Distributions
The time distribution is found using the unknown delay, but as there is an
uncertainty on the time measurements of about 0.5 ns, the unknown delay
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Figure 2.12: The radial distribution of detached electrons from H− using
vertically polarized 810 nm pulses. The columns are experimental results
and the line is the calculated results.

may only be within 0.5 ns of the correct delay. To find the right delay we
investigate how the width of the energy distribution changes as the delay
is changed, since the right delay will give the narrowest distribution. This
method is used to fine tune the unknown delay found in the calibration
experiment.
Figure 2.13 shows the experimental time distribution and the calculated
distribution, as seen these are in good agreement. The electron affinity of
H− is 0.775419 eV [20], so when detaching with 810 nm photons the kinetic
energy of the electrons should be 0.76 eV. The gaussian fit to the energy
distribution, see Fig. 2.13, gives Ee = 0.74 eV with a FWHM = 0.33 eV.
The uncertainty on the absolute value of the kinetic energy is about 0.1
eV, so there is good agreement with the expected value. The width of the
energy distribution is much smaller than for O− , which would be expected
since both the kinetic energy of the electron and the lens voltage are smaller
in this experiment.
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Figure 2.13: The time and energy distributions of detached electrons from
H− using vertically polarized 810 nm pulses. The columns are experimental
results, the full line in the time distribution is the calculated result and the
line in the energy distribution is a gaussian fit. The gaussian fit to the
energy distribution gives Ee = 0.74 eV with a FWHM = 0.33 eV.

Angular Distributions
The angular distributions can now be found, and since vertically polarized
light is used for detaching the electrons, it is possible to use both the φz
and the θ distributions to determine β, see Eqs. (2.20) and (2.22). As the
electron is detached from an s-orbital, the expected value of β is 2. The
two fits gives β as 2.0 ± 0.1 for the θ distribution and 1.9 ± 0.1 for the φz
distribution these values are in agreement with the expected value of β.

2.5.3

First Test on a Molecule: OH−

As the first test molecule we chose OH− , since it has an electron affinity
of 1.8277 eV [18, 17] allowing us to detach the electron using one 405 nm
photon. Also it is easy to produce in the sputter source.
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Figure 2.14: The angular distributions of detached electrons from H− using
vertically polarized 810 nm pulses. The columns are the experimental results and the full lines are fits to Eqs. (2.20) and (2.22), respectively. The
results for the two fits to the angular distributions are for the θ distribution
β = 2.0 ± 0.1 and for the φz distribution β = 1.9 ± 0.1.

Since the anisotropy parameter of OH− in the lab frame is about -0.9
[31], horizontally polarized light was used for this experiment.
Time Distribution
The time distribution was found using O− as a reference ion and following
the procedure described previously, see Secs. 2.4.3 and 2.5.2. The result is
shown in Fig. 2.15 and there is good agreement between the two distributions.
Energy Distribution
As the electron is now detached from a molecule, more than just the electron affinity have to be considered, when looking at the energy distribution.
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Figure 2.15: The time and energy distributions of electrons detached from
OH− using horizontally polarized 405 nm pulses . The columns are experimental results, the straight line in the time distribution is the calculated
result and the straight line in the energy distribution is a gaussian fit. The
gaussian fit of energy distribution gives Ee = 1.17 eV with FWHM = 0.62
eV.

There is now the possibility of electronic, rotational and vibrational excitation in both the anion and the neutral molecule. Table 2.3 shows some
of the spectroscopic constants for the two diatomic molecules.
The two equilibrium bond lengths are practically equal, as expected
since the extra electron in OH− is in a non-bonding orbital. So the FranckCondon factors will favor the v” = 0 → v 0 = 0 transition, but there may
be a small contribution from the v” = 0 → v 0 = 1 transition as well.
The temperature in the sputter source is about 1000 K. Assuming a
Boltzmann distribution of the molecules about 0.5% of the ions will be in
the first excited vibrational state, giving rise to a negligible contribution
from the v” = 1 → v 0 = 0 and v” = 1 → v 0 = 1 transitions in the photoelectron spectrum.

2.5 Testing the Setup

OH
OH−

ωe (cm−1 )
3737.76
3700

ωe χe (cm−1 )
84.881
unknown

35
re (Å)
0.96966
0.97

B (cm−1 )
19
19

∆Ev=0→1 (eV)
0.442
≈ 0.45

Table 2.3: Table of diatomic constants for OH− and OH. All data are from
[20].

Looking at table 2.3 it is seen that the energy difference between the
v=0 and the v=1 vibrational states in both the ion and the neutral molecule is about 0.45 eV, this is of the same order as the expected width of the
energy distribution, so these different peaks will not be resolved with the
resolution of this spectrometer. The two peaks on either side of the main
peak will probably look like a broadening at the bottom of the main peak,
since both side peaks will be very small compared to the main peak
The first excited electronic state of OH (A2 Σ+ ) has an excitation energy
of 4.06 eV [20]. This is much higher than energy of the 410 nm photon, so
there is no electronic excitation.
At 1000 K the most populated rotational state in the ion is J=4, again
assuming a Boltzmann distribution, the rotational constant (B) is 19 cm−1 ,
so the broadening of the energy distribution caused by rotational excitation 3 is in the order of 20B (0.05 eV), this is not much considering the
broadening caused by other factors, hence it can be ignored.
The kinetic energy spectrum should look like a large peak at 1.24 eV.
A gaussian fit to the distribution, see Fig. 2.15, gives Ee = 1.17eV with a
FWHM of 0.62 eV. This is in accordance with the expected values. There
are no signs of the two other vibrational peaks as expected. The width is
comparable to that of O− , which is expected; even if Ee and VL are a bit
smaller, the rotational broadening will make up for this.
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Figure 2.16: The Angular distributions of electrons detached from OH− using
horizontally polarized 405 nm pulses. β was found to be -0.7 ± 0.1. The columns
are the experimental results and the straight line is a fit to Eq. (2.20).

Angular Distributions
In this experiment the laser was polarized horizontally, so it is not possible
to use the φz distribution to determine β, as it is just a uniform distribution.
The θ distribution was fitted to Eq. (2.20) giving β = -0.70 ± 0.1, which
is in agreement with the expected value of -0.9, see Fig. 2.16.

2.5.4

Summary of Results

The spectrometer has been tested on three different anions, two atomic
and one molecular, all test experiments have been successful as we have
been able to measure both energy and angular distributions in agreement
with previously measured results. We have also demonstrated that the
calibration method described in Sec. 2.4.3 works using O− as a reference
3

The rotational selection rules are ∆J = ±1 and ∆E = BJ(J + 1) [32].

2.6 Future Plans
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ion to determine the unknown delay (Dtot ) for the two other anions. From
the experiments it is clear that the accuracy of the spectrometer is not
sufficient for making very precise measurements of electron affinities since
the uncertainty of the absolute kinetic energy of the electrons is about 0.1
eV. This is not a problem at the moment, as these types of experiments are
not planned. The spread in energy is very dependent on the kinetic energy
of the electron [29], so it is very important to have this as low as possible
by choosing the right wavelength for the detachment pulses.

2.6

Future Plans

As mentioned in the introduction the angular distributions of detached electrons from molecules, should ideally be measured in the molecular frame
and not the laboratory frame. This is not easy to accomplish, but we are
improving our imaging system allowing us to acquire images of both the
electron and the neutral fragments. For dissociating anions this allows us
to transfer the electron distribution into the molecular frame using the axis
between the two neutral fragments as a molecular axis. This of course will
only give us the correct axis in the φ angle, see Fig. 2.6, unless we are able
to measure the TOF of both neutral fragments independently.
This also gives us a new set of coincidence requirements, as it is then
three particle coincidence instead of two particle coincidence, so the experiment will allow an even lower frequency of hits than before (1/100 compared
to 1/20), making the experiment slower and more vulnerable to instabilities. Test experiments are still needed before this addition is ready for use.
Also the analysis routine needs to be rewritten to analyze the new data,
and make the transformation of the electron angular distribution from the
laboratory frame to the molecular frame.
An electrospray source has been built for the beamline, this would allow for experiments on larger anions for example water clusters or more
biologically interesting anions. The first tests have been carried out using
this source, but still more tests are needed before it is ready to be used
in experiments. Initially this source will probably be used for measuring
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electron affinities of larger anions, and investigating how they dissociate
when the electron is detached.
There is also a possibility of making time-resolved experiments using
the femtosecond laser setup. This has not been done yet, due to the time
required to acquire a single spectrum. The repetition rate at the moment
is about 20 Hz, hence it would take at least a week of data collection to
acquire one set of data (about 3 hours per time delay), which makes us
too vulnerable to instabilities. The limiting factor for the repetition rate at
the moment is the CCD-camera, which can only run at 25 Hz 4 . The laser
system has a repetition rate of 1 kHz, so if a camera with this repetition
rate was installed, it would be possible to run time-resolved experiments.

4

And since the camera cannot be triggered, it runs freely, which reduces the repetition
rate to about 20 Hz.

Chapter 3

Time-Resolved
Photoelectron Spectroscopy
In the previous chapter experiments involving photoelectron spectroscopy
and angular distributions of photoelectrons were discussed. These were
used as tools to gain information about electron affinities and symmetries of
the valence orbital. To gain information about chemical reactions or other
time-dependent phenomena these techniques can be used in time-resolved
experiments. This chapter will focus on time-resolved experiments, where
the kinetic energy distribution of the photoelectrons is measured.

3.1

Theory

The kinetic energy of the photoelectron will because of energy conservation
contain information about the state it was emitted from:
hνprobe + Eint (αi ) = Eint (αf ) + IE(X 0 ) + ∆E

(3.1)

where hνprobe is the energy of the probe pulse, αi the state of the system
before ionization, αf is the final state of the system, IE(X0 ) the ionization
energy and ∆E the kinetic energy release. It was shown in Sec. 2.1 that
all of the kinetic energy will be carried away by the photoelectron. Hence
39
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by recording kinetic energy spectra at different time delays with respect
to the pump pulse, it is possible to monitor the evolution of the excited
state. This can be done either by looking at the decay of the photoelectron
signal originating from the original excited state or by monitoring the rise
of new energy peaks from states, which are populated after a time delay.
This way information can be gained about both the decay of the original
excited state as well as which states the excited state decays to [33, 34].

3.2

The Experimental Setup

The experimental setup consists of a magnetic bottle in which a molecular
beam is crossed at 90◦ with two laser beams. The next sections will contain
a more detailed description of the setup.

3.2.1

The Optical Setup

The laser system is a regenerative amplified modelocked Ti:Sapphire laser
system operating with a repetition rate of 1000 Hz [35]. The central wave
length is tuneable around 800 nm and the pulse duration about 100 fs.
The output beam from the laser was split in two using a 50/50 beamsplitter, the two parts were used to create the pump and probe beams. A
schematic of the setup is shown in Fig. 3.1.

Pump Pulses
After the beamsplitter the size of the beam is reduced to 1/3 by a telescope,
the beam is then sent through a 4th harmonic generation setup. After
exiting the FHG setup the pulses are compressed in a single pass prism
compressor consisting of two CaF2 Brewster prisms. The beam is then
overlapped with the probe beam using a dichroic mirror and focused into
the magnetic bottle using a concave aluminum mirror (f = 50 cm).

3.2 The Experimental Setup

Femto
laser
system
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Figure 3.1: A schematic of the optical setup. Abbreviations: BS - Beamsplitter, DM - Diverging mirror (convex), FM - Focusing mirror (concave),
DiM - Dichroic mirror, PC - single pass prism compressor , THG - Third
Harmonic Generation, FHG - Fourth Harmonic Generation.

Probe Pulses
The second part of the beam is sent onto a translation stage allowing us
to control the time delay between the pump and probe pulse. The size
of the beam is then reduced to 1/3 using a telescope, before being sent
through a 3rd harmonic generation setup. The pulses are then compressed
in a single pass prism compressor consisting of two CaF2 Brewster prisms.
A Berek compensator is inserted into the setup allowing us to control the
polarization of beam. The beam is then overlapped with pump beam using
a dichroic mirror before being focused into the magnetic bottle using a
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concave aluminum mirror (f = 50 cm).

3.2.2

The Molecular Beam

The molecular beam is created by bubbling 300 Torr of Helium through a
liquid sample of CS2 cooled down to -20◦ C to reduce the vapor pressure.
The gas mixture is then expanded through a 150 µm nozzle into a source
chamber creating a continuous molecular beam, which enters the magnetic
bottle through a skimmer.
For calibration experiments a molecular beam of NO was used. This
was created by expanding pure NO gas through the 150 µm nozzle into the
source chamber.

3.2.3

The Magnetic Bottle

The magnetic bottle is a time of flight spectrometer, which uses an inhomogeneous magnetic field to guide the created photoelectrons towards an
MCP-detector [35, 36]. The magnetic field will accelerate all photoelectrons
emitted in a 2π solid angle towards the MCP-detector. The recorded time
of flight spectrum can be converted into a kinetic energy spectrum.

3.2.4

Calibration

To convert the recorded time of flight spectrum to a kinetic energy spectrum, the conversion factors of the magnetic bottle have to be found. The
conversion from time of flight to kinetic energy can be written as [35]:
Ekin =

IC
+ E0
(t − t0 )2

(3.2)

where IC is the instrument constant, t the measured time of flight, t0 the
pump-probe overlap time1 and E0 an energy off set. To determine the
1
Ideally the the time of flight should be measured with regards to the time the probe
pulse creates the ions and not the the overlap time between the two pulses. As the
difference between these two times is in the picosecond regime and the TOF is in the
microsecond regime, the difference in the kinetic energy obtained is negligible.

3.2 The Experimental Setup
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Figure 3.2: The time of flight spectrum of photoelectrons from NO. The
peaks are used for the energy calibration of the magnetic bottle

constants IC, t0 and E0 a calibration experiment using a molecule with a
known photoelectron spectrum is carried. For these experiments the calibration was carried out using NO, which has some very distinct vibrational
peaks in its photoelectron spectrum, the spectrum is shown in Fig. 3.2.
The positions of the peaks can be fitted to Eq. (3.2) and the conversion
factors are then found.
It is also necessary to make a cross correlation to find both the duration
of the two pulses and t0 . The cross correlation is done using the integrated
photoelectron signal from NO, as this is dependent on the temporal overlap of the two pulses, also the excited state of NO is short lived and will
not increase the width of the cross correlation. The FWHM of the cross
correlation was 160 fs giving a pulse length of about 113 fs assuming the
length of the two pulses are equal.
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CS2

The triatomic molecule CS2 has been the subject of several studies [37, 38,
39, 40, 41, 42], especially the absorption band in the range 185 nm and 230
nm has been studied in great detail. In this band the molecule is excited
2
1
3
from the ground state (1 Σ+
g ) to a predissociative bent state ( B2 ) . The
bond length of the excited state is slightly longer than the ground state 1.66
Å compared to 1.55 Å and also the bond angle is smaller 153◦ compared
to 180◦ in the ground state [43]. Two different dissociation channels have
been observed for the predissociation both leading to a CS molecule in the
ground state (X 1 Σ+ ) and an S atom in either the ground state (3 P2 ) or an
excited state (1 D2 ) [39].
The lifetime of the excited has been studied using several different methods for excitation wavelengths in the range from 193 nm to 215 nm. These
studies show a decrease in the lifetime as the wave length used for the excitation is decreased. A plateau is observed in the wave length range from
about 198 nm to 204 nm, which has been interpreted as demonstrating
the barrier between the linear and the bend excited state [41]. None of
the previous studies have used the time-dependent photoelectron signal to
measure the lifetime, so experiments employing femtosecond time-resolved
photoelectron spectroscopy may reveal new information about the decay
dynamics of the 1 B2 state.

3.3.1

Experimental Details

The time-resolved experiment was carried out using the fourth harmonic of
the central wave length as a pump pulse (about 200 nm) and the third harmonic as a probe pulse (about 266 nm). The photoelectron spectrum was
measured at three different polarization geometries; the two pulses parallel,
the two pulses perpendicular and the two pulses at magic angle (54.7◦ ).
The photoelectrons can be created by ionization with the photon com2

The molecule belongs to the D∞h point group
In the bent state the molecule belongs to the C2v point group, this state correlates
to a 1 Σ+
u state in the D∞h group.
3
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CS2
CS
S (3 P )
S (1 D)

IP (eV)
10.073
10.36
11.3
9.2

Photon Combinations (nm)
[200+266] [200+200] [266+266+266] [200+266+266]
[266+266+266]
[266+266+266] [200+200+200]
[266+266] [200+200]

Table 3.1: The different combinations of photons, which are able to ionize
the molecules involved in the experiment. The ionization energies are taken
from [20].

Figure 3.3: Time of flight spectrum of the photoelectrons from CS2 before
the power of the 200 nm and 266 nm pulses were reduced. The three
different ionization channels can be observed.

binations shown in Tab. 3.1. Two or three photons from either the pump
or the probe pulse are needed to ionize CS or S, which makes the ionization probability dependent on either the intensity of each pulse squared or
2
cubed. The ionization probability of CS2 is also dependent on either Ipump
,
2
3
Iprobe or Iprobe , except for the [200+266] ionization, which has a linear dependency on the two intensities. Hence by decreasing the intensities of the
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pump and probe pulses it is possible to minimize the number of photoelectrons from the other channels without loosing to much of the signal from
the [200+266] channel.
A time of flight spectrum recorded at t0 before reducing the intensity
of the pump and probe pulses can be seen in Fig. 3.3, here both the single
color and the [200+266] channels can be seen. In the spectrum different
vibrational peaks are seen in the 200+266 channel. For each time delay
both a TOF spectrum with both colors and a TOF spectrum of each color
alone are recorded. The single color TOF spectra can then be subtracted
from the two color spectrum to find a background free spectrum. The background free spectrum only contain photoelectrons created by excitation by
a 200 nm photon followed by ionization by a 266 nm photon. The 200 nm
photon is resonant with the excitation to the 1 B2 state, it is most likely
that all the photoelectrons created will be from the 1 B2 state. The number
of created photoelectrons are dependent on the population of the state and
the cross section, as the cross section is constant through the entire experiment, the number of created photoelectrons reflects the population of the
state. The integrated photoelectron signal gives total number of created
photoelectrons as a function of time and allows us to follow the population
of the state. Looking at the kinetic energy of the photoelectrons we see
that the kinetic energy of the photoelectrons are in agreement with the
assumption that they originate from the 1 B2 state.

3.3.2

Experimental Results

In Figs. 3.4 and 3.5 are shown the integrated background subtracted photoelectron signal using the pump/probe combinations (199.5 nm/ 266 nm)
and (201.3 nm/ 268.3 nm), respectively. The photoelectron signal is fitted
to a single exponential decay convoluted with the cross correlation of the
pump and probe pulses. The lifetimes found from the exponential fits are
shown in Tab. 3.2.
The quality of the exponential fits could be better, using more than
one exponential decay gives a better fit, but there are no evidence of more
than one lifetime, also the fits with two exponential decays do not give two
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Figure 3.4: The time-resolved integrated background subtracted photoelectron signal from CS2 using a 199.5 nm pump pulse and a 266 nm probe
pulse at three different polarization geometries. The dots are the measured
signal and the line is a fit to a single exponential decay convolved with the
cross correlation of the two pulses (τcross = 160 fs). A) Magic angle - τ =
377 fs. B) Parallel - τ = 340 fs. C) Perpendicular - τ = 401 fs.
Pump/probe (nm)
199.5/266
199.5/266
199.5/266
201.3/268.3
201.3/268.3
201.3/268.3

Pol. Geometry
Magic Angle
Parallel
Perpendicular
Magic Angle
Parallel
Perpendicular

Lifetime (fs)
377
340
401
487
370
530

Table 3.2: The lifetimes of the 1 B2 found from an exponential fit of the
time-resolved integrated photoelectron signal.
clear values for the lifetimes. The quality of the fits could also be influenced
by the fact, that we are fitting the integrated signal. In the TOF spectrum
of the photoelectrons shown in Fig. 3.3, different vibrational channels can
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Figure 3.5: The time-resolved integrated background subtracted photoelectron signal from CS2 using a 201.3 nm pump pulse and a 268.3 nm probe
pulse at three different polarization geometries. The dots are the measured
signal and the line is a fit to a single exponential decay convolved with the
cross correlation of the two pulses (τcross = 160 fs). A) Magic angle - τ =
487 fs. B) Parallel - τ = 370 fs. C) Perpendicular - τ = 530 fs.

be seen in [200+266] ionization band these still appear after the intensities
have been reduced. If the lifetimes for these different channels are different,
it would affect the quality of the single exponential fit. It is possible to look
at the time evolution of each energy channel, but this more thorough data
analysis has not been carried out yet.
The lifetimes shown in Tab. 3.2 are in agreement with previously measured values in the same wave length range [38, 41]. There seem to be a
difference in the lifetimes depending on the geometry of the polarization
vectors of the pump and probe pulses. This also needs to be investigated
in more detail, but it could be related to the different dissociation channels
being favored by different geometries.
In a previous study quantum beats due to more than one vibrational
band being excited were observed [41]. In our measurements there is no
sign of these quantum beats even in the experiment carried out a similar
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pump energy and polarization geometry (201.3 nm and magic angle). The
beats may appear in a more thorough data analysis, where each energy
channel is analyzed separately.

3.3.3

Summary

The lifetime of the predissociative 1 B2 state of CS2 was measured using
time-resolved photoelectron spectroscopy at different pump energies and
geometries of the polarization vectors of the pump and probe pulses. The
measured lifetimes are in agreement with previously measured values in the
same range of excitation energies. There may still be more information to
be gained from the data through a more thorough data analysis.

Part II

Laser Induced Alignment
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Chapter 4

Introduction
4.1

Motivation for Controlling Molecular Orientation

Steric effects play a large role in chemical reactions, the probability of
a reaction taking place is for many types of reactions very dependent on
the orientation of the molecules involved. As an example the SN 2 reaction
can be mentioned. In this bimolecular reaction a transition state between
the reagents is formed, which then can dissociate to either the two original
molecules or to two new molecules. The probability of creating the transition state is dependent on the relative orientation of the two molecules.
Also the transition state created is dependent on the relative orientation of
the reagents and, hence the products of the reaction may also be dependent
on this orientation.
For photochemical reactions the relative orientation between the polarization vector of the light and the molecular axis influence which transition
will take place, as the probability of the transition taking place is dependent the angle between the polarization vector and the molecular axis.
The ability to control molecular orientation is a great tool both for investigating steric effects in molecular reactions to gain a better understanding
of reaction dynamics and as a tool to control the outcome of chemical re51
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actions or enhance the yield of a certain product.
Different methods have been developed to achieve control of molecular
orientation, some of them are mentioned in the next section.

4.2

Methods of Controlling Molecular Orientation

The term alignment is used to describe methods for controlling the orientation of molecules, which confine one or more molecular axes to one or
more laboratory axes. Alignment methods do not distinguish between up
and down, but are only concerned with minimizing the angle between the
chosen molecular axis and the laboratory axis. By contrast orientation involves both the confinement of the axis as well as distinguishing between
top and bottom, see Fig. 4.1.
There are several methods, which can be used to create aligned or
oriented molecules. In particular electric fields are used to influence the
orientation of the molecules either by interacting with the permanent dipole moment of the molecule or an induced dipole moment.
If a molecule with a permanent dipole moment is placed in an electric
field the field will induce a torque on the molecule, which will cause the
dipole moment of the molecule to orient along the direction of the electric
field. If the molecule does not have a permanent dipole moment an applied
field can induced a dipole moment, the induced dipole will then align with
the electric field.
The electric field can be applied to the molecules in different ways, either
it can be supplied by charged electrodes (AC or DC), or it can be supplied
by a laser field. No matter if the field is supplied by electrodes or a laser
field, the field strength must be high enough to introduce a torque large
enough to overcome the rotational motion of the molecules for the molecules to align. For this reason the molecules are usually cooled rotationally
before the field is applied to minimize the needed field strength.

4.2 Methods of Controlling Molecular Orientation

A) Uniform

B) Aligned
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C) Oriented

Figure 4.1: The difference between uniformly distributed, aligned and oriented molecules demonstrated using iodobenzene molecules. The confined
axis is the axis containing the C-I bond. A) Uniform distribution, B)
Aligned molecules C) Orientated molecules. Figure taken from [5].

Brute Force Orientation
Brute force orientation experiments use two closely spaced and highly charged
capacitor plates to supply the electric field [44]. A beam of molecules are
supersonically expanded between the two plates to create rotationally cold
molecules. The electric field between the two plates will then orient the
molecules, so their dipole moments are oriented along the field vector. This
experimental method has been used successfully for reactive scattering experiment investigating steric effects in bimolecular reactions.
The greatest advantage of this methods lies in its simplicity, all there
is needed is to place to capacitor plates around a molecular beam and connect them to a voltage supply. Also the molecules are oriented and not
only aligned. The major disadvantages is that only polar molecules can be
oriented this way, also the degree of orientation is usually weak.
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Hexapole Focusing
In hexapole focusing the electric field is supplied by a hexapole rod assembly, which consists of six rods in a circle with alternating voltages of +V0
and -V0 [45]. The hexapole field works as a lens on the molecular beam and
will focus all molecules in a given JKM1 state at the same spot. Molecules
with positive KM will be ejected radially out of the field, molecules with J,
K or M equal to 0 will not be focussed and a beam block will stop them,
and molecules with negative KM will first diverge from the beam path and
then be focussed by the field. This gives the possibility of selecting a single
rotational state, also the molecular axes of the selected molecules will all
be oriented along the hexapole field [45].
A major disadvantage of this method is again its lack of generality as
only polar molecules in rotational states with negative KM can be oriented
this way. The advantages being that the molecules are oriented and also
that a single rotational state can be selected for experiments.
Laser Induced Alignment
In laser induced alignment the electric field is supplied by a laser pulse, the
electric field of the pulse induces a dipole moment in the molecules. The
electric field of the laser pulse oscillates on a timescale much faster than
the rotational period of molecules, hence the molecules will align along the
polarization vector of the laser pulse and not be oriented.
Laser induced alignment is normally categorized as either adiabatic or
nonadiabatic. In the adiabatic case the duration of the laser pulse is much
longer than the rotational period of the molecule, and the interaction between the field and the induced dipole moment creates pendular states [46].
These states will be aligned, the degree of alignment follows the intensity
of the laser pulse, so the maximum degree of alignment is reached at the
peak of the pulse. When the pulse is turned off the alignment disappears
and the molecules return to an isotropic distribution.
In nonadiabatic alignment the duration of the laser pulse is much shorter
1

J, K and M are the symmetric top rotational quantum numbers
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than the rotational period, the pulse creates a rotational wave packet, which
for linear and symmetric top molecules will align periodically at different
delays after the peak of the pulse [47, 48, 49]. For asymmetric tops the
initial degree of alignment is partially recreated at later times [50]. The
alignment will be short lived, but will also in most cases be in a field free
environment.
Both types of laser induced alignment have the major advantage of being a very general method for aligning molecules, as all molecules with an
anisotropic polarizability can be aligned, and not only polar molecules as
the methods described previously. Also nonadiabatic alignment gives the
possibility of the molecules being aligned without any external field present.

Chapter 5

Nonadiabatic Alignment
5.1

Theory

A molecule is said to be aligned, if one or more molecular axes are confined
to one or more axes in the laboratory frame. This can be done with either
one (1-D alignment) or three axes (3-D alignment), given that if two axes
are confined the third will be to. Also it is important to remember that
only the axis is confined not the direction of the axis, see Fig. 4.1. It is also
possible to have anti-alignment, a term used for a distribution of molecules,
where the molecular axis is less confined around the laboratory axis than
for an isotropic distribution, which is the same as the axis being confined
to the plane perpendicular to laser polarization vector.
The following section will give a brief review of the theory of nonadiabatic alignment explaining the concepts necessary to understand the
experiments in this thesis, for a more thorough review of the theory I refer
to the articles [47, 51, 52, 53].

5.1.1

Non-resonant Nonadiabatic Alignment

To study the dynamics of the interaction between a short laser pulse and a
molecule, it is necessary to solve the time-dependent rotational Schrödinger
equation:
56
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ih̄

∂Ψ
= (H0 + Hint )Ψ
∂t

(5.1)

where Ψ is the wave function, H0 is the field free Hamiltonian and Hint is
the Hamiltonian describing the interaction between the molecule and the
electric field of the laser pulse.
The field free Hamiltonian is the rotational Hamiltonian, which can be
written as:
H0 = AJa2 + BJb2 + CJc2

(5.2)

where A, B and C are the rotational constants of the molecule. For a
symmetric top molecule two of the rotational constants are equal, hence
there are two different types of symmetric top molecules either an oblate
where A = B > C or a prolate where A > B = C, this simplifies the
equation.
The interaction Hamiltonian can be written as:
1~
~
¯ ·E
Hint = − E
· ᾱ
2

(5.3)

~ is the linearly polarized field
¯ is the polarizability tensor and E
where ᾱ
from the laser pulse. The electric field of a linearly polarized laser pulse
can be written as:
~ = E0 ~εf (t) cos(ωt)
E

(5.4)

where E0 is the amplitude of the field, ~ε a unit vector in the polarization
direction, f(t) the temporal envelope of the pulse and ω the frequency of
the light.
For a symmetric top molecule the solution to the time-dependent Schrödinger
equation can be expressed as the following wave packet:
|Ψ(t)i =

X
JK

CJK (t)|JKM i

(5.5)
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where J,K and M are the quantum numbers of the eigenstates1 of the field
free Hamiltonian and CJK are expansion coefficients. For a symmetric top
molecule it is possible to make accurate calculations following the evolution of this wave packet from before the interaction with the laser pulse to
infinity.
The laser pulse creates a rotational wave packet in the molecule. The
wave packet is created through a series Raman processes, for a non-resonant
linearly polarized laser pulse the selection rules are ∆J = 0,±1,±2 and ∆K
= 0 [47]. The initial alignment is created by the interaction between the
laser pulse and the induced dipole moment of the molecule. The field induces a torque on the molecules forcing them to align along the polarization
vector of the laser. The revivals arise from the interference between the different rotational states in the wave packet [51].
For symmetric top molecules the alignment is recreated both after an integer number of rotational periods (full revival) and after a half-integer
number of rotational periods (half revival) [51, 2]. The dynamics of the
two types of revivals are different; at the half revival the molecules will
align and then anti-align, whereas at the full revival the molecules will
anti-align before they align [48, 2].
The occurrence of revivals can be explained by looking at the evolution
of the wave packet after the field is turned off. The evolution of the created
wave packet can then be written as:
X

CJKψJKM e−iEJK t/h̄

(5.6)

EJK = BJ(J + 1) + (A − B)K 2

(5.7)

Ψ(t) =

J

where EJK can be written as:

hence for a wave packet consisting of two neighboring rotational levels the
phase difference can be written as:
∆ϕ(J + 1, J) = 2πBt((J + 1)(J + 2) − J(J + 1))/h
1

(5.8)

J is the angular momentum quantum number, K is the projection of the angular
momentum onto the molecular axis and M is the projection onto an external axis. For a
linearly polarized field this axis is the polarization axis.
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∆ϕ(J + 1, J) = 2πBt(2J + 2)/h

(5.9)

at a revival the wave function should be reconstructed, hence the phase
difference will be 2π, so looking at Eq. (5.9) it easily seen that revivals will
1
1
occur at Trev = 2B
. At half the revival time Trev
2 = 4B the phase difference
◦
is π, meaning the wave packet is 180 out of phase with the initial wave
packet, this explains the different behavior of the alignment transient at
the two types of revival.
As alignment is the confinement of a molecular axis to a laboratory
axis, the expectation value of cos2 θ is used as a measure for the degree of
alignment, this can be expressed as:
hcos2 θi =

Z π
0

cos2 θfmol (θ) sin θdθ

(5.10)

where fmol (θ) is the angular distribution of the molecules in the θ angle and
θ is the angle between the polarizability axis of the molecule and the polarization axis of the alignment pulse. For an isotropic distribution the value
of hcos2 θi is 31 , so if the value is higher than 31 the molecules are aligned,
and if it reaches 1 they are perfectly aligned. If the value of hcos2 θi is less
than 13 the molecules are anti-aligned, which is the same as saying they are
confined to the plane perpendicular to the laser polarization vector.

5.2

Experimental Setup

All experiments described in this thesis are based on the following scheme.
First the molecules are aligned using a single non-resonant alignment pulse.
The molecules are then probed using one or two laser pulses, which dissociate the molecule and create iodine ions. The iodine ions are accelerated
by a static electric field towards a MCP detector with a phosphor screen.
The images created by the ions on the phosphor screen are recorded by a
CCD-camera and saved for further data analysis.
All steps of the experiment and the creation of the molecular beam used
for the experiments will be described in detail in this section.
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Figure 5.1: A simple schematic of the experimental setup.

5.2.1

Probe Schemes

All molecules studied in this thesis contain a single iodine atom, the polarizability is largest along the molecular axis containing the C-I bond axis or
largest along an axis within a small angle of the C-I bond axis. To measure the angular distribution of this axis, the molecules are dissociated2 or
Coulomb exploded by a probe laser pulse into an iodine atom/ion and a
molecular radical/ion. Subsequently the angular distribution of the iodine
ions are recorded using velocity mapping imaging. If the axial recoil approximation3 holds, the angular distribution of the iodine ions should be
identical to the angular distribution of the C-I bond axis. For the experiments in this thesis two different probes schemes were used, these will be
described in the following two sections.
2

The iodine atoms created are ionized using a second laser pulse
The axial recoil approximation assumes that the two fragments recoils along the bond
axis.
3
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Dissociation Probe
The first probe scheme uses photodissociation as a probe process. First a
250 fs 266 nm probe pulse dissociates the molecules, see App. D for TOF
spectra. The delay between the probe pulse and the alignment pulse can
be controlled using a translation stage. To ionize the iodine atoms from the
dissociation a second pulse is used, this is a nanosecond pulse, where the
wavelength can be tuned to make (2+1) resonant enhanced multi photon
ionization (REMPI) of iodine. REMPI is ionization through a resonant
state in the atom/molecule making the ionization much more efficient than
non-resonant ionization, hence improving the yield of iodine ions and also
allowing us to selectively detect either I or I∗ . The REMPI pulse arrives
with a 10-12 ns delay with respect to the alignment pulse and will not interfere with the alignment dynamics.
The polarizations of all three pulses are kept vertical, this gives cylindrical symmetry allowing us to make an Abel inversion4 of the images
and extract the full 3D angular distribution of the C-I bond axis, hence
allowing us to calculate hcos2 θi. The dissociation of the C-I bond is predominantly a parallel process, thus imposing an angular selectivity on the
iodine atoms created. This selectivity must be taken into account when
extracting hcos2 θi from the experimental data. The following expression
for the dissociation probability is used [55]:
Pdiss = σΦ0

3
(Acos2 θ + (1 − A) sin2 θ)
2−A

(5.11)

where σ is the orientation averaged absorption cross section, Φ0 the photon
flux, θ the angle between the C-I bond axis and the polarization of the laser
and A a parameter describing how parallel or perpendicular the transition
is. A = 0 corresponds to a purely perpendicular transition and A = 1
corresponds to a purely parallel transition. The selectivity of the dissociation causes the images recorded using only the two probe pulses to have
4

A mathematical transformation, which can extract a full 3D distribution from a 2D
distribution, if the requirement of cylindrical symmetry is fulfilled [54].
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an angular confinement, hence a reference image is needed to determine if
an image recorded using all three pulses shows signs of alignment.
Coulomb Explosion Probe
The second probe scheme is based on Coulomb explosion of the molecules
by a 25 fs long 800 nm probe pulse. The 25 fs probe pulse is sufficiently
intense, that it is able to detach several electrons from the molecule, making
the Coulomb forces so large that the molecular ion breaks apart into ionic
fragments, a TOF spectrum can be seen in App. D.
The polarization of the Coulomb pulse is kept circular, as this results
in ion images with very weak angular confinement in the images recorded
with only the probe pulse. A clear advantage of the Coulomb probe scheme
is that only two laser beams need to be overlapped spatially compared to
the three needed for the dissociation scheme. Unfortunately the circular
polarization of the probe pulse breaks the cylindrical symmetry, and makes
it impossible to make an Abel inversion to extract the full 3D distribution
and hence impossible to calculate hcos2 θi. Another disadvantage is that
both the alignment pulse and the probe pulse have the same wavelength,
hence the overlap mirror needs to be a 50/50 beam splitter, and half of the
available laser power is lost. For the measurements in this thesis this was
not a problem, as there is more than enough laser power available.

5.2.2

Optical Setup

Two different femtosecond laser systems can be used with the optical setup,
both are regeneratively amplified modelocked Ti:Sapphire laser systems
operating at a 1000 Hz repetition rate with a fundamental wavelength of
800 nm and a pulse duration of about 100 fs. The difference lies in the pulse
energy: The oldest of the two systems, which is a Clark laser system has
a pulse energy of 0.8 mJ, whereas the newest, a Spitfire laser system from
Spectra Physics, has a pulse energy up to 2.3 mJ. The choice of laser system
depends on how much power is needed to carry out a certain experiment.
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Figure 5.2: A schematic view of the optical setup for the alignment experiments. The dashed line illustrates that it is only possible to use either the
waveguide or the THG setup. Abbreviations: PC - prism compressor P periscope, AL - achromatic lens and SHG - second harmonic generation.

The femtosecond beam is split in two using a beamsplitter5 , see Fig.
5.2, the largest part is used for the alignment (pump) pulses and the other
part can be directed to either a Third Harmonic Generation (THG) setup,
creating 266 nm pulses, or to a waveguide filled with argon for creating
25 fs pulses. The 266 nm pulses and the 25 fs pulses are used as probe
pulses in the two different probe schemes. All three different setups will
be described in further detail in this section. A table of the different pulse
5

70/30 Clark system, 80/20 Spitfire system
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THG
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Lattice
OC EM

SHG
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EM

Figure 5.3: A schematic of the THG setup on the left and the grating
stretcher on the right. Abbreviations: EM - end mirror, OC - out coupling
mirror, CL - cylindrical lens, Red line - 800 nm beam, Blue line 400 nm
beam, Purple line 266 nm beam, Black line 800 nm and 400 nm beam
together.

parameters can be found in App. B.
The Alignment Pulses
The degree of alignment depends on the length of the alignment pulse compared to the rotational period of the molecule. It is therefore important to
have a way of controlling the length of the alignment pulses, this is done
using a grating stretcher, which can create pulse lengths from about 100
fs to 4 ps, see Fig. 5.3. The stretcher works by diffracting the beam off a
grating, the beam is then collimated by a cylindrical lens and reflected by a
0◦ end mirror, the beam is lowered slightly through the stretcher allowing
for a second 0◦ end mirror, making the beam pass the grating four times.
The length of the pulses can be controlled by changing the distance between
the lens and the grating, this is done using a translation stage.
After being stretched to the required pulse length the beam passes
through a telescope allowing for control of the spot size of the focus. The
beam is then raised using a periscope, and sent onto either a 0◦ dichroic
overlap mirror or a 50/50 beamsplitter depending on which of the probe
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schemes being used. Two wave plates, a λ/2 and a λ/4 plate, can be
inserted in the setup allowing for either horizontal, vertical, elliptical or
circular polarization of the alignment pulses. Finally the beam is focussed
into the vacuum chamber using an achromatic lens.
Coulomb Explosion Pulses
The smallest fraction of the original beam can be sent to a wave guide
placed in a tube filled with Argon. Self phase modulation in the gas broadens the spectrum of the pulse allowing us to recompress the pulses to a
pulse length of about 25 fs [56]. These pulses are used for Coulomb explosion of the molecules, see Sec. 5.2.1.
After the waveguide the beam is collimated using a 1 m lens and recompressed using a pair of 60◦ prisms. The beam is sent onto a translation
stage providing control of the delay between the alignment pulses and the
Coulomb pulses. A λ/4 waveplate is placed in the beam, making it possible to choose between vertical or circular polarization of the pulse. The
beam is then raised using a periscope, and overlapped with the alignment
pulses using a 50/50 beamsplitter, this is necessary as both pulses have the
same wavelength. The beam is focused into the vacuum chamber using the
achromatic lens.
Dissociation Pulses
Instead of being sent through the waveguide the smallest fraction of the
beam can also be directed to a Third Harmonic Generation setup (Fig.
5.3), where the 266 nm pulses used for dissociation of the molecules are
created, see Sec. 5.2.1. First the beam is sent through a BBO-doubling
crystal creating 400 nm pulses, the 400 nm and the residual 800 nm pulses
are then separated using a dichroic mirror and overlapped in both space
and time at a second BBO-crystal cut for sum frequency mixing creating
266 nm pulses. The remaining 400 nm and 800 nm light are separated from
the 266 nm pulses in a prism pair, which also compress the 266 nm pulses to
about 250 fs. The beam is then sent onto a translation stage allowing us to
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control the delay between the alignment pulses and the dissociation pulses.
Hereafter the beam passes through a telescope for control of the spot size
of the focus. A λ/2-plate is inserted in the beam giving a choice of either
horizontal or vertical polarizations. The beam is raised using a periscope
and overlapped with the alignment and REMPI pulses using a dichroic
mirror, before being focussed into the chamber using the achromatic lens.
REMPI Pulses
The REMPI pulses are created using a dye laser pumped by the second
harmonic from a nanosecond Nd:YAG laser (532 nm). The dye solution
used consists of Rhodamine 640 dissolved in methanol allowing us to tune
the central wavelength of the dye laser pulses in the range from 605 nm to
620 nm. The output from the dye laser is frequency doubled in a KDPcrystal. The (2+1) REMPI of iodine occur through a 6p resonance. The
wavelength of the dye laser can be chosen to match a resonance in either
ground state iodine atoms (I(2 P2/3 )) λres = 304.59 nm or spin excited
iodine atoms (I∗ (2 P1/2 )) λres = 303.96 nm. The beam is then sent through a
telescope and raised using a periscope before being focused into the vacuum
chamber using the achromatic lens.
Spatial and Temporal Overlap of the Laser Pulses
Since the focal sizes of the beams are around 30 µm, they need to be
overlapped very precisely inside the chamber. This is done by inserting
an aluminum mirror before the chamber directing the beams to a pinhole
mounted on a fast photodiode. The pinhole is situated at the same distance
from the achromatic lens as the molecular beam. Between the mirror and
the pinhole a copy of the entrance window to the chamber is inserted to
duplicate the beam path from the lens to the molecular beam. The beams
are then overlapped in a 20 µm pinhole. The overlap still needs to be
optimized on the molecular beam, this is done by maximizing an ion signal
that depends on the presence of all laser pulses. The overlap in the pinhole
gives a good starting point for this optimization. The 20 µm pinhole, or a

5.2 Experimental Setup

67

smaller size pinhole, is also used to scan the beam profile and measure the
focal size.
The pinhole can be replaced by a BBO crystal, which is used for cross
correlations of the beams. The length of the 266 nm pulses is found by
cross correlation with the shortest possible alignment pulses. The stretched
alignment pulses are cross correlated with either the 266 nm pulses or the
Coulomb pulses depending on which probe scheme is being used.

5.2.3

Molecular Beam

The molecular beam is created by supersonic expansion of molecules seeded
in Helium or Argon through a pulsed valve into the vacuum chamber.

Gas Flow System
The gas flow system consists of two connected containers one holding a
liquid sample of the molecule we wish to study and the other is a waste
container containing ethanol for collecting the excess molecules, see Fig.
5.4. Helium or Argon gas is bubbled through the first container at a pressure
of 1-4 bar, the pressure of the seeding gas is controlled using the reduction
valve on the gas bottle. The temperature of the sample is controlled, so
the vapor pressure does not exceed 10-20 mbar. The vapor pressure is
kept low for two reasons; 1) To reduce the possibility of the molecules
creating clusters in the beam; 2) To reduce the amount of liquid used in
the experiments.
On the connection line between the two containers the gas mixture
passes by the pulsed valve and is expanded into the chamber, the excess gas
is bubbled through the waste container. Just before the waste container
a needle valve is placed allowing for control of the gas flow through the
system, this is done to reduce the amount of seeding gas and liquid used
for the experiments. The ion signal is almost independent of the gas flow,
so experiments are carried out with minimal gas flow.
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Figure 5.4: A schematic of the gas flow system. Figure is taken from [5].

The Pulsed Valve

The pulsed valve is opened when a high current electrical pulse causes
two conductors to repel each other, it can be operated with a repetition
rate of 20 Hz and can be triggered by an external trigger signal. The
valve is commercially available PSV C-211 from R. M. Jordan Company.
When the valve is open a jet of gas is expanded through a 0.5 mm nozzle
into the vacuum chamber at supersonic speed, this results in the molecules
being cooled both translationally and rotationally. The degree of cooling is
influenced by both the backing pressure of the seeding gas and the species
of the seeding gas. A higher backing pressure gives at better degree of
cooling, but at the same time reduces the density of the sample molecules
in the beam, so it is required to reach a compromise between the degree of
cooling needed and the size of the signal. By using a heavier seeding gas like
Argon instead of Helium a better degree of cooling is also achieved, again
at the expense of a lower density of sample molecules in the beam. Most
experiments are carried out using Helium as a seeding gas with a backing
pressure of 3 bar, as this cools the molecules sufficiently and still gives a
good signal.
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Figure 5.5: A schematic of the vacuum chamber. Figure is taken from [5].

5.2.4

Vacuum Chamber

The vacuum chamber is divided into three parts a source chamber, an
intermediate chamber and a target chamber, see Fig 5.5. This is done to
ensure a low pressure in the target chamber, the two first chambers are
pumped by diffusion pumps, whereas the target chamber is pumped by a
turbo pump. To reduce the pressure even more the target chamber is also
equipped with two cold traps, which can be filled with liquid Nitrogen, and
works by freezing the water vapor in the chamber to the side of the trap,
this lowers the pressure in the target chamber to about 8 × 10−8 mbar.
The pulsed valve ejects a jet of gas into the source chamber, the beam
then passes through two skimmers with a diameter of 1 mm placed at
either end of the intermediate chamber. The skimmers collimate the beam
and select the center part of beam, which is the coldest part, to enter the
target chamber. In the target chamber the beam is crossed at 90◦ with
the focused laser beams and ions are created. The created ions are then
accelerated towards the detector by electrostatic extraction plates.

5.2.5

Data Acquisition

The ions created by the probe pulse/pulses are accelerated towards a MCPdetector by an electric field created by three extraction plates, the placement of the plates and their voltages are chosen to create velocity mapping
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of the ions onto the detector [57]. The voltages on the plates can be changed
depending on the kinetic energy of the ions as long as the ratio is kept constant, the velocity mapping is still intact.
The MCP-detector can be switched on and off, creating efficient detection in only a narrow time window, ensuring that only a short range of m
q
values are recorded. This is done by switching the voltage on the front plate
of the MCP detector from 0 V to -600 V. The switching is controlled by an
external trigger, which is chosen to match the flight time of the ion we wish
to detect. This also reduces the background and protects the detector.
A CCD camera is placed behind the MCP-detector, which records our
ion images. The position of each ion hit is recorded and saved in a file for
each image. The images can then be analyzed as described in Sec. 5.2.6.
It is also possible to record a time of flight spectrum of the created ions,
this is used for determining when to switch the detector. The time of flight
spectrum is mainly used for determining the timing of the detector switching, but it can also be used to study the fragmentation of the molecule and
the number of created ions by each pulse alone as well as the number of
ions originating from other sources than the molecular beam. Examples of
TOF spectra can be seen in App. D.

5.2.6

Data Analysis

The ion images recorded by the camera can be read into our analysis program. Here it is possible to calculate the angular and radial distributions
of the ions. The radial distribution is used for identifying the different
dissociation channels leading to the iodine ions. Ions created from other
processes than dissociation with the 266 nm pulse followed by ionization by
either the 266 nm pulse or the REMPI pulse will have a different kinetic
energy, hence a different radial distribution. It is possible to calculate the
angular distribution for only part of the radial distribution, and thereby
neglect any other channels leading to iodine ions than dissociation by 266
nm followed by REMPI.
The recorded images are a 2D projection of the ions velocity distribution. From the ion images it is possible to calculate the angular distribution
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in θ2D , which is the angle between the radial vector and the vertical axis.
From the angular distribution hcos2 θ2D i can be calculated, this value is an
empirical measure for the degree of alignment, the values are higher than
hcos2 θi, but the changes nearly follows the changes in hcos2 θi.
If all laser polarizations are held vertical there is cylindrical symmetry
and the ion images can be Abel inverted. Abel inversion is a mathematical
transformation, which can extract the full 3D distribution from a 2D distribution. From the 3D distribution it is possible to calculate hcos2 θi, which
is normally used as a measure for the degree of alignment. For the transformation to be accurate the image must contain many ion hits, at least 5-10
times as many as required to calculate hcos2 θ2D i accurately, hence hcos2 θi
is only measured for the extrema points of the hcos2 θ2D i transient. The
Abel inversion is carried out using an iterative method developed by M.
Vrakking [54].

5.3

Symmetric Top Experiments

This section contains a review of a series of experiments carried out on
symmetric top molecules to investigate different aspects of their alignment
dynamics. Symmetric molecules were chosen because of their high degree
of symmetry, which make calculations easier than with asymmetric top
molecules. The two symmetric top molecules chosen are methyl iodide
(CH3 I) and tert-butyl iodide (IC(CH3 )3 ), their the molecular properties
can be found in App. C. For both molecules the largest polarizability
component is along the C-I bond axis, so this axis will be aligned [46].

5.3.1

Rotational Revivals of Symmetric Top Molecules

The following experiments investigated the revival structure of the molecules on two different timescales; 1 full revival period and several full revival periods. A long scan was made for both molecules, where the degree
of alignment was measured from immediately after the turn off of the alignment pulse until after the first full revival. In both experiments the molecules were seeded in 3 bar Helium and their vapor pressure was kept around
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A) t = 2 ps

D) t = 317.9 ps

B) t = 158.4 ps

E) t = 322.5 ps

C) t = 162 ps

F) No Alignment
Pulse

Figure 5.6: Ion images of I+ from tert-butyl iodide, the polarization vector
of the alignment pulse is vertical. The images are recorded at different
delays with respect to the alignment pulse and show the evolution of the
alignment dynamics. (τalign = 1.3 ps, I0 = 8.9×1012 W/cm2 ). A) The
initial alignment, B) The maximum at the first half revival peak, C) The
minimum at the first half revival peak, D) The minimum at the first full
revival peak, E) The maximum at the first full revival peak and F) The
REMPI probe without any alignment pulse.

4 mbar and 10 mbar for tert-butyl iodide and methyl iodide, respectively.
The dissociation probe scheme was used for recording the ion images, see
Sec. 5.2.1.
The following two figures, Figs. 5.6 and 5.7, show some of the ion images recorded by the CCD-camera. The polarization of the laser is vertical,
so the C-I bond will align vertically, and the iodine ions should be confined
in a small angle around 0◦ and 180◦ , when the molecules align. Comparing
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A) t = 0.8 ps

D) t = 65.9 ps

B) t = 32.8 ps

E) t = 67.3 ps
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C) t = 34.2 ps

F) No Alignment
Pulse

Figure 5.7: Ion images of I+ from methyl iodide, the polarization vector
of the alignment pulse is vertical. The images are recorded at different
delays with respect to the alignment pulse and shows the evolution of the
alignment dynamics. (τalign = 0.75 ps, I0 = 1.3×1013 W/cm2 ). A) The
initial alignment, B) The maximum at the first half revival peak, C) The
minimum at the first half revival peak, D) The minimum at the first full
revival peak, E) The maximum at the first full revival peak and F) The
dissociation probe pulses (266 nm and 305 nm) without any alignment
pulse.

the image without any alignment pulse with the ones taken after interaction with an alignment pulse it is clearly seen that molecules both align
and anti-align.
In both sets of images it is possible to see two sets of half rings, these
arise from two different dissociation channels, which create iodine atoms
with different kinetic energy. The outer channel consists of ions originating
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Figure 5.8: A full scan of the revival dynamics of methyl iodide from just
after the alignment pulse to after the first full revival.The connected dots
are the measured results and the horizontal dashed line is at the value of
hcos2 θ2D i without the alignment pulse. (τalign = 0.75 ps, I0 = 1.3×1013
W/cm2 ).

from dissociation by the 266 nm pulse, whereas the inner channel consists of ions originating from dissociation of the molecule by the 305 nm
pulse. The inner channel is not dependent on the alignment dynamics, as
the pulse length of the 305 nm pulse is much longer than any dynamical
changes. Fortunately the kinetic energy difference of the iodine atoms is so
large that the two channels are separated radially, and for the data analysis
only the outer ring is used. In Fig. 5.7 A) a third channel is showing in
the center, the origin of this channel is different dissociation and ionization
processes involving the alignment pulse, which is not completely turned off
at this time-delay, this may increase the measured value of hcos2 θi slightly.
It is difficult to see if this is also the case in Fig. 5.6 A), but it should still
be of little consequence to measurements of the alignment dynamics, since
it would affect only the measurements, where the alignment pulse is not
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Figure 5.9: A full scan of the revival dynamics of tertbutyl iodide from
just after the alignment pulse to after the first full revival. The connected
dots are the measured results and the horizontal dashed line is at the value
of hcos2 θ2D i without the alignment pulse. (τalign = 1.3 ps, I0 = 6.4 ×
1012 W/cm2 ).

turned off.
The intensity of the different channels varies between the different delays, this is partly due to a relic of the data analysis, as the picture scales
to the most intense part of the picture and not to an overall parameter.
The intensity does vary between the different channels, but the effect looks
more pronounced due to the data analysis.
It is clear from the images in Figs. 5.6 and 5.7, that the angular confinement of the iodine ions is time dependent changing between being more
confined and less confined than the images without the alignment pulse. To
investigate the alignment dynamics in more detail we determine hcos2 θ2D i,
which as mentioned in Sec. 5.2.6 is easily obtained, as it does not require an
Abel inversion of the data. Only for the extrema of the obtained hcos2 θi2D
curves enough data is accumulated to make an Abel inversion, and calcu-
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Figure 5.10: Alignment dynamics of methyl iodide seeded in 3 bar Helium.
A) The initial post pulse alignment, the full curve is the cross correlation of
the alignment pulse. B) The first half revival. C) The first full revival. Also
shown is the values for hcos2 θi at the extremas of the transients. (τalign =
0.75 ps, I0 = 1.3×1013 W/cm2 )

late hcos2 θi.
In Figs. 5.8 and 5.9 the hcos2 θ2D i values for delays covering a full rotational period are shown for each molecule. In both scans three prominent
structures are seen, the initial alignment, the half revival and the full revival. The revival period must be measured from one half/full revival to
another, as the initial alignment may peak before the alignment pulse is
over, and it is therefore difficult to determine the precise time of the initial
alignment peak. As mentioned earlier the period between two full or two
1
, which gives a revival time of 66.7 ps and 319.8 ps for
half revivals is 2B
methyl iodide and tert-butyl iodide, respectively. In Figs. 5.8 and 5.9 the
time distance between the half and the full revival is shown, these time
distances should be half of the revival times, hence the measured time differences are in agreement with the expected values.
To get a more detailed look at the structure of the initial alignment and
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Figure 5.11: Alignment dynamics of tert-butyl iodide seeded in 3 bar Helium. A) The initial post pulse alignment, the full curve is the cross correlation of the alignment pulse. B) The first half revival. C) The first full
revival. D) The second full revival. Also shown is the values for hcos2 θi,
at the extremas of the transients. The vertical dashed lines represent the
expected revival times. (τalign = 1.3 ps, I0 = 8.9 × 1012 W/cm2 )

the revival transients a zoom around these structures are shown in Figs.
5.10 and 5.11. Here it is seen how the structure of the full and the half
revival are mirror images of each other. The full revival begins with the
molecules anti-aligning before they align, whereas at the half revival the
molecules align before anti-aligning.
For the extrema points of the two hcos2 θ2D i curves, shown in Figs. 5.8
and 5.9, hcos2 θi was determined from high statistics images, the values are
shown in Figs. 5.10 and 5.11. These values show that the initial alignment
is recreated at the full revival for methyl iodide as expected. For tert-butyl
iodide the initial alignment is not completely recreated, this could be caused
by either centrifugal distortion, which will be discussed later, or maybe the
alignment pulse was not completely turned off at the delay, where the initial alignment was measured. The hcos2 θi values at the minimum points
clearly shows that the molecules anti-align around the revivals.
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Figure 5.12: Revivals of methyl iodide seeded in 1 bar Argon (τalign = 0.75
ps, I0 = 1.3×1013 W/cm2 ). The connected circles represent the measured
data and the dashed vertical lines are the expected revival times. (t =
n
2B + 0.4ps, where n is the revival number and B is the rotational constant.)
a) 1st full revival, b) 2nd full revival, c) 4th full revival, d) 8th full revival,
e) 16th full revival and f) 42nd full revival.

5.3.2

Centrifugal Distortion Effects

The reconstruction of the revivals should in theory continue indefinitely,
if the following requirements are met; the molecules are in a collision free
environment and the rigid rotor approximation holds [2]. The number of
collisions in the molecular beam is very small, so the first requirement is
met. No molecule is a perfect rigid rotor, hence centrifugal distortion will
slowly destroy the rotational revivals [49]. For a symmetric top molecule
the centrifugal distortion can be written as:
−DJ J 2 (J + 1)2 − DK K 4 − DJK J(J + 1)K 2

(5.12)
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Figure 5.13: Calculations of the alignment dynamics of methyl iodide illustrating the effect of the centrifugal distortion on the revival shape, amplitude and time. (a) 1st full revival, (b) 4th full revival, (c) 16th full revival
and (d) 42nd full revival. The dashed curves are the calculated revival
structure, where the centrifugal distortion term have been omitted from
the Hamiltonian used for the calculations. The full curves are the revival
structure, where the full Hamiltonian has been used for the calculations.
Calculations done by E. Hamilton and T. Seideman [2].

where Di are the centrifugal stretching constants and J and K are the rotational quantum numbers. As seen in Eq. (5.12) the centrifugal distortion
has a quartic dependence on both J and K, hence the maximum value of J
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(Jm )6 of the rotational wave packet created by the alignment pulse, has a
great influence on the size of the centrifugal distortion and the degradation
of the revival structure. Jm is dependent on both experimental parameter
and molecular properties, for short pulses Jm can be written as [47]:
s

Jm ∝

I0 τ ∆α
B

(5.13)

where I0 is the intensity of the pulse, τ the pulse length, ∆α the difference
between the parallel and perpendicular polarizabilities and B is the rotational constant.
To explore the effect of the centrifugal distortion a series of experiments
were carried out using methyl iodide (10 mbar) expanded in 2 bar Argon
and tert-butyl iodide (4 mbar) expanded in 3 bar Helium7 , again using the
dissociation probe scheme, Sec. 5.2.1. From Eq. (5.13) it is possible to calculate Jm for both tert-butyl iodide and methyl iodide in the experiment,
the ratio between two is found to be about 8. The centrifugal stretching
constants are not known for tert-butyl iodide, but assuming they are of
the same order as those of methyl iodide, it would be expected that the
revival structure of methyl iodide will remain intact for longer than than
the revival structure of tert-butyl iodide. This assumes that the centrifugal
distortion is the main reason for degradation of the revival structure.
The experimental setup allowed us to measure out to the 42nd full revival of methyl iodide. The results for methyl iodide can be seen in Fig.
5.12. From the results it is seen that even at the 42nd revival, the revival
structure is still prominent even though the degree of alignment has decreased along with the contrast of the structure8 , also the revival time has
shifted to slightly longer times, about 0.1 ps. The calculations in Fig. 5.13
show the big difference in the alignment dynamics depending on whether
or not the centrifugal distortion term is included in the calculations. The
6
The selection rule for K is ∆K = 0, so assuming that only the lowest rotational level
is populated in the molecular beam, K = 0
7
The signal of tert-butyl iodide is too small, when Argon is used as an expansion gas.
8
The difference in hcos2 θ2D i between the top and the bottom of the revival
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calculations, where the centrifugal distortion is taken into account shows
the same general trends as the experiment; 1) The slow degradation of the
degree of alignment. 2) The decrease in the contrast of the revival. 3) The
shift of the peak of the alignment to longer delays times compared to the
alignment pulse than expected from the rotational constant.
For tert-butyl iodide both the first and second full revival was measured, see Fig. 5.11. The degree of alignment is slightly higher at the
second revival compared to the first revival, but the contrast between the
top and bottom of the revival is reduced considerably as predicted by the
calculations shown in Fig. 5.13. This effect is more pronounced in the tertbutyl iodide experiments than in the methyl iodide experiments, which is
in agreement with the assumption that the centrifugal distortion effect is
larger for tert-butyl iodide than methyl iodide. There is still a need for
further calculations and experiments to confirm this assumption.

5.3.3

Dependence of Peak Intensity and Pulse Length

A series of experiments were carried out with the purpose of investigating,
if there is a connection between the length of the alignment pulse and the
shape of the revival transients as well as the dependence of the peak intensity of the alignment pulse on the revival structure.
The first experiments were carried out using methyl iodide. The energy of the alignment pulse was kept constant while the pulse length was
increased, see Fig. 5.14. As the energy of all the alignment pulses in the
series was kept constant, the energy had to be chosen so that all the intensities were kept below the ionization limit. In practice this meant that
the pulse energy was limited to 120 µJ determined by the intensity of the
shortest pulses. The methyl iodide was kept at a vapor pressure around 10
mbar and seeded in 3 bar Helium. The dissociation probe scheme was used
for this experiment, Sec. 5.2.1.
Since the energy of the pulse was kept constant, the peak intensity of
the pulse decreased as the pulse length was increased. It is clearly seen in
Fig. 5.14 that the changes in both pulse length and peak intensity have a
great influence on the transients. The best contrast between top and bot-
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Figure 5.14: The first full revival of methyl iodide measured at different
pulse lengths and peak intensities. The pulse energy was kept at 120 µJ
for all pulse lengths. A) τalign = 0.5 ps and I0 = 1.6×1013 W/cm2 . B)
τalign = 0.75 ps and I0 = 1.1×1013 W/cm2 . C) τalign = 1.1 ps and I0 =
7.4×1012 W/cm2 . D) τalign = 1.7 ps and I0 = 4.8×1012 W/cm2 . E) τalign
= 2.6 ps and I0 = 3.1×1012 W/cm2 . The connected dots are the measured
results and the dotted line are at the value of hcos2 θ2D i measured with the
dissociation probe without the alignment pulse.

tom of the transient is achieved with the shortest and most intense pulse,
whereas the highest degree of alignment is achieved using a slightly longer
and less intense pulse. The transient structure also clearly degrades as the
pulse length increases, both the degree of alignment decreases as well as
the contrast between top and bottom, especially the downward transient
almost disappears. The calculations shown in Fig. 5.15 are simulations of
the conditions in the methyl iodide experiment. It is easily seen by comparing the calculations with the experimental results, that they are in very
good agreement. The calculations of the expectation value of J2 shown in
Fig. 5.16 give some insight to the changes in alignment transients. The
shortest pulse (a) leads to highest degree of rotational excitation giving the
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Figure 5.15: Calculations of the alignment dynamics in the vicinity of the
first full revival of methyl iodide for different pulse lengths and intensities
with a constant total energy. The dotted horizontal line illustrates the baseline for an isotropic sample. (a) τalign = 0.5 ps and I0 = 1.6×1013 W/cm2 .
(b) τalign = 0.75 ps and I0 = 1.067×1013 W/cm2 . (c) τalign = 1.1 ps and
I0 = 7.273×1012 W/cm2 . (d) τalign = 1.7 ps and I0 = 4.706×1012 W/cm2 .
(e) τalign = 2.6 ps and I0 = 3.077×1012 W/cm2 . Calculations done by E.
Hamilton and T. Seideman [2].

be contrast between the top and bottom of the transient. Whereas the
pulse (b) establishes a better phase relation between the rotational components, which leads to a higher degree of alignment. It is also seen that for
the longer pulses the dynamics deviates from the nonadiabatic limit, as the
expectation value of J2 decreases when the pulse is turned off.
The same type of experiment was repeated with tert-butyl iodide, see
Fig. 5.17, here the energy of each pulse was kept at the ionization limit of
the pulse, so the decrease in peak intensity in slower than in the methyl
iodide experiments. The tert-butyl iodide vapor presure was kept around
2-3 mbar and seeded in 3 bar Helium, the dissociation probe scheme was
used for the experiment.
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Figure 5.16: Time evolution of the expectation values of the J2 operator
of wave packets created in methyl iodide with pulses of different length
and constant energy. (a) τalign = 0.5 ps and I0 = 1.6×1013 W/cm2 . (b)
τalign = 0.75 ps and I0 = 1.067×1013 W/cm2 . (c) τalign = 1.1 ps and I0
= 7.273×1012 W/cm2 . (d) τalign = 1.7 ps and I0 = 4.706×1012 W/cm2 .
(e) τalign = 2.6 ps and I0 = 3.077×1012 W/cm2 . Calculations done by E.
Hamilton and T. Seideman [2].

The changes in the transient structure are not as radical in this experiment as in the methyl iodide experiment, the reasons for this are probably a
combination of the slower intensity decrease and the smaller range of pulse
lengths. Still it is seen that the best contrast from top to bottom of the
alignment transient is achieved using the shortest and most intense pulse,
whereas the highest degree of alignment is reached when using a slightly
longer and less intense alignment pulse.
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Figure 5.17: The first full revival of tert-butyl iodide measured at different pulse lengths and peak intensities. A) τalign = 1.3 ps and I0 =
8.9×1012 W/cm2 . B) τalign = 1.5 ps and I0 = 8.1×1012 W/cm2 . C) τalign
= 1.9 ps and I0 = 6.8×1012 W/cm2 . The connected dots are the measured
results and the dotted line are at the value of hcos2 θ2D i measured with the
REMPI probe without the alignment pulse.

To conclude both the pulse length of the alignment pulse and the peak
intensity plays a role in the alignment dynamics. One has to consider the
type of alignment wanted and choose pulse length and peak intensity accordingly. The best choice for peak intensity is probably to keep the laser
power just below the ionization limit. The best pulse length depends on
whether a good contrast between aligned and anti-aligned molecules is preferred or if the highest degree of alignment is required. If the pulse is too
short, the number of excited rotational levels will drop, as the interaction
time becomes to short.
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Intensity Averaging

The alignment dynamics is not only dependent on the peak intensity of the
pulse, but also on the range of alignment intensities, which are probed. As
the intensity profile of the alignment pulse is Gaussian the range of probed
intensities is dependent on the focal size of the probe pulse compared to the
focal size of the alignment pulse. In most of our experiments the two focal
sizes are comparable, see App. B, and a wide range of alignment intensities
are probed. Calculations averaging over a wide range of intensities show
alignment dynamics similar to the alignment dynamics measured in our
experiments. The dynamics are fairly simple in their structure, basically
only one oscillation, see Figs. 5.18 (E,F) and 5.19 (E,F).
In other experiments we have observed alignment dynamics with a
much more complex structure, see Fig. 5.19. The origin of this more complex revival structure has not been completely identified, but comparison
with calculations have indicated, see Figs. 5.18, that it could arise from a
much smaller range of alignment intensities being probed, so the focal size
of the probe pulse in these experiments was much smaller than the focal size
of the alignment pulse. Another possibility is that the more complex structure arises because a colder part of the molecular beam is being aligned,
calculations shown in Fig. 5.20 explore how the temperature of the molecules affects the alignment structure. According to the calculations the
effect of changes in the temperature of the molecules is small compared
to the focal averaging effect. More experiments and calculations are still
needed to investigate this aspect of the alignment dynamics, but according
to calculations the intensity averaging effect seems more plausible, as the
temperature effect is less pronounced.
The experiments were all carried out using tert-butyl iodide seeded in
3 bar Helium, the temperature of the sample was kept around -33 ◦ C,
which gives a vapor pressure of tert-butyl iodide of about 2-3 mbar. The
Coulomb probe scheme was used to measure the alignment dynamics, so
it was not possible to measure the value of hcos2 θi, see Sec. 5.2.1. The
values of hcos2 θ2D i from data collected with the dissociation probe and
data collected with the Coulomb probe can not be compared directly.
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Figure 5.18: Calculations of the alignment dynamics of tert-butyl iodide.
(τalign = 1.7 ps, I0 = 7×1012 W/cm2 , T = 0.5 K) A) The initial alignment
without intensity averaging, B) The first half-revival without intensity averaging C) The first full revival without intensity averaging, D) The initial
alignment with intensity averaging, E) The first half-revival with intensity
averaging and F) The first full-revival with intensity averaging. Calculations done by E. Hamilton and T. Seideman [2].

5.4

Iodoalkanes

To show that nonadiabatic alignment can be used on more general molecules, a series of experiments on iodoalkanes was carried out. These molecules still contain iodine, which is a necessity for our dissociation probe,
but are a more general type of molecules, non-rigid asymmetric tops. They
have a very low degree of symmetry, and aligning this type of molecule will
show that laser induced alignment is a method for aligning more general
types of molecules.
For asymmetric tops the initial degree of alignment will not be completely recreated at full revivals [50], hence the revivals can not be expected
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Figure 5.19: Experimental Data - showing the difference between the focal
size of the pump and probe beam being similar and the probe focus being
considerable smaller than the pump focus. A), B) and C) The initial alignment and the first half and full revival with the probe focus much smaller
than the alignment focus. D), E) and F) The initial alignment and the first
half and full revival with the beams having similar focal sizes. (τalign = 1.6
ps, I0 = 4 × 1012 W/cm2 )

to be as prominent as for symmetric tops. Also instead of only one revival
time, there are now two revival times:
τ(n/2)J

=

τnC

=

n
+D
2(B + C)
n
+D
4C

(5.14)
(5.15)

where B and C are rotational constants of the molecule, see App. C and D
is the time of the initial alignment peak.
The lack of symmetry in the molecules also creates a second problem,
the alignment axis no longer coincide with the bond between the iodine
atom and the rest of the molecule, which is the axis probed in the pho-
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Figure 5.20: Calculations showing the effect of the rotational temperature
of the tert-butyl iodide molecules on the alignment dynamics. (τalign = 1.7
ps, I0 = 7×1012 W/cm2 ) A) 0 K, B) 0.5 K, C) 1 K and D) 5 K. Calculations
done by E. Hamilton and T. Seideman [2].

todissociation process. To evaluate the consequences a series of calculations
were made, investigating the effect an angle between the axis of alignment
and the C-I bond [5], would have on the measured hcos2 θi. The results of
these calculations show that as long as the angle is less than 15-20 degrees,
the reduction of the measured hcos2 θi compared to the real hcos2 θi will be
quite small [5]. The two molecules chosen for these experiments both have
angles between the axis of alignment and the C-I bond less than 20 degrees,
so this problem is not too big, but the measured degree of alignment will
be slightly reduced compared to the true degree of alignment.
For the experiments iodoethane and iodopropane was chosen, because
of their simplicity. Iodopropane already exists in two different conformers9 ,
which are inseparable and have different rotational constants. This gives
9

Trans and Gauche.
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Figure 5.21: The alignment dynamics of iodoethane. The connected dots
are the measured results, the horizontal dotted line the value of hcos2 θ2D i
without the alignment pulse and the vertical dotted lines are the expected
revival times. A) The initial alignment. B) The first half J-revival. C) The
first full J-revival. D) The second J-revival.

rise to four different revival times all very close, so the alignment transient
can be expected to be very complex around the revivals. Also the revivals
will be less pronounced as only part of the molecules align at each revival.
The larger iodoalkanes will have even more conformers and hence more
complicated alignment transients.
Both experiments were carried out using the dissociation probe scheme,
see Sec. 5.2.1. The molecular samples were seeded in 3 bar Helium and their
temperature were kept at -25 ◦ C and 0 ◦ C for iodoethane and iodopropane,
respectively.

5.4.1

Iodoethane

The experimental results for iodoethane can be seen in Figs. 5.21. The
transients show a strong initial alignment comparable with the alignment
reached in the symmetric top experiments. The two revival times are τ(n/2)J
= 173.13 ps and τnC = 89.40 ps with D = 1 ps. The degree of alignment at
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Figure 5.22: The alignment dynamics of iodopropane. The graph on the
left shows the initial alignment. The graph on the right shows the first half
J-revivals and the first C-revivals. The connected dots are the measured
results, the horizontal dotted line the value of hcos2 θ2D i without the alignment pulse and the vertical dotted lines are the expected revival times.
A - The first half J-type revival (Gauche). B - The first C-type revival
(Gauche). C - The first half J-type revival (Trans). D - The first C-type
revival (Trans). The value of hcos θi of the initial alignment is shown in the
figure.

the first revival is much lower than the initial alignment as expected and
disappears around the 4th revival. The structure of the revivals is not as
clean as seen for the symmetric tops. The reasons for this are probably a
combination of the degradation of the degree of alignment due to the lack
of symmetry and interference in the alignment dynamics caused by the two
revival times being so close together.

5.4.2

Iodopropane

The results for the alignment experiments on iodopropane is shown in Fig.
5.22. The initial degree of alignment is significantly lower than seen for
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iodoethane, this is partly due to the fact that the difference in the angle
between the C-I bond and the major axis of polarizability is larger than for
ethyl iodide, which reduces the measured degree of alignment as mentioned
earlier. Also the two conformers have different polarizabilities, see App. C,
so they will align at slightly different times after the peak of the alignment
pulse, this is also the reason for the slow decay of the initial alignment.
In the interval between 140 - 210 ps the two first half J-revivals as well
as the two first C-revivals are expected to appear. Looking at the scan in
Fig. 5.22 two transients are observed. First a double dip around 150 ps, the
half J-revival and C-revival for the gauche conformer are expected at 148.5
ps and 157 ps, respectively. The double dip can be interpreted as these two
revivals, the structure is caused by interference between the two revivals.
The second transient is a rise and dip around 195 ps, the half J-revival and
the C-revival of the trans conformer are expected at 195 ps and 198 ps,
respectively. The two revivals of the trans conformer are very close and the
transient around 195 ps can be interpreted as an interference pattern of the
two revivals. The alignment scan shows that both conformers are present
in the sample. The lower degree of alignment in the spectrum is caused by
only part of the molecules aligning at each revival.

5.4.3

Summary on Iodoalkane Experiments

These experiments show that nonadiabatic alignment can be used to align
even floppy molecules. The degree of alignment after the pulse seems to
be of comparable size to the alignment we have seen for symmetric top
molecules. The molecules also have rotational revivals, even though they
are not as prominent as the revivals seen for the symmetric top molecules,
barely visible for iodopropane.
The rotational revivals for different conformers appear at different times
with respect to the alignment pulse, maybe this can be used to select one
conformer over another for photo induced processes either to eliminate that
conformer from the sample or create a sample of excited conformers. Also
the alignment of one conformer may be improved by applying a second
alignment pulse at a revival of that conformer, hence improving the future
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alignment of that conformer.

5.5
5.5.1

Future Plans
Experimental Improvements

The New Vacuum Chamber
At the moment a new vacuum chamber is being assembled and tested. This
chamber has several advantages compared to the old chamber. The chamber has two entrance windows making it possible to have two laser beams
crossing each other and the molecular beam at 90 ◦ , this geometry gives
the possibility for new types of experiments as all polarization combinations
will be possible. The chamber also has a better vacuum, than the old one
reducing the noise created by the remaining gas in the chamber.
New Pulsed Valve
A new pulsed valve has also been bought, this is also an improvement
compared to the old one. The main improvements are: 1) Possibility of
heating the valve up to 250 ◦ C; 2) A repetition rate of 40 Hz, which allows
us to record data twice as fast as now; 3) The valve can withstand a much
higher backing pressure (100 bar), this will improve the cooling of the beam;
4) A conical nozzle design, this gives a narrower cone, raising the sample
density; 5) A very short duration of the molecular pulses. Also in the new
chamber the valve will be mounted so the distance from the nozzle to the
intersection with the laser beams will be shorter about 40 cm compared to
about 70 cm in the old chamber, this will increase the sample density.
Slice Imaging
The construction of the new chamber is mainly focussed on allowing the
laser beams to enter at 90◦ angles to each other in order to allow all polarization combinations. As we now no longer always have parallel polarizations
the cylindrical symmetry is broken and it is no longer possible to use Abel
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inversion for calculating the 3D angular distribution molecular axis. To
measure the 3D distribution the detection scheme will be changed from the
velocity mapping used for the experiments in this thesis to slice imaging.
For the slice imaging setup the molecular beam is crossed with the laser
beams between a repeller plate and fine grid, the voltage on the repeller
plate can be switched between 0 V and a 1000 V. When the voltage on the
repeller plate is switched on the ions feel a uniform electric field accelerating them towards the detector. After the grid the ions pass through three
plates with circular apertures, these three plates creates velocity mapping
of the ions, like the three plates of our current setup.
The ions are allowed to propagate in a field free environment for a while
after creation before switching on the repeller plate, this gives a larger difference in the time of flight between the ions emitted with different velocities
in direction of the molecular beam (vz ). This spread in time of flight is used
to slice through the distribution. By switching the detector it is possible
to choose only a small fraction of the velocities for each measurement and
simply measure slices of the distribution. This way the full 3D distribution
can be measured directly even if the cylindrical symmetry is broken.

5.5.2

Future Experiments

Improving Alignment
At the moment there is still room for improvement of the degree of alignment reached using laser pulses. In previous experiments it has been shown
that combining adiabatic and nonadiabatic alignment [3] can improve the
degree of alignment, this has the disadvantage that the molecules no longer
are in a field free environment. It has also been shown that using two short
pulses [58], where the second pulse arrives with a time delay compared to
the first pulse matching either the peak of the initial alignment or at a
revival peak, this method has the advantage of the alignment being field
free. Using a more elaborate pulse sequence may improve the degree of
alignment further [59].
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3D Alignment
In this thesis only 1D alignment has been discussed and so far no experiments have been done showing definite proof of 3D nonadiabatic alignment. Experiments have been done showing 3D adiabatic alignment [60],
these experiments were done using elliptically polarized nanosecond pulses.
Instead of using elliptically polarized light it has been suggested that two
orthogonally linearly polarized pulses could be used [61]. The new vacuum
chamber will allow for experiments of this kind to be carried out, and these
are planned for the near future.

Chapter 6

Photoelectron Spectroscopy
using Aligned Molecules
As the angular distribution of photoelectrons ideally should be measured
with respect to a molecular axis, the idea of aligning molecules before detaching the photoelectron springs to mind. For the aligned molecules a
molecular axis will be confined to a laboratory axis and the measured angular distribution will be almost the same in the laboratory frame as in the
molecular frame. Another possibility is to use the angular distribution of
photoelectrons as a probe of alignment, as the angular distribution should
be dependent on the degree of alignment of the molecules.
Several groups have already explored the possibility of using photoelectron angular distributions (PADs) as a measure for the alignment induced
by the first pulse in (1+1) REMPI both theoretically [62, 63, 64] and experimentally [65, 66]. The alignment is created in an excited state by a
resonant laser pulse because of the selection rules of the transition, and the
molecules are then ionized by a second laser pulse, which is delayed with
respect to the first laser pulse. Alignment induced by a non-resonant laser
pulse can also be measured using time-resolved PADs [64]. This will be
a good complementary technique to the two probe schemes already used
in our experiments, as it would not require that the molecules contain an
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iodine atom.

6.0.3

Experimental Changes

By changing the polarity of the extraction plates in the chamber the photoelectrons are accelerated towards the detector instead of the ions. The
velocity mapping works on the photoelectrons in the same way as on the
ions as long as the ratio of the voltages is kept constant [57].
The photoelectrons are so light that even a very small magnetic field
will bend their flight path in the direction perpendicular to the field1 . The
magnetic was measured with a Hall probe, but was so small that the Hall
probe used could not measured it. We then switched the polarization of
the extraction plates, so electrons would be accelerated towards the MCPdetector. A simple experiments ionizing iodobenzene with 266 nm light was
then carried out, a time of flight was measured to ensure that ions were
produced. The polarization of the extraction plates was the changed to
measure the electrons, no electrons reached the MCP-detector, hence we
concluded that magnetic field in the chamber was too large. To reduce the
magnetic field in the chamber two µ-metal cylinders were installed, in a
way so they cover the flight path of the photoelectrons from the laser focus
to the MCP-detector. After the metal cylinders were installed the photoelectron images were centered on the detector, and not being influenced by
the magnetic fields in the chamber.
To reduce the number of electrons being created by scattered light hitting the metal surfaces of the chamber, all surfaces in the path of the laser
beam were sprayed with graphite. This reduces the scattered light as the
graphite creates a matt black surface. Also the work function of graphite
4.81 eV, which is higher than the energy of a 266 nm photon, whereas the
work function of stainless steel is 4.4 eV, which is less than the energy in a
266 nm photon, so the number electrons detached from the surface will also
be reduced. To further reduce the scattered light the exit window of the
~ = q~v × B,
~ where F
~ is the force on the electron, q the charge of the electron, ~v the
F
~ is the magnetic field vector
velocity vector of the electron and B
1

98

Photoelectron Spectroscopy using Aligned Molecules

chamber was replaced by Brewster window to minimize the light reflected
of the exit window back into the chamber.

6.0.4

Test Experiments on Iodobenzene

To test our ability of measuring photoelectrons we used iodobenzene expanded in 3 bar Helium. For the experiments, which just tested our ability
to measure photoelectrons a 266 nm pulse was used to ionize the iodobenzene. When the quality of the photoelectron images was satisfying, an
alignment pulse was added.
The non-adiabatic alignment of iodobezene has been documented in
other articles [67, 68, 50], so the alignment dynamics are well known. A series of photoelectron images was recorded in the first 8 ps after the peak of
the alignment pulse. Unfortunately the angular distributions did not show
a clear difference between aligned and unaligned molecules. Two possible
reasons for this are: 1) If the angular distribution of the photoelectrons from
ionization of iodobenzene with two 266 nm photons is close to isotropic, the
difference in the angular distributions from aligned and unaligned molecules
will be very small. 2) The voltages for the velocity mapping could be set
at a wrong ratio smearing out the distribution.

6.0.5

Summary

The test experiments carried out using the angular distribution of photoelectrons as a probe of the degree of alignment were not an success, possibly
because the angular distribution we probed was close to isotrope. The experiments with angular distributions of photoelectrons will continue. For
the next experiment a molecule with a known PAD will be used.
Instead of using the Pads to study alignment dynamics, we also consider using aligned molecules to study PADs. As the aligned molecules have
a molecular axis confined to a laboratory axis the PAD will be the same
in the laboratory and molecular frame. PADs measured in the molecular
frame contain more information about the molecule than PADs measured
in the laboratory frame.

Chapter 7

Summary
This thesis is divided into two parts focussing on photoelectron spectroscopy
and laser induced alignment, respectively. The goal has been to gain experience with these techniques hoping to combine them in experiments
measuring angular distributions of photoelectrons.
The angular distribution of photoelectrons contains much information
about molecular orbitals and the ionization process. To extract this information the angular distribution has to be measured with respect to a
molecular axis. In an ordinary gas sample the molecules are isotropically
oriented, so unless it is somehow possible to measure the emission direction
of the photoelectron in coincidence with the molecular axis, the angular
distribution in the molecular frame is unobtainable. Applying a short linearly polarized laser pulse to a sample of rotationally cold molecules, will
cause one of the molecules molecular axes to be temporarily confined in a
cone around the polarization vector of the laser pulse, this effect is called
laser induced alignment. As long as the molecules are aligned the laboratory axis and the molecular axis coincide making it possible to measure the
angular distribution of the photoelectrons with respect to a molecular axis.
The work presented in this thesis relates to either photoelectron spectroscopy or laser induced alignment, in the last part of the thesis the first
steps towards combining the two techniques are reported.
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Summary

Photodetachment
The first test experiments using an electron spectrometer connected to an
ion beamline were documented. It was shown that the spectrometer could
be used to measure the kinetic energy distribution of photoelectrons detached from negative ions with a precision of about 0.1 eV. The angular
distribution of the photoelectrons could be measured as well, the precision
of the anisotropy parameter (β) was found to be 0.2. The test experiments
were carried out using the anions O− , H− and OH− .
Time-resolved Photoelectron Spectroscopy on CS2
Time-resolved photoelectron spectroscopy was used to measure the lifetime
of the predissociative S3 state. The lifetime was measured at two different
excitation wavelengths and the measured lifetimes were in agreement with
previously measured values.
Laser Induced Alignment of Symmetric Top Molecules
The alignment dynamics of two different symmetric top molecules, methyl
iodide and tert-butyl iodide, were investigated. The initial alignment and
the rotational revival structure was studied in detail including the effects of
centrifugal distortion and intensity averaging. All results were in agreement
with calculations of the expected alignment dynamics.
Laser Induced Alignment of Iodoalkanes
To show the generality of nonadiabatic alignment as a tool of controlling
the orientation of molecules in space; two iodoalkanes were chosen as test
molecules, since they have a low degree of symmetry and also are non-rigid
in their structure. The degree of alignment obtained just after the alignment pulse was almost as good as the alignment obtained for symmetric
molecules. Rotational revivals were also observed, but they were much
weaker than for symmetric top molecules.
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Photoelectron Angular Distributions of Aligned Molecules
The first experiments recording the angular distribution of photoelectrons
from aligned iodobenzene, which is ionized using two 800 nm photons. No
difference was observed in the angular distributions from aligned molecules
or isotropically distributed molecules. The experiment can be improved in
several ways, and the work on combining angular distributions of photoelectrons from aligned molecules will continue.

Appendix A

Photodetachment
Experiments
A.1
Ion
O−
H−
OH−

A.2
Ion
O−
H−
OH−

Ion Data
Electron Affinity (eV)
1.4611 [20]
0.75419 [20]
1.8277 [20]

Anisotropy Parameter (β)
-0.8 [13]
2.0
∼ -0.9 [31]

Te (eV)
1.97
15.4
4.06

Experimental Parameters
Wavelength of laser
405 nm
810nm
405nm

Polarization of laser
↔
l
↔
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Lens Voltage (V)
-1000
-500
-800

Appendix B

Alignment Experiments
B.1

Laser Parameters

Pulse
Alignment
Coulomb
Dissociation
REMPI

λ (nm)
800
800
266
304

τ
120 fs - 3 ps
20-30 fs
250 fs
5 ns
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Energy (µJ)
0 - 150
50
0 - 11

Spot Size (µm)
40×40
30×30
20×20

Appendix C

Molecular Data
C.1

Symmetric Top Molecules [5]
Names

Molecular formula
Molecular weight (g/mole)

Methyl iodide
Iodomethane
CH3 I
141.94

Tert-butyl iodide
2-iodo-2-methylpropane
C4 H9 I
184.02

Structure
Bond lengths (Å)
and angles

r(CI)=2.139, r(CH)=1.11,
6 (ICH)=107.5◦ [69]

r(CH)=1.093, r(CC)=1.54,
r(CI)=2.19, 6 (ICC)=107.4◦ ,
6 (HCH)=arccos(− 1 )[70]
3
100◦ C[20]
-30◦ C
2
266 nm: 2.2×10−2
304 nm: 2×10−3 [73]
A=2950.2, B=1563.7[70]
tJ =319.8
static: αk =15.0, α⊥ =11.3
1064 nm: αk =15.1, α⊥ =11.3
800 nm: αk =15.3, α⊥ =11.4

Boiling temperature1
Seed temperature
Vapor pressure2 (mbar)
Gas phase absorption
cross section (Å2 )
Rotational constants (MHz)
Revival time3 (ps)
Polarizability
volumes4 (Å3 )

42.5◦ C[71]
-40◦ C
22
266 nm: 1.0×10−2
304 nm: 1×10−4 [72]
A=150262, B=7501.30[74]
tJ =66.655
static: αk =9.0, α⊥ =6.4
1064 nm: αk =9.1, α⊥ =6.5
800 nm: αk =9.2, α⊥ =6.6
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C.2 Asymmetric Top Molecules of General Type [5]

C.2
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Asymmetric Top Molecules of General Type
[5]
Names

Molecular formula
Molecular weight (g/mole)

Ethyl iodide
Iodoethane
C2 H5 I
155.97

Propyl iodide
1-iodopropane
C3 H7 I
169.99

Structure
Bond lengths and angles
Boiling temperature1
Seed temperature
Vapor pressure2 (mbar)
Gas phase absorption
cross section (Å2 )
Rotational constants (MHz)
asymmetry parameter7
δ angle11

[75]
73◦ C[71]
-25◦ C
13
266 nm: 1.4×10−2
304 nm: 4×10−4 [73]
A=29116.33, B=2979.566,
C=2796.451, κ=-0.986
δ=19.7◦ [75]

Revival times (ps)8

tC =89.40, tJ =173.13

Polarizability
volumes4,12 (Å3 )

static:
αzz =11.2, αyy =8.0,
αxx =7.7, δpol =13.6◦
800 nm:
αzz =11.5, αyy =8.2,
αxx =7.8, δpol = 13.6◦

[76]9
102◦ C[71]
0◦ C
13
266 nm: 1.8×10−2
305 nm: 7×10−4 [73]10
trans: A=24710.74, B=1305.204,
C=1269.366, κ=-0.997, δ=19.4◦
gauche: A=10595.35, B=1781.651,
C=1614.186, κ=-0.963, δ=32.6◦
[77, 76]
trans: tC =196.95, tJ =388.41
gauche: tC =154.88, tJ =294.48
trans :
gauche :
static: αzz =14.3, αzz =13.2,
αyy = 9.5, αyy = 9.8,
αxx = 9.1, αxx = 9.2,
δpol = 19.3◦ δpol = 19.3◦
800nm: αzz =14.6, αzz =13.8,
αyy = 9.6, αyy = 10.2,
αxx = 9.3, αxx = 9.6,
δpol = 19.3◦ δpol = 19.3◦

1

At atmospheric pressure.
at seed temperature, calculated using the Claussius-Clayperon equation[?],
P (T ) = Patm exp(−∆vap H/R ∗ ( T1 − T 1 ), vaporization enthalpies obtained from [20].
2

3

boil

tJ = (2B)−1
The polarizability volume α0 relates to the polarizability α as: α0 = α/(4π²0 ). The values
are obtained using an ab-initio linear response calculation on a HF wavefunction in the Sadlej
basisset using the Dalton Quantum Chemistry Program: www.kjemi.uio.no/software/dalton.
The molecular geometry was not optimized. For all the molecules the near-infrared wavelengths
are far off resonance and the polarizabilities close to the static values.
5
Characteristic (not molecule specific) bondlengths
6
C–I bondlength chosen to fit rotational constants.
4
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7

Molecular Data

κ = 2B−A−C
, κ = −1 for a prolate and κ = 1 for an oblate symmetric top.
A−C
tC = (4C)−1 , tJ = (B + C)−1
9
Ref. [76] only report 23 out of the necessary 27 internal coordinates for gauche-propyl iodide.
Assumptions were made for the remaining four that fit with the reported rotational constants.
10
Values for isopropyl iodide
11
δ is the angle between the principal axis of inertia (a-axis) and the C–I bond axis.
12
The principal axes of polarizability are located so that the x-axis is perpendicular to the
I–C1–C2 plane and the z-axis is the axis closest to the C–I bond axis. δpol is the angle between
the z-axis and the C–I bond axis.
8

Appendix D

Time of Flight Spectra

Figure D.1: Time of flight spectrum of tert-butyl iodide recorded with the
Coulomb probe.
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Time of Flight Spectra

Figure D.2: Time of flight spectrum of tert-butyl iodide recorded with the
dissociation probe.

Bibliography
[1] E. Skovsen, M. Machholm, T. Ejdrup, J. Thøgersen, and
H. Stapelfeldt. Imaging and control of interfering wave packets in
a dissociating molecule. Phys. Rev. Lett., 89(13):133004–1, 2002.
[2] E. Hamilton, T. Seideman, T. Ejdrup, M. D. Poulsen, C. Z. Bisgaard,
S. S. Viftrup, and H. Stapelfeldt. Alignment of symmetric top molecules by short laser pulses. Accepted for Phys. Rev. A.
[3] M. D. Poulsen, T. Ejdrup, H. Stapelfeldt, E. Hamilton, and T. Seideman. Alignment of molecules by a long and a short laser pulse.
Manuscript in preparation.
[4] D. Townsend, H. Satzger, T. Ejdrup, and A. Stolow. 1 B2 (1 Σ+
u ) excited
state decay dynamics CS2 . manuscript in preparation.
[5] M. D. Poulsen. Alignment of molecules induced by long and short laser
pulses. PhD thesis, University of Aarhus, 2005.
[6] Tamar Seideman. Time-resolved photoelectron angular distributions:
Concepts, applications and directions. Annu. Rev. Phys. Chem., 53:41–
65, 2002.
[7] A. Stolow, A. E. Bragg, and D. M. Neumark. Femtosecond timeresolved photoelectron spectroscopy. Chem. Rev., 104:1719–57, 2004.
[8] D. J. Pegg. Photodetachment using atom and ion detection. Rad.
Phys. Chem., 70:371–386, 2004.
109

110

BIBLIOGRAPHY

[9] D. M. Neumark. Time-resolved photoelectron spectroscopy of molecules and clusters. Annu. Rev. Phys. Chem., 52:255–77, 2001.
[10] R. E. Continetti. Coincidence spectroscopy. Annu. Rev. Phys. Chem.,
52:165–92, 2001.
[11] R. E. Continetti. Photoelectron-photofragment coincedence studies of
dissociation dynamics. Int. Rev. Phys. Chem., 17(2):227–60, 1998.
[12] A. Stolow. Femtosecond time-resolved photoelectron spectroscopy of
polyatomic molecules. Annu. Rev. Phys. Chem., 54:89–119, 2003.
[13] J. Cooper and R. N. Zare. Angular distribution of photoelectrons. J.
Chem. Phys., 48:942–3, August 1968.
[14] D. M. Neumark, K. R. Lykke, T. Andersen, and W. C. Lineberger.
Laser photodetachment measurement of the electron affinity of atomic
oxygen. Phys. Rev. A, 32(3):1890–2, 1985.
[15] K. J. Reed, A. H. Zimmermann, H. C. Andersen, and J. I. Brauman.
Cross sections for photodetachment of electrons from negative ions
near threshold. Jour. Chem. Phys., 64(4):1368–75, 1976.
[16] K. R. Lykke, K. K. Murray, and W. C. Lineberger. Threshold photodetachment of H− . Phys. Rev. A, 43(11):6104–7, 1991.
[17] H. Hotop, T. A. Patterson, and W. C. Lineberger. High resolution
photodetachment study of OH− and OD− in the threshold region 70006450 å. J. Chem. Phys., 60(5):1806–12, 1974.
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