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Chapter 1

Introduction

Atoms and molecules can be and have been studied in great detail by their interaction with
light. These investigations, involving absorption of photons, provide insight into different
fundamental physical and chemical phenomena, like ionization1–4 and dissociation5,6. For
example, molecules in our atmosphere dissociate after absorption of photons from the sun
and the ozone layer prevents ultraviolet photons emitted by the sun to reach the surface
of the earth7,8. This is important for life on earth as these photons can easily destroy
biological molecules by dissociation. Another example where the absorption of photons is
important for life is the photosynthetic generation of oxygen by plants after the absorption
of visible light.

This thesis is concerned with the absorption of one or more photons from coherent
ultrashort laser pulses by atoms and small molecules to study ionization and dissociation
processes. Photodissociation of molecules involves the breaking of chemical bonds and can
be considered the inverse of a chemical reaction between the two fragments. Dissociation
requires the absorption of one or more photons with a total photon energy exceeding the
dissociation energy of the molecular bond. In the process, one of the electrons is excited
from the ground state to an orbital at higher energy and the electron can be liberated from
the atom or molecule if the photon energy is sufficient. Moreover, various excited states
can be investigated by use of multiphoton absorption. In general, ionization of molecules
requires more photon energy compared to dissociation and leads to a free electron and an
ion. This ion could either be the parent molecular ion or one of the fragment ions.

The study of photodissociation has been advanced by the development of ultrashort
pico- to femtosecond (10−12-10−15 s) laser pulses9,10. In general, these pulses have enabled
the direct observation of the motion of the atoms in molecules11–13, including vibrational
motion of molecules14. For example, the O-H stretch vibration of the water molecule
has a frequency of 3450 cm−1 or 0.1×1015 Hz, which can be determined from infrared
spectroscopy15,16. The time to complete one vibrational period is thus 10 fs and could
in principle be observed by employing shorter laser pulses. To observe the motion of the
electrons within atoms and molecules, even shorter laser pulses (attosecond or 10−18 s)
are required and are currently being developed17–21.

The experimental observation of the motion of atoms in molecules is performed by
use of pump-probe spectroscopy, where the time resolution is only limited by the time
duration of the pump and probe pulse22. In this thesis, the dissociative dynamics of small
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molecules is studied, where the pump pulse induces the dissociation and the time-delayed
probe pulse measures the state of the molecule during this dissociation by ionizing of one
of the fragments. Subsequently, the resulting ion and electron are detected, which is the
subject of the next section.

A schematic picture of the pump-probe excitation of a molecule AB is shown in Fig.
1.1, which yield either A+ + B or A + B+ plus an electron. The molecule is oriented
randomly with respect to the electric field of the linearly polarized laser pulses. Assuming
fast dissociation and the axial recoil approximation, the fragments recoil along the direction
of the molecular bond and the recoil velocities of both fragments are determined by energy
and linear momentum conservation. The angles θi and θe indicate the recoil and emission
direction of the ion and electron with respect to a specific laboratory axis. In this case, the
linear laser polarization induces directionality of the emitted electrons and recoiling ions.
The directions and velocities of both the electron and ion can be measured independently
and this yields a wealth of information about the ionization and dissociation processes of
molecules23.

In a newly constructed instrument, both the electron and ion are detected and their
initial momentum vector due to the photodissociation and photoionization can be de-
termined. Furthermore, the electron and ion are acquired in coincidence, yielding more
information about the photodissociation and ionization processes compared to their inde-
pendent non-coincident measurement. The principles of the developed instrument will be
given next.

Figure 1.1: Molecule AB is dissociated and ionized by the excitation of pump-probe laser pulses.
The electron and the ion (either A+ or B+) are subsequently detected.

1.1 Coincidence measurement of the electron and ion

Both dissociation and ionization processes are investigated for isolated atoms and mole-
cules in a beam in the gas phase24,25, where the interaction between different atoms or
molecules can be excluded. Such an atomic or molecular beam is generated by continuously
expanding gas into a vacuum. The beam is intersected at some distance from the nozzle
by the laser, which interacts with a single particle and one electron with the corresponding
ion are generated.

2
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A schematic picture of the detection configuration is shown in Fig. 1.2. The electron
and ion formed after the interaction with the laser pulses are accelerated by use of electric
fields towards a position sensitive detector. These fields are designed such that the initial
momentum vector of these particles is projected onto a specific position at the detector.
This technique is called velocity map (ion or electron) imaging26,27. Therefore, the initial
momentum is obtained by measuring the position of the particles at the detector. Particles
with zero velocity or a velocity parallel to the time-of-flight direction are detected in the
center. The particles with a velocity parallel to the plane of the detector are observed at
a distance from the center proportional to the initial velocity.

Figure 1.2: The particle detection configuration, where the initial velocity of the particle can be
determined from the position at the detector and the flight time to the detector.

Besides the determination of the magnitude of the momentum vector, also the angular
distributions of the recoiling fragments and electrons are obtained28,29. Anisotropic an-
gular distributions arise when molecules are irradiated with polarized light, because the
molecules with the dipole moment oriented along the laser polarization are preferentially
excited30,31. The direction of the recoiling particles, either fragments or electrons, provides
information about the electronic transition while it is correlated to the dipole moment.
In Fig. 1.1, the electron and ion recoil with angles θe and θi with respect to the vertical
polarization direction. Here, the molecules are randomly oriented with respect to this
laser polarization, but molecules can be aligned for example in intense laser fields and this
would increase the observed anisotropy.

The velocity map imaging configuration is employed for both the electron and ion
and, as mentioned before, these particles are detected in coincidence. The coincidence
imaging technique is a relatively new tool in the study of molecular photodissociation
dynamics32,33. It allows for the determination of the full three dimensional momentum
distribution of both the electron and partner ion and yields the most complete information
about the dissociation dynamics in one single measurement34. A new coincidence imaging
instrument has been constructed and is described in the first part of this thesis.

The coincidence measurement makes it possible to correlate the kinetic energy and
angular directions of the ion and electron. The kinetic energy of the electron is related
to the kinetic energy of the (fragment) ion by energy conservation. The total excitation

3
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energy minus the ionization and dissociation energy yields an excess energy, which can be
distributed over the electrons and ions as kinetic energy. However, the ions (or neutral
fragments) can obtain internal energy as well and this reduces the maximum of the sum of
kinetic energy of the electrons and ions. Besides energy correlation, the recoil directions
of the electron and ion are also correlated, as shown in Fig. 1.1. The recoil direction
of the fragment could be used to determine the orientation of the molecule in space and
the electron direction is determined with respect to the recoil axis of the fragment. In
principle, the recoil frame photoelectron angular distribution is related to the electron
distribution or the initial orbital excited in the molecule35.

The development of the apparatus required some technologically challenging improve-
ments. Furthermore, this instrument opens up a whole set of new possibilities to study
and understand molecular photodissociation processes. Most important is the capability to
obtain the energy and angular correlation of the ion and electron. The energy correlation
can be employed in understanding the different excitation, dissociation and ionization pro-
cesses. Combined with ultrashort pump-probe spectroscopy, the dissociation processes of
molecular species can be followed in time as well. The angular correlation is only obtained
from coincidence imaging and presents new experimental data.

1.2 Outline

The newly constructed coincidence imaging instrument is described in the first part of
this thesis. Chapter 2 gives a description of the apparatus and is a general introduction
to the technique of coincidence imaging. This chapter includes several technological de-
velopments which have been achieved during the construction of the instrument. The first
development involves the high temporal resolution of the electron detector to resolve the
initial momentum along the time-of-flight direction. Furthermore, the momentum paral-
lel to the plane of the detector is acquired by the application of a velocity map imaging
configuration for both the electron and the coincident ion. This is achieved by use of a
set of open electrostatic lenses and yields high kinetic energy resolution which is currently
limited by the femtosecond laser excitation. Finally, the ions are distinguished by their
time-of-flight and a high mass resolution is obtained by improvements described in the
subsequent chapter 3. Moreover, ion imaging and the employed delay-line detector are
discussed in some more detail.

Although the laser is introduced briefly in chapter 2, a few laser applications were
developed and are discussed in chapter 4. These include a frequency doubling and tripling
stage for the generation of pulses with wavelengths at 400 nm and 266 nm. Furthermore,
a non-collinear optical parametric amplifier (NOPA) is described, which enables the pos-
sibility of shorter laser pulses and wavelength tunability in the visible. The laser pulses
have bandwidths to support 20 fs laser pulses, which can be achieved by a well-defined
phase relation between the different colors in the laser pulse. This phase of the laser pulse
can be modified by use of a femtosecond laser pulse shaper, which has been constructed
and is described in chapter 4 as well.

The application of the coincidence imaging technique is exemplified on different mole-
cules, which include nitrogen dioxide (NO2), iodotrifluoromethane (CF3I), dibromodifluo-
romethane (CF2Br2) and nitromethane (CH3NO2). For the study of these molecules, the

4
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second and third harmonic at 400 nm and 266 nm have been employed in both single-color
and pump-probe excitation schemes.

The time-resolved dissociation dynamics of NO2 after 400 nm and 266 nm excitation
are investigated and are the subject of chapter 5. The dominant product is the NO+ ion,
but a small amount of the parent ion is also observed. Different multiphoton processes
in the formation of the NO+ fragment are assigned as they can be distinguished by the
distribution of the excess energy over fragment and coincident electron. The dissociation
behavior of the intermediate states involved is observed by use of femtosecond pump-probe
spectroscopy. The 400 nm excitation pulse excites the molecule to different states and acts
as the pump pulse, while the 266 nm pulse is used as a probe of the transient species. The
time-resolved dynamics are due to different intermediate states at one and three 400 nm
photon levels.

In chapter 6, single-color 400 nm excitation is used to investigate the ionization and
dissociation of CF3I. Femtosecond laser pulses are inherently intense and are employed
for both ionization and dissociation after multiphoton absorption. These two competing
processes can be disentangled by use of coincidence imaging. Furthermore, it is possible to
assign the observed processes to absorption of different numbers of photons. The dominant
processes are due to four-photon absorption, leading to the parent ion and the CF+

3 + I
fragments. The CF+

3 fragment is likely to be formed by four-photon ionization followed
by statistical dissociation of the excited parent ions. Weaker processes after five-photon
absorption are also observed, yielding the CF+

3 +I and I+ + CF3 fragments. They are the
result of four-photon ionization and one-photon dissociation of the parent ion.

The CF2Br2 molecule is investigated in chapter 7. The coincidence technique yields
information about all the observed ionic fragments in one single measurement and many
different fragments for this molecule are observed. Single-color excitation at 267 nm is
employed first to determine the ionization and dissociation processes involved. As in
CF3I, the dominant process is dissociative ionization, upon three-photon absorption at
different wavelengths and involves the formation of predominantly CF2Br+ and a small
amount of CF2Br+

2 ions. Furthermore, also higher order photon processes are observed
and are assigned to the photodissociation of the parent ion. Four-photon processes give
rise to the formation of Br+ and CF+

2 . Also, Br+
2 and CF+ fragments have been observed.

From the time-resolved investigation with 267 nm and 400 nm, only one dissociative state
is observed at a two-photon 267 nm level and forms the excited CF2Br fragment and a Br
atom.

These previous results have been interpreted mainly on the basis of the energy cor-
relation between the fragment ions and the electrons without any consideration of the
angular correlation between the electron and fragment ion. However, this angular correla-
tion enables the observation of recoil frame photoelectron angular distribution (RFPAD)
and in chapter 8 the RFPADs of nitromethane (CH3NO2) with respect to both the CH+

3

and NO+
2 fragment are presented. The dissociation is sufficiently fast to obtain a proper

recoil frame distribution, which is derived from the large anisotropies of the fragments.
The distributions for both the CH+

3 and NO+
2 fragments are identical, because both these

fragments are formed via the same multiphoton single-color 400 nm process.
The last two chapters, 9 and 10, are concerned with multiphoton ionization of the

rare gas xenon (Xe) and krypton (Kr) atoms and their photoelectron angular distribution

5



under different excitation configurations. The photoelectron angular distributions are
determined by the polarization of light and atomic properties such as radial dipole integrals
and quantum phase shifts. The polarization dependence of the distribution can easily be
investigated by use of this new coincidence imaging instrument. For linearly polarized light,
cylindrically symmetric distributions are obtained in single-color and in parallel polarized
two-color excitation. Three dimensional angular distribution which are not cylindrically
symmetric are obtained for ionization by orthogonally polarized two-color laser excitation
in chapter 9. In the last chapter 10, elliptically polarized light is employed as well and
strongly asymmetric laboratory frame photoelectron angular distributions are observed.
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Chapter 2

The photoelectron–photoion

coincidence imaging instrument

This chapter reports on the construction and performance of a novel photoelectron-photoion
coincidence machine in the laboratory in Amsterdam to measure the full three-dimensional
momentum distribution of correlated electrons and ions in femtosecond time-resolved mo-
lecular beam experiments. Sets of open electron and ion lenses to time stretch and velocity
map the charged particles are implemented. Time switched voltages are operated on the
particle lenses to enable optimal electric field strengths for velocity map focusing condi-
tions of electrons and ions separately. The position and time sensitive detectors employ
micro-channel-plates (MCP) in front of delay line detectors. A special effort was made to
obtain the time-of-flight (TOF) of the electrons at high temporal resolution using small
pore (5µm) MCPs and implementing fast timing electronics.

The TOF distribution of the electrons is measured under our typical coincidence field
strengths with a temporal resolution down to σ=18 ps. The observed timing resolution of
the electron coincidence detector is better than σ=16 ps and is mainly determined by the
residual transit-time-spread of the MCPs. The typical electron energy resolution appears
to be nearly laser bandwidth limited with a relative resolution of ∆EFWHM/E = 3.5% for
electrons with kinetic energy near 2 eV. The mass resolution of the ion detector for ions
measured in coincidence with electrons is about ∆mFWHM/m ≈ 1/2000. The velocity map
focusing of our extended source volume of particles, due to the overlap of the molecular
beam with the laser beams, results in a parent ion spot on our detector focused down to
σ = 115 µm.

This chapter is published as:

A photoelectron-photoion coincidence imaging apparatus for femtosecond time-resolved molecular dynam-

ics with electron time-of-flight resolution of σ=18 ps and energy resolution ∆E/E=3.5%

Review of Scientific Instruments, 063108 79 (6) 2008



Chapter 2

2.1 Introduction

The first application of spatially sensitive single particle detectors in molecular photodis-
sociation by Chandler and Houston two decades ago1 was the beginning of an new era in
molecular dynamics and spectroscopy.2 During the last decade there has been a strong
interest to measure the full three-dimensional momentum distribution of coincident ions
and electrons ejected in a molecular dynamical process.3–14 The detectors employed in
these experiments are usually based on position and time sensitive single particle detec-
tors consisting of micro-channel-plates (MCP) and delay line or cross-strip anodes.15–17

Recently, there have been various efforts to improve the spatial resolution of the mea-
sured distributions of electrons and ions ejected from an extended source region of the
particles using additional focusing lenses. In many cases some form of velocity map imag-
ing18 of the charged particle trajectories is used to focus trajectories with the same mo-
mentum originating from a source region several mm length onto a much smaller spot on
the detector.

Besides the efforts to improve the spatial resolution there have been developments to
improve the temporal resolution of the MCPs and electronics used to measure the time-of-
flight (TOF) of the particle at the detector. In some cases the TOF is measured from the
transient signals of the delay lines using time-to-digital-converters (TDC). In those cases
fast multi-channel TDC electronics are needed to measure all the spatially encoding delay
line signals with high temporal resolution. Recent developments in highly accurate timing
clocks19 have been implemented in multi-channel (8 or 16 channels typically) timing boards
with a resolution down to 20 ps.20 Even though these timing boards have in principle a
very high resolution timing bin, the measured resolution of the TOF from the average of
the time-sum of delay line signals has usually been specified to be no better than about
100 ps.21 A second technique to measure the TOF of the particles is to use an additional
pickup signal from the MCP when the particle hits the detector. This pickup signal is
amplified and usually processed by a constant-fraction-discriminator (CFD) and a high
resolution time-to-amplitude (TAC) device. State-of-the-art integrated CFD/TAC boards
were reported to have electronic resolutions down to σ = 4.1 ps.22 The ultimate single
particle temporal detection resolution is determined by the transit-time-spread of micro-
channel-plate detectors23, the quality (i.e. low walk) of the CFD used to process the
pickup signal and the accuracy and resolution of the TAC.24

In this chapter we report on the design and performance of a newly constructed
photoelectron-photoion coincidence detector for femtosecond time-resolved coincidence ex-
periments on molecules. The apparatus employs a doubly skimmed molecular beam which
is crossed by tunable multi-color femtosecond laser pulses and two position and time sen-
sitive detectors on opposite sides of a specially designed lens. We use pulsed electric fields
for optimum spatial and temporal resolution of electron and ion trajectories. We espe-
cially focused to achieve a high temporal resolution of the TOF of the detected electrons
and combined improvements in implementation of ion focusing optics, temporal response
of small pore micro-channel-plates and state-of-the-art TAC and TDC electronics. The
result of these efforts is a timing resolution for the observed coincident single electron
hits from our extended source region down to σ=18 ps on a typical electron TOF of 15
ns. The high resolution detection of the three-dimensional momentum coordinates of the
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electrons enables the measurement of high resolution electron images in coincidence with
high resolution ion images.

The chapter is structured as follows. In section 2.2 we give a description of the design
of the new molecular beam apparatus and the implementation of the detection equipment
synchronized to our femtosecond laser system running at a repetition rate of 5 kHz. In sec-
tion 2.3 we give a detailed report on the spatial and mass resolution of the ion images, and
the spatial and temporal specifications of our coincident electron detector. Furthermore,
we illustrate the performance of the new photoelectron-photoion coincidence apparatus
with representative images for femtosecond photodynamics in Xe, NO and NO2.

2.2 Apparatus

2.2.1 The vacuum apparatus and molecular beam

The UHV vacuum machine consists of three differentially pumped chambers, a source,
buffer and imaging chamber, see Fig. 2.1. To reduce as much as possible any contamina-
tion of the vacuum system we use oil free pumps in the whole vacuum apparatus. After
the machine has been vented and opened for modifications we typically bake the whole
apparatus to about 120◦C to reach optimum vacuum. The three chambers are pumped by
magnetically levitated turbo molecular pumps, the source chamber has a 1250 l/s turbo
drag pump (Alcatel ATH 1300 MT), the buffer chamber a 400 l/s (ATH 400 MT) and the
imaging chamber a 2100 l/s (ATH 2300 MT) pump. All turbo pumps are backed by a
single five stage oil free roots pump (Alcatel ACP28G). A removable liquid nitrogen trap
between the turbo pumps and the roots pump prevents corrosive gasses from entering the
forepump. The last four stages of the forepump are continuously purged with nitrogen
gas. With the molecular beam off the base pressures are 5.10−9 mbar in the source cham-
ber, 1.10−9 mbar in the buffer chamber and <5.10−10 mbar in the detection chamber. A
nozzle with a diameter of 100 µm is located in the source chamber to produce a continuous
molecular beam. The typical backing pressure behind the nozzle is 1.0 bar. The molecular
beam is doubly skimmed (BeamDynamics) with the first skimmer (diameter 1 mm) po-
sitioned about 2 cm downstream of the nozzle. The second skimmer (diameter 200 µm),
which separates the buffer chamber from the imaging chamber, is located about 12 cm
downstream of the first skimmer. With the molecular beam on the pressure in the imaging
chamber increases to about 2-4×10−9 mbar. The molecular beam is crossed about 45 cm
downstream of the nozzle by the femtosecond laser pulses. A lens (typically with focal
length of 30-50 cm) focusses the laser waist down to about 100-150 micron in diameter.
From the geometry and location of our skimmers we estimate that the laser crosses the
molecular beam in the direction of the laser propagation along a length of about 1 mm.
Light baffles are mounted at the entrance and exit ports of the laser beams to reduce
scattered UV laser light from reaching the detectors. The incoming laser beam is doubly
skimmed using home built conical skimmers with a diameter of 2 mm.

2.2.2 Photoelectron-photoion coincidence detector

After interaction of the molecules with the femtosecond laser pulses, the electrons and
ions are extracted by lenses into two opposite TOF tubes. In Fig. 2.2 we give a schematic
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Figure 2.1: Schematic overview of the coincidence imaging machine for femtosecond time-resolved
experiments in a molecular beam. The apparatus consists of three differentially pumped chambers,
labelled (a) source chamber, (b) buffer chamber, (c) detection chamber. The total distance between
the exit of the molecular beam nozzle and the laser interaction zone is 450 mm. Note that the
dimensions in this overview are not to scale. On the ports labelled I, II and III the magnetically
levitated turbo pumps are mounted with pumping speeds of 1250, 400 and 2100 l/s, respectively.

drawing of the geometry of our lenses and the TOF tubes. The electron TOF tube and
the lenses are shielded from the earth magnetic field by a 1 mm thick µ-metal tube.

All electrodes are open and the TOF tubes and the front MCP plate of both detectors
are at ground potential. Besides the standard repeller and extractor lenses for velocity map
imaging we added for both the electrons and the ions an extra lens, Le and Li, respectively,
to enable lower extraction voltages in the region where the electrons and ions are formed.
Furthermore, these lenses make it possible to compensate for the somewhat distorted field
for velocity map imaging due to the relatively large open diameter on the repeller lenses.
In principle, when setting the voltages for optimal electron velocity mapping the ion lens
Li can be operated at higher negative voltage to make the field at the open position of
the electron repeller Re (is also ion extractor plate Ei, see Fig. 2.2) more homogeneous.
For the results presented in this paper we did not implement this extra feature yet, and
switched the ion lens Li from zero voltage when we detect the electrons. In order to have
optimal voltages and extraction field strength for both electrons and ions we operate the
lenses in a pulsed mode at the 5 kHz repetition rate of our experiment. Because the
typical electron TOF is about 15 ns and the ion TOF is of the order of several µs for each
laser shot we initially set the lenses Re, Ee and Le for the voltages to image the electrons.
Typically, Re=-520 V, Ee=-385V, Le=-270 V and the voltages are carefully adjusted for
optimum electron images. These lens voltages enables the detection of electrons with
kinetic energies up to 3-3.5 eV perpendicular to the TOF axis. Subsequently, about 50 ns
after detection of the electron, the polarity of the lenses Re=Ei and Ee=Ri are switched
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Figure 2.2: Schematic overview of the charged particle lenses and the TOF-tube for ions and
electrons. The plates are 2 mm thick. All lenses are open and no grids are used anywhere in
the apparatus. All indicated distances are in mm. The subscript e labels the electron lenses
and detector, the subscript i labels the ion lenses and detector. The centre of the ion detector is
displaced by about 7-8 mm relative to the centre of the electron detector to compensate for the
forward center-of-mass velocity of the molecular beam when detecting ions.

to velocity map the coincident ion on the second detector. The HV-switches consist of
Behlke switches (HTS-51) and within 100 ns the polarity is completely reversed to maintain
optimum voltages for the ion trajectories. The lenses remain at positive voltages for about
15 microseconds and subsequently the polarity is switched back again within 100-150 µs
to the initial settings for optimum electron imaging. The ions are most efficiently detected
by MCPs with significant impact energy (>1000 eV).25 Therefore, the ions are accelerated
typically with Ri=2000 V, Ei=1550 V and Li=750 V on the ion lens. These acceleration
voltages in combination with our ion TOF length allows the measurement of fragments
with a kinetic energy up to 2 eV. For higher kinetic energies the acceleration voltages can
be increased.

At the end of the TOF tubes two position- and time-sensitive particle delay line de-
tectors (Roentdek21 large anode DLD40X) are mounted with the TOF axis perpendicular
to the molecular beam. Both detectors have 40 mm active diameter MCPs mounted in
a Chevron configuration. The front of the input MCP of both detectors is grounded to
prevent stray electric fields from penetrating the field free TOF region. The MCPs for
the electron detector, Dete, have 5µm pore channels (L:D=60:1) biased at 12 degrees and
the front plate has an additional MgO coating for optimum electron detection. The ex-
tra benefit of the MgO coating is the reduced sensitivity of the MCP for scattered UV
radiation from the laser pulses. The MCPs of the ion detector, Deti, have 12.5µm pore
channels (L:D=80:1). To compensate for the translation of the ion sphere because of the
center-of-mass movement of the ions in the direction of the molecular beam velocity we
moved the ion detector Deti about 7-8 mm relative to the electron detector Dete.

The delay line signals are processed by a differential input 8 channel front-end CFD
(ATR19-8-NIM) and the 8 NIM output signals are fed into a high-resolution TDC board
using the CERN HPTDC19 chip (TDC8HP). The least-significant-bit (LSB) of this TDC
is specified as 25.0 ps and the TDC has a double hit dead-time of less than 10 ns.21 The
common trigger of the TDC channels is produced by a photodiode with an integrated
CFD producing a NIM output pulse (Becker&Hickl OCF-401). A homebuilt fast OR-gate
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processes the optical trigger and one of the ion delay line signals into a single channel of the
8-channel TDC. The position information in x or y direction is obtained for each detector
by using the time difference of the two x or y TDC delay line signals and a conversion of
1.9 ns / mm.21

To obtain a better accuracy of the electron TOF signal than can be obtained from
the time sum of the TDC signals, we use a pickup signal from the back MCP plate of
the electron detector. This signal is AC-coupled by a capacitor into a 50 Ohm cable
to a SMA vacuum feedthrough. The pickup signal has a typical amplitude of about 15
mV in 50 Ohm. The signal is pre-amplified and processed by an integrated CFD/TAC
(Becker&Hickl SPC-130). We operate the TAC in reverse start-stop mode, i.e. the electron
pickup signal starts the TAC and a delayed trigger from a fast photodiode is used as the
stop signal. Because the travel time of the pickup signal may be dependent on the exact
position of the impact on the MCP relative to the position of the pickup lead, we correct
for each electron event the measured TAC TOF value for the distance between the impact
on the MCP (known from the delay line position coordinates) and the pickup lead from
the back plate. The maximum difference in the distance between two events with our
diameter MCPs is 40 mm. If we assume that the travel time of this transient MCP back
potential to the pickup lead on the MCP is determined by the linear distance between these
two points a distance of 40 mm corresponds to a difference in travel time for the voltage
pickup pulse of 40 mm / propagation speed. In our data analysis we find an optimum
correction of our electron TOF from the asymmetry in the arrival time distribution using a
pickup propagation speed of 0.7 times the speed of light. It means for a maximum position
difference of 40 mm it can amount to a TOF correction of 190 ps maximum.

The signals from the TDC and TAC boards are synchronized using time stamps in
our home written data acquisition programme. A valid photoelectron-photoion coincident
event is received when all 8 channels of the TDC and the single TAC channel have an event
recorded. The typical coincidence rate in our experiments is about 0.02-0.05 per laser shot,
which means we have a typical number of coincidence events of 100-250 events/s at the 5
kHz repetition rate of our femtosecond laser system.

2.2.3 The femtosecond laser system

The femtosecond laser system (Spectra Physics) consists of a Titanium-Sapphire oscillator
(Mai-Tai) which seeds the chirped regenerative amplifier (Spitfire Pro). The regen ampli-
fies the seed oscillator pulses to 500 µJ at a repetition rate of 5 kHz. A small percentage
of the regen is split off and monitored online with a homebuilt single shot SHG auto-
correlator equipped with a CCD camera. The shortest pulse obtainable from the regen
system is about 130 fs. The color of the frequency doubled and frequency tripled pulses
is monitored with a spectrum analyzer (Ocean Optics). Typical pulse energies used are 4
µJ for the probe laser (266 nm) and 15 µJ for the pump laser (400 nm). A CCD camera is
used to estimate the size of the focus of about 90 µm of both pump and probe laser. The
800 nm regen pulses can also be used to pump two independent homebuilt noncollinear-
opto-parametric-amplifiers (NOPA) to generate short (25-30 fs) tunable laser pulses in the
visible wavelength region. To demonstrate the performance of the coincidence detector
we will present in this paper only data using the second (400 nm) and third (266 nm)
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harmonic of the 800 nm regen laser.

2.3 Results and discussion

2.3.1 Spatial and mass resolution of coincident ions

The pitch of the wires of the DLD40X delay line is 1 mm. With the minimal digitizing
resolution of the TDC of 25 ps and the time to position conversion of 1.90 ns/mm21 the
theoretical spatial resolution of the detectors is about 25/1.9 = 13 µm, close to the 12.5
µm pore diameter of the ion MCPs. This assumes that the quality of the delay line signal,
that is formed by the overlapping contributions of multiple wires spaced at the 1 mm
pitch from the extended electron footprint from the exit of the MCP, and the quality of
the ATR-19 CFD is so good as to not contribute to additional broadening of the spatial
resolution. It has been shown before that cross-strip anodes with a pitch of 500 µm can
reach a spatial resolution of about 1/100 of the pitch diameter and were limited by the
ultimate pore diameter of the entrance MCP of about 7 µm.26

However, in our application the spatial resolution is limited by the quality of the
velocity map imaging of the ion trajectories due to the extended source of the ions and
electrons. In Fig. 2.3 we show the Time-Of-Flight spectrum of the xenon isotopes as
determined from the time-sum of the delay line signals of the ion detector. The ions
were produced by a four photon absorption of a 400 nm femtosecond laser pulse and were
measured in coincidence with electrons by switching the voltages on the ion lenses as
discussed in Section 2.2.2. The individual isotope peaks have a FHWM of 2 ns giving a
mass resolution at the Xe mass of ∆m/m ≈ 1/2000. This mass resolution can be up to a
factor of two better, ∆m/m ≈ 1/4000, in static conditions. This is due to some additional
spreading introduced by the changing voltages on the ion lenses when the voltages are
switched to the ion geometry after the arrival of the coincident electron.

The lack of internal degrees of freedom in xenon ensures that all the excess energy is
converted into kinetic energy of the electron. The ion image of xenon reflects the focusing
resolution of the ion optics and is shown in Fig. 2.4. The spatial size of the parent ion in x
and y-directions are indicated in the graphs next to the x-y image. The image size in the
direction of the laser propagation direction, y-direction, can be fitted to a Gaussian with
σ = 115 µm (FWHM = 270 µm).27 This represents the best focussing conditions of our
velocity map apparatus in coincident imaging mode. This means that we focus the initial
spot of about 1 mm length, due to the crossing of the laser beam with the molecular beam,
to a spot size about 5 times smaller on the ion detector. The best possible resolution for
both the time and position detection of the charged particles is achieved with a point
source of particles. However, experimentally the source is determined by the interaction
region of the molecular beam with the laser, which crosses the molecular beam at 90
degrees. In our case, the laser beams are typically focused to about 90 µm (FWHM of
the focus of the intensity distribution fitted to a Gaussian shape) or somewhat less. The
calculated Rayleigh length is about 7 cm for a Gaussian laser beam with 90 µm waist
at a wavelength of 400 nm. In case of multiphoton transitions the effective length of the
laser focus will be shorter, but under all our experimental conditions the effective source
region along the laser propagation direction is bounded by the diameter of the molecular
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Figure 2.3: Time-Of-Flight spectrum of xenon isotopes recorded in coincidence with electrons,
i.e. with switching the electric fields on the lenses. The arrival time is measured from the average
of the time-sum from the delay line signals as obtained with the TDC. The TOF peaks have a
typical FWHM ∆t = 2 ns, the total TOF time is about t = 8.3 µs. This means we have a mass
resolution, ∆mFWHM/m ≈ 1/2000 for masses near m = 130 amu.

beam at the laser crossing which is about 1 mm. This crossing of the focused laser beam
with the molecular beam at 90 degrees results in a cylindrically shaped source region. It
defines an upper bound to the size of the source along the time-of-flight axis and in the
direction of the molecular beam of about 90 µm. This effective source region of ions may
even be smaller than 90 µm for multiphoton excitations. Along the propagation direction
of the laser beam the source region has a length of about 1 mm, i.e about ten times larger.
Decreasing the size of the molecular beam improves the spatial resolution as well as the
time resolution, but also decreases the number of molecules due to a smaller source volume
of particles.

Velocity map imaging partially solves the problem of the relatively large spatial exten-
sion of the source region along the laser propagation direction. From SIMION simulations
of our ion lenses we find that the TOF-difference of two Xe-ion trajectories starting in the
source region ±50 µm displaced along the TOF axis on either side of the centre point of
our source region is about 2 ns for Xe+ ions with a forward molecular beam velocity of
0.213 eV (Xe seeded in Ar going at 560 m/s). The time difference is equal to the exper-
imentally obtained value and is not compromised much under the velocity map imaging
conditions. For extensions up to about ±500 µm on either side of the centre along the
propagation direction of the laser it increases to about 2.5 ns according to SIMION simu-
lations. Therefore, no special Wiley-McLaren conditions28 have to be applied to achieve a
better time resolution as was done by Lebech et al.8 However, for larger interaction regions
in both directions the velocity mapping condition starts to reduce the time resolution more
strongly. Therefore, it is recommended to limit the length of the velocity map region to 1
mm or less by properly skimming the molecular beam. In our set-up we have positioned
a rather small second skimmer of 200 µm diameter (see Section 2.2.1).
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The velocity distribution along the direction of the molecular beam is limiting the
spatial resolution in the x-direction. The molecules of study are typically seeded in argon
and are traveling at a final speed of about 560 m/s. As can be seen in Fig. 2.4 a Gaussian
fit to the spatial distribution along the molecular beam direction gives a spatial resolution
of σ = 285 µm (FWHM = 670 µm). From the displacement on the ion detector of
the position of the focused parent ion spot (ions from ionization of moving Xe atoms
in the seeded beam) relative to the position of the ion spot from ionization of thermal
background gas, we can calculate the conversion from distance to ion velocity. The width
of the ion focus in the direction of the molecular beam represents a FWHM velocity
spread of about 85 m/s. This is a very typical velocity spread for a continuous molecular
beam expansion with 1 bar behind a 100 µm nozzle. In principle, this extension along
the molecular beam can be reduced by using beams with better longitudinal translational
cooling. This can be achieved for instance with higher backing pressures and we are
currently working to develop a pulsed molecular valve for operation at 5 kHz to obtain
higher beam intensities and lower translational velocity spread along the molecular beam
direction. However, for experiments employing femtosecond velocity map ion imaging29–31

it appears that the fragment ion kinetic energy distribution in femtosecond time-resolved
experiments of polyatomic molecules is rather broad without sharp features due to the
many internal degrees of freedom in the polyatomic fragment where the residual of the
energy can be deposited. This means that the presently obtained velocity resolution for
the ionic fragment is sufficient.

2.3.2 Electron single hit TOF resolution

Recently, there have been reports on the implementation17,32 and design performance
goals33 of a high resolution TOF and momentum detector for photons and electrons. The
realized TOF resolution of this cross-strip anode for the detection of scattered photons
from a synchrotron source was reported to be σ = 55 ps (FWHM = 130 ps).32 In the
high-energy physics community there is presently an effort to develop fast MCP based
multi-anode photon detectors for Cherenkov radiation from high energy particles with the
ultimate goal of a time-of-flight resolution of a multi-photon event near σ = 1 ps.34 At
present the best reported result for detection of the TOF of multiple photons from a single
high energy 3GeV pion-beam particle is about σ=6 ps.22

In the development of our new photoelectron-photoion coincidence imaging apparatus
we put a strong effort to obtain a high-resolution for the TOF of the coincident single
electron as measured with our MCP delay line electron detector. The typical acceleration
voltages that are employed to measure the three-dimensional momentum distribution of
photoelectrons with energies up to 2 eV are Re=-520 V, Ee=-385V, Le=-270 V. If electrons
with 3-3.5 eV are ejected in a direction perpendicular to the TOF axis they will still fall
within the 40 mm diameter of our MCP using these lens voltages. We measured the
electron TOF resolution under these normal acceleration conditions. In Fig. 2.5 we show
the arrival time distribution of electrons in coincidence with Xe+ ions as obtained (for the
same events) by the pickup signal and the TAC (panel a) versus the delay line signal and
the TDC (panel b). The electrons are produced by 4-photon ionization of Xe by a 130 fs
laser pulse at 400 nm. The polarization of the laser was oriented along the TOF direction.
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Figure 2.4: The focus of the Xe+ parent ion spot as measured in coincidence on the ion detector
with our typical voltages used on the lenses for coincidence imaging. The vertical axis gives the
velocity map focus perpendicular to the direction of the molecular beam. We obtain a smallest
focused spot of about σ = 115 µm (FWHM = 270 µm) from the initially extended source region,
defined by the crossing of the molecular beam with the laser, which is estimated to be about 1 mm
along the laser propagation direction. The spot size of σ = 285 µm (FWHM = 670 µm) in the
horizontal direction reflects the longitudinal velocity spread in the molecular beam (see text). The
total region of the ion image shown is a 5 by 5 = 25 mm2 cut, the total ion image has a diameter
of 40 mm, i.e. an area of 1257 mm2.

This results in the production of forward (in the direction of the electron detector) ejected
electrons and backward (in the direction of the ion detector) ejected electrons. So for each
coincident (e,Xe+) event we have for the electron TOF 4 delay line timing signals obtained
by the TDC (2 for the x-position and 2 for the y-position) and 1 pickup signal processed
by the TAC.

The time difference between the forward and backward ejected electrons is mainly
determined by the extraction field strength, Eextract. A lower extraction field leads to
a larger difference in arrival time between particles of mass m ejected in the forward
(towards detector) or backward (away from detector) direction, TFB. This time difference
TFB, due to an initial kinetic energy Ekin of the charged particle of mass m, can be
estimated with the help of a simple formula TFB ≈

√
8 ∗m ∗ Ekin/qEextract. This means

that the lower the extraction field the larger the forward-backward time difference TFB.
This is the reason we added an extra lens, Le, to the standard velocity map lenses, see
Fig. 2.2. It enables us to do ‘slow‘ field extraction of the electrons, and at the same time
preserve velocity map imaging conditions. For instance, using the formula above (and also
supported by more exact SIMION trajectory simulations), we find for a coincident (with
Xe+ ions) electron with kinetic energy of Ekin = 0.285 eV, formed in an extraction field
of Eextract = 6.7 V/mm, that the time difference is TFB = 540 ps. This field of 6.7 V/mm
is the field, according to SIMION simulations, in the laser interaction region of our lenses
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Figure 2.5: Time-Of-Flight distribution of electrons measured in coincidence with Xe ions under
our typical voltages used for electron imaging (see text). The distribution in panel a) is measured
by taking the pickup signal from the back MCP plate which is pre-amplified and processed by
the TAC (B&H SPC-130). The distribution in panel b) is obtained from the average of the time-
sum in one direction as measured on the delay line signals by the 8-channel TDC (Roentdek
TDC8HP). For the channel width of the TAC we used a least-significant-bit of 1 channel bin
= 813.8 fs, for the TDC we used 1 channel bin = 25.0 ps, both values are as specified by the
manufacturers. The polarization of the 400 nm femtosecond laser was oriented along the TOF
axis, resulting in a forward ejected electron and a backward ejected electron. It is clear that the
TAC measurement gives the highest resolution electron TOF distribution. The colored solid lines
(red for forward and green for backward electron distribution) are Gaussian curves with a fitted
resolution27 of σ = 20 ps and 18 ps for the forward and backward electron peak, respectively.
SIMION simulations with our lenses and voltages used give a very similar forward-backward time
of 540 ps as is measured experimentally. It means that the electron which is ejected with 0.285 eV
is formed in the acceleration region between Re and Ee at a field strength of about 6.7 Volt/mm.

using the voltages of Re=-520 V, Ee=-385V, Le=-270 V on the lenses, see Fig. 2.2. Note
that due to the rather open structure of our repeller and extractor electrodes the field in
the centre between repeller and extractor is lower than the field calculated for a simple
fully closed parallel plate capacitor spaced at a distance between repeller and extractor of
15 mm (≈135 V/15 mm = 9 V/mm). We observe experimentally a forward-backward time
of TFB = 540 ps (Fig. 2.5), exactly as calculated. We used our same physical electrodes
also in standard velocity map mode, i.e. with only a repeller and an extractor and no extra
lens electrode. For standard velocity map mode we observed experimentally velocity map
imaging of the electrons for Re=-520 V, Ee=-315 V, Le=0 V, and a forward-backward time
difference of only TFB ≈ 320 ps. It means the slow extraction geometry, as implemented
here using the extra lens Le, in comparison to standard velocity map imaging with repeller
and extractor plates only, enables us to reduce the extraction field substantially. The lower
field stretches the forward-backward time difference from 320 ps to 540 ps, i.e. by almost
70% and still enables us to do velocity map imaging of electrons with similar maximum
kinetic energy up to 3-3.5 eV. We have taken electron images (not shown here) with the
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three lenses, Re, Ee and Le, set at an even lower extraction field of 4.8 V/mm, which is
close to the minimum field strength needed to still be able to velocity map electrons with
Ekin = 2.0 eV on the detector with sufficient spatial resolution. This lower field results in
a forward-backward time stretched to 750 ps for electrons with 0.285 eV. In summary, the
extra electrode Le, lengthens the forward-backward time while preserving velocity map
imaging conditions and as such provides a better time resolution.

As can be seen in panel a) of Fig. 2.5 the arrival time distribution of the electrons
as measured from the pick-up signal and the TAC can be fitted to a Gaussian shaped
distribution with a resolution of σ = 18 ps for the backward ejected electrons and σ =
20 ps for the forward ejected electrons. The coincident electrons were selected to arrive
within a spatial region of about 1.37 mm2 (a radius of 50 TDC units = 50 · 25 / 1.9 = 660
µm) centered around the TOF normal of the electron detector. The (x,y) position of the
electron events were obtained from the delay line signals and the time difference of the
TDC flight times.

In panel b) we show the TOF for the same selected electron events as obtained from
the average of the two x-direction delay line TDC measurements. As can be seen by
comparison the TAC measurement gives about a factor of 2.5 better timing resolution
than the TDC. We believe that our electron TOF resolution of σ = 18 ps is the best TOF
resolution reported so far for detection of electrons in a coincidence imaging set-up. For
the slow electrons of 0.285 eV with a TFB = 540 ps it represents a relative time resolution
of 18/540 = 3.3% along the TOF direction. For electrons with much higher kinetic energy
up to about 3 eV the TFB increases to ≈

√
10· 540 = 1700 ps at our typical lens voltages.

It means that for 3 eV electrons ejected along the TOF axis our coincidence detector has
a relative time resolution of about 1%.

It is interesting to note that the forward electron peak has a slightly higher intensity.
We are operating at an average count rate of about 250 counts/s so the average time
between two electron hits is about 4 ms. If we assume that a single electron hit in the
entrance channel of the front MCP leads to the excitation of 7 channels of the back MCP
plate of the electron detector, we estimate that each hit occupies an area with a radius of
about 8.5 µm of the back MCP. As most of the intensity of the signal is for events near the
center of the image this may lead to slightly less gain efficiency of the MCP for backward
ejected electrons due to the gain recovery time of several (tens of) ms of a single MCP
channel.35

To test our limiting TOF resolution we also measured the distribution for much higher
acceleration voltages. These voltages are normally not needed in our experiments, but if
one would have a molecular or atomic system that produces electrons with much higher
kinetic energy such higher voltages can be applied. In Fig. 2.6 we show the relative TOF
of the forward and backward ejected electrons produced in the same way as in Fig. 2.5 but
accelerated in velocity map mode with a field strength of about 19 V/mm. As can be seen
the forward-backward time is reduced to only 188 ps. And the resolution that is obtained
is slightly improved to σ = 16 ps. We think that the single electron TOF resolution of 16
ps is presently mainly limited by the transit-time-spread (TTS) of the MCPs used in our
electron detector and the residual TOF spread due to the extension of our source region
of electrons.

We have performed SIMION simulations to estimate the contribution of the extended
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Figure 2.6: Best Time-Of-Flight distribution of electrons in coincidence with Xe ions as measured
with the TAC but now at higher acceleration voltages on the lenses (acceleration field between Re

and Ee is about 19 Volt/mm). This graph shows our currently best arrival time distribution for
electrons. The measured resolution of σ = 16 ps represents the temporal uncertainty of a single
electron hit on the electron detector. The uncertainty is mostly caused by the transit-time-spread
in our 5µm MCPs of a single electron hit on the electron detector (see text). At these acceleration
fields the forward backward time difference is reduced to about 188 ps.

source region along the TOF axis. If we use a laser focus diameter of 100 µm and two
forward ejected electrons with either (0.285 + 0.019) eV or (0.285 - 0.019) eV at two
positions spaced ∆l=100 µm apart the simulation calculates a difference in arrival time
of 15 ps. If we take this time difference to represent the FWHM contribution due to the
spatial extension along the TOF axis, we find the contribution to the resolution due to
the spatial time difference of σ∆l = 15/2.355 = 7 ps. If we subtract the contributions
from the electronics (σTAC ≈ 4.1 ps22) and the ∆l=100 µm source region we obtain
σTTS(experimental) =

√
(162 − 4.12 − 72) = 14 ps. The transit time in the MCP pores is

equal to the sum of inter collision times in the micro channels.36 The transit-time-spread
(TTS) increases linearly with the length of the plates and is inversely related to the square
root of the acceleration field over the MCP channel. Therefore, small pores and small
Length-to-Diameter (L:D) ratio are preferred for a good TOF temporal resolution, i.e. a
Chevron configuration is preferred over a Z-stack. We estimate the theoretical TTS of
our 5 µm, L:D=60:1 Chevron MCP set by comparison with the scaling laws23 and find
σTTS(theoretical,Chevron,5µm, L:D=60:1)= 20 ps (FWHM = 46 ps). This is in reasonable
agreement with the experimentally estimated σTTS(experimental) = 14 ps, and it appears
that the TTS largely accounts for the total resolution σ = 16 ps observed in the electron
detection of our coincidence imaging spectrometer.

2.3.3 Electron energy resolution

In Fig. 5.3 we show two electron images obtained in two different experiments on Xe atoms
(panel A) and NO molecules (panel B) with femtosecond pulses near 400 nm and 266 nm
at time overlap. The electron images were measured using our typical acceleration voltages
(see Fig. 2.5) with the polarization of both lasers along the detector plane. Various rings
can be observed due to various multi-photon processes. Xe is often used to calibrate our
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electron images. The typical FWHM bandwith of our femtosecond pulses is about 19 meV

Figure 2.7: A) Time sliced electron image in coincidence with Xe ions. B) A time sliced electron
image in coincidence with NO ions. C) The corresponding energy distributions derived from A)
and B). The FWHM width of the electron peak near 1.87 eV, labelled (c), represents an energy
resolution of ∆EFWHM/E = 65/1870 = 3.5%.

at 400 nm and 26 meV at 266 nm. The electron peak at E=0.28 eV, labelled (a) in panel
C, results from ionization of Xe by a 2 photon excitation with 266 nm photons plus a one
photon excitation with 400 nm photons. The experimentally observed FWHM = 41 meV.
This is exactly the width that would be expected for this multi-photon excitation process
due to the finite width of our fs laser pulses, FWHM =

√
(192 + 262 + 262) = 41 meV.

It means the resolution at these low energies is purely laser bandwidth limited. For the
electron peak at 1.87 eV, labelled (c) in panel C, which results from an ionization of Xe
with 1 photon of 266 nm and 3 photons of 400 nm (or 3 photons of 266 nm and 0 photons
of 400 nm, this is equal in energy) we observe an experimental resolution of FWHM = 65
meV. From the photon process we would expect FWHM =

√
(3 · 192 + 262) = 42 meV or

FWHM =
√

(3 · 262) = 45 meV. In this case the measured resolution is about 40% worse
than the total energy uncertainty due to the bandwidth of the short femtosecond laser
pulses. Still the relative energy resolution of our electron imaging detection for electrons
near 2 eV of ∆EFWHM/E = 65/1870 = 3.5% is very good and it shows that our lenses
operate at good energy resolution and only slightly above the laser bandwidth limit. In the
lower part of panel C various photoelectron peaks, labelled (d)-(e), are observed resulting
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from the photoionization of NO. A progression of Franck-Condon off-diagonal ∆v=1,2,3
peaks are observed when the center wavelength of the laser pulses are carefully tuned
to 399.8 nm and 266.3 nm. The probable cause for the strong ∆v 6=0 progression is the
excitation of a superexcited state at these wavelengths.

2.3.4 Photoelectron-photoion energy correlation

In Fig. 5.6 we show the correlated photoelectron-photoion electron distribution of elec-
trons and NO+ ions from the multi-photon multi-channel photoexcitation in NO2. The
femtosecond laser pulses were time delayed by about 200 fs, with the 400 nm laser pulse
before the 266 nm pulse. As can be seen in Fig. 5.6 many features are observed in the
energy correlation plot, which are due to various multi-photon processes. For a detailed
discussion of the molecular processes in NO2 we refer to a recently published paper37 and
more details are given in chapter 5.

Figure 2.8: Energy correlation plot of electrons and coincident NO+ ions produced in a two-color
femtosecond pump-probe experiment on NO2. The time delay between the 400 nm pump and
the 266 nm probe is 200 fs. The red line represents the maximum available energy for a process
involving 3 photons of 400 nm and 1 photon of 266 nm, a (3+1’) process, leading to NO+(v=0) +
O(3P); the green line represents the maximum available energy for a process involving 2 photons
of 400 nm and 2 photons of 266 nm, a (2+2’) process, leading to NO+(v=1) + O(3P). A detailed
discussion of the various multi-photon multi-channel dissociation and pathways leading to the
formation of the specific photoelectron-photoion regions is presented elsewhere.37
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Chapter 3

Ion imaging and particle detection

This chapter describes several experimental aspects in the development of the newly con-
structed coincidence imaging instrument. Specifically, velocity map ion imaging is exten-
sively discussed and the time-of-flight of the ions is analyzed thoroughly. The molecular
beam is important for the ion imaging quality, which is mainly determined by the extent
of the interaction region of the molecular beam with the laser beam. Besides this, the
three-dimensional momentum distribution is acquired by use of a delay-line detector and
is described in more detail. Also, the calibration of the ion detector is discussed.



Chapter 3

3.1 Introduction

Mass spectrometry is a method where ions are separated according to their charge-to-
mass ratio. In analytical chemistry, mass spectrometry is frequently used in combination
with gas chromatography (GC) or liquid chromatography (LC). After the components are
separated by GC or LC, their masses can be determined in order to identify them. The
molecules need to be ionized before the molecules can be mass analyzed. In analytical
chemistry, this is achieved by use of ionization techniques like electron impact ionization1.
However, in the experiments described in this thesis, ultrafast lasers will be used to ionize
molecules or their fragments.

The mass resolution of a time-of-flight (TOF) mass spectrometer was significantly
improved by Wiley and McLaren in 1955 by the introduction of an ion source which
contains two separate acceleration regions2. This set-up improves the mass resolution,
which was mainly determined by the initial space distribution of the ions and their initial
kinetic energy spread in the relatively large ionization volume. The ionization volume is
decreased significantly by (single-or multi-photon) laser ionization where it is limited by
the laser focus.

The initial kinetic energy of the fragments from a photodissociation experiment can
be obtained by measuring the momentum distribution of the recoiling ions by a technique
invented by Chandler and Houston3. The initial three-dimensional distribution of the re-
coiling ions are projected or imaged onto a two dimensional detector in the so-called ion
imaging technique. The three-dimensional distribution could be extracted subsequently
by use of mathematical algorithms, like the inverse Abel transformation, in case of cylin-
drical symmetry4. This symmetry restriction allows only for linear laser polarization. Like
in TOF mass spectrometers, Chandler and Houston employed grids with good ion trans-
mission to create homogeneous electric fields. However, grids have several disadvantages,
including some transmission loss of ions, trajectory deflections and most importantly blur-
ring due to the ionization volume in the direction of the laser propagation. These problems
were solved by the invention of the velocity map imaging (VMI) technique5 in 1997. A
three plate assembly with two open electrodes is used to image or map the velocity of the
particles onto the detector.

In VMI, the repeller plate is a solid plate with possibly a small hole for the molecular
beam to enter the ion optics. The open electrodes cause curved electric field lines, which
act as lenses. The extractor is put at a voltage of approximately 70-80% of the repeller
voltage and a third electrode is put to ground. The ions subsequently drift in a field-free
tube towards the detector. The spatial extent of the ionization volume is determined by the
size of the molecular beam and the laser focus. Along the laser propagation direction the
size of the molecular beam causes a blurring effect, which can be reduced by decreasing its
size. With VMI particles are focused onto the same position of the detector independent of
their initial position. A set of three open electrodes could also be used as a magnification
lens6.

The three-dimensional distribution of the recoiling fragments is fully determined by
the TOF and the two-dimensional position at the detector. Instead of projecting the full
3D momentum distribution on a 2D surface, time-slice imaging can be used to circumvent
the need for the reconstruction (e.g. Abel inversion) of the three-dimensional distribu-
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tion4. One of the important results is the lack of restrictions for the state of polarization
of the excitation laser. Gebhardt et al. used a method in which the extraction field can
be switched on such that the molecules are first ionized by the laser in a field free envi-
ronment7. The ion cloud is allowed to expand due to the recoil velocities of the fragments
and after a small delay the extraction field is applied and the ions are accelerated towards
the position sensitive detector. The initial field free expansion of the ions will increase
the time interval with which they will hit the detector. The trick is to only switch on the
detector for a small time period to slice out the ions in the middle of the time interval.
However, switched electric fields always have the risk of ringing effects which can distort
the ion image.

Suits et al. introduced a time slicing method without the need of switching electric
fields8. A set of three lenses is used to lower the potential energy difference between the
repeller and extractor, hence stretching the arrival time of the ions. The third lens is used
to focus the ions/electrons onto the detector like in VMI. This method is generally referred
to as DC slice velocity mapped imaging. The extraction field is lowered and therefore the
TOF spread is increased. The strength of the imaging technique with all its variations is
the capability of measuring the kinetic energy of the charged particles under investigation
and this can be achieved with very high resolution9. Furthermore, the direction of recoil
with respect to the laboratory reference frame can be acquired.

The study of molecular dynamics using lasers to fragment and ionize the molecules
yields both an electron and (fragment) ion. Both particles contain information about
the dynamics. The simultaneous measurement of both the electron and the ion there-
fore yields the most complete information. The coincidence technique was reported by
Eland et al. with fixed-wavelength excitation in 197810. The combination of the co-
incidence technique with time-resolved (femtosecond) imaging was pioneered by Hayden
et al., two decades later in 199911. The technique called cold-target recoil-ion momen-
tum spectroscopy (COLTRIMS) was invented almost simultaneously12. In COLTRIMS,
delay-line detectors are used for the measurement of the full three-dimensional momentum
distribution of both electrons and ions13.

A new coincidence imaging instrument has been constructed with high temporal and
energy resolution for the electrons and ions, as published recently14. In this chapter some
of the experimental developments concerning the ion optics and mass spectrometry are
described. Ion imaging mass spectrometry is described first, with an analysis of the TOF
of the ions of CF2Br2. Subsequently, the extent of the interaction region of the molecular
beam with the laser is described. The velocity map imaging technique works very well for
small interaction regions. An example is given when this is not the case. The particles are
detected with delay-line detectors and some of the experimental aspects of the detectors
are given in the last part of the paper. In the end, the calibration of the ion detector is
described.
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3.2 Ion imaging mass spectrometry

The detection of the electrons and ions after laser interaction occurs on two separate
detectors in a velocity map geometry5. The ionization volume is enclosed by velocity map
imaging lenses, as shown schematically in Fig. 3.1 A. The acceleration direction of the
charged particles is indicated and only the lenses relevant for the ion imaging are shown.
First, the electrons are extracted with negative voltages on the lenses and subsequently the
polarity is changed. The detection of electrons takes place after a TOF of approximately
10-15 ns. The electron kinetic energy determined from the detector is calibrated on xenon
and the resolution is limited by the femtosecond laser pulse excitation to 50 meV. The
polarity of the ion lenses is switched after the arrival of the electron at the detector and is
performed in less than 100 ns. The lenses remain positive for more than 20 µs to ensure
a distortion free extraction and detection of the ions of all masses. The duty cycle of the
homebuilt voltage switch is shown in Fig. 3.1 B. The lenses are capacitors (C) and the rise
time is determined by the product of the resistance (R) and the capacitance (RC-circuit).
Different rise times for the charging and decharging is caused by the different resistors
between the power supply and the lens.

Figure 3.1: A) The velocity map configuration of the ions. The repeller of the ions (Ri) is equal
to the extractor of the electrons (Ee) and vice versa. The TOF tube has a length of 345 mm. B)
The voltage switch duty cycle of 200 µs or 5 kHz repetition rate. This particular graph displays a
switch from -400 V to +2000 V and is similar for all lenses. In an experiment, the repeller for the
electrons (Re=Ei) is switched from -520 V to +1600 V and the extractor of the electrons (Ee=Ri)
from -385 V to +2000 V. The width of the pulse is proportional to the input trigger (TTL) width.

The ions are accelerated towards the detector and the TOF depends on several factors.
The TOF of a singly charged particle with mass m and charge q can easily be calculated
when only a single homogeneous electric field is used to accelerate the particle towards the
detector. In this case, the flight time of the charged particle is determined by the poten-
tial difference (V ) of the potential of the ionization region with respect to the grounded
detector. This potential difference is converted into kinetic energy of the charged parti-
cles. Furthermore, the TOF depends on the length of the field free flight region in the
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Ion m (au) TOF (ns)
CF+ 31 4120
CF+

2 50 5255
Br+ 79 / 81 6604 / 6687

CF2Br+ 129 / 131 8438 / 8502
Br+

2 158 / 160 / 162 9336 / 9395 / 9453
CF2Br+

2 208 / 210 / 212 10716 / 10767 / 10818

Table 3.1: The detected ions of CF2Br2 with their mass in atomic units and TOF in ns. The
ions are single charged and some are radicals, although this is not indicated.

spectrometer (L) and is then given by

TOF = L

√
m

2qV
(3.1)

The flight times of the ions observed in the femtosecond laser pulse excitation of CF2Br2

are given in Table 3.1 together with the relative abundances of the ions. More about the
CF2Br2 molecule is given in chapter 7. Only few parent ions are observed and the dominant
product is CF2Br+. The TOF of these ions can be calculated by TOF(ns) = 743.0

√
m

with the mass in atomic units. This is equivalent to equation 3.1 for a simple ion optics
configuration even though our ion optics is more complicated. The TOF of the ions is
delayed by the waiting period before the voltages are switched according to Fig. 3.1 B,
but this constant value has been subtracted in Table 3.1.

The ion optics shown in Fig. 3.1A consists of three open lenses instead of one extraction
field. The applied voltages on the repeller (Ri), extractor (Ei) and lens (Li) are +2000 V,
+1550V and +750V respectively. The potential difference with respect to the grounded
detector in the interaction region is 1710 V according to SIMION simulations15. From the
equations TOF(ns) = 743.0

√
m and 3.1, a value of 1115 V is obtained for the potential

difference. This value is much lower compared to the actual value and this discrepancy is
caused by the open lens structure of the ion optics and the different regions of acceleration.
The TOF of all the ions can be reproduced by a more elaborate calculation taking the
geometry of the optics into account.

A simple calculation can be performed assuming homogeneous electric fields in the
different acceleration regions of Fig. 3.1A, which is equivalent to a conventional ion imaging
configuration. The values for the electric fields are 30 kV/m between the repeller and
extractor (15 mm apart), 40 kV/m between the extractor and the first lens (20 mm
apart), 25 kV/m between last lens attached to the grounded TOF tube (30 mm apart)
and zero for the field-free drift zone of 345 mm. The flight time in each segment of the ion
optics can be calculated employing x = 1/2at2 and F = ma =

∫ x2
x1 qEdx, which includes

distance(x), electric field (E) and an acceleration (a). It turns out that the flight times
are reproduced very well by taking one scale factor of 0.844 for all the electric fields. This
scale factor represents the effect of the open lens structure with respect to homogeneous
capacitor like fields. The open lens structure causes a significant lowering of the electric
fields experienced by the ions.

The TOF of different ions given in Table 3.1 can be compared to simulation for both the
conventional ion imaging (Ion I) and velocity map imaging (VMI). The simulation TOF
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values are given in Table 3.2. The TOF is slightly larger in the VMI configuration, which
is consistent with the previous result. From these simulations also the positions of the ions
at the detector can be obtained, which are given in Table 3.3. The position of the ions
in only dependent on the initial kinetic energy and not on the mass. The initial direction
of the ions is parallel to the plane of the detector. In the case of zero kinetic energy, the
ions hit the detector in the center. The VMI configuration gives a slightly larger deviation
from the center for a specific initial kinetic energy. Here, the magnification factor is 1.125.
In the experiment, the position is used to determine the kinetic energy from the position
of the particles, which is discussed in section 3.6.

Ion TOF (ns)
Ion I VMI

CF+ 3950 4121
Br+ 6306 6578

CF2Br+ 8058 8406
CF2Br+

2 10232 10674

Table 3.2: TOFs of different ions in ion
imaging (Ion I) and velocity map imaging
(VMI) configuration.

Ek (eV) Position (mm)
Ion I VMI

0.0 0.0 0.0
0.5 6.8 7.6
1.0 9.6 10.8
1.5 11.7 13.2

Table 3.3: Position of particle at the de-
tector with a specific initial kinetic energy,
Ek(ion), parallel to the detector plane.

In the discussion above, the recoil of the fragments and the size of the interaction
region of the molecular beam with the laser beam is not taken into account. The flight
time distribution is found to be significantly broader for fragments with recoil. The kinetic
energy distribution can also be approximated from the flight time profile, which is often
done in mass spectrometric measurements. However, the determination of the flight time
profile might be complicated due to the angular anisotropy in the fragment recoil. For
example, assume a strong angular dependence with a preference for recoil along the laser
polarization. When the laser polarization is oriented perpendicular to the time of flight
direction, this will result in a smaller flight time distribution profile compared to a fully
isotropic distribution. Therefore, no TOF analysis will be performed. Ions with zero recoil
kinetic energy show a narrow flight time distribution (gaussian), with a FWHM on the
order of 2 ns14. This TOF distribution is solely determined by the spatial extent of the
interaction region, which is described in sections 3.3 and 3.4.

3.3 The molecular beam

The coincidence apparatus is displayed in Fig. 3.2 in the plane of the molecular beam
and the laser beam. Three different vacuum chambers indicated with a, b and c are the
source chamber with the continuous nozzle, the buffer chamber and the detection chamber,
respectively. The argon gas seeded with the molecules under study is expanded through a
nozzle of 100 µm. The molecular beam is crossed with the laser beam at a distance of 45
cm from the nozzle. The size of the molecular beam along the laser propagation direction
is solely determined by the opening of the second molecular beam skimmer S2, as can seen
from in Fig. 3.2. The opening of the second skimmer was reduced to 200 µm to achieve
the best configuration for the coincidence imaging14.
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Figure 3.2: Top view of the coincidence apparatus. The gas under study is expanded through
a continuous nozzle, with the first molecular beam skimmer S1 at 2 cm distance. The second
skimmer is located at 12 cm from the nozzle and determines the size of the molecular beam in the
interaction region I. Three different vacuum chambers indicated with a, b and c are the source,
buffer and detection chamber, respectively.

The ionization yield is determined by the cross section, the flux of photons and the
number of molecules present in the interaction volume of the molecular beam and the laser
beam. The interaction volume is determined by the opening of the second skimmer in Fig.
3.2. A larger skimmer opening leads to a larger interaction volume and this enables the
use of use of less laser power for ionization. This is especially favorable with laser light in
the UV region, because the micro-channel-plates (MCP) are sensitive to this light16. An
electron can be released at the surface by the absorption of a UV photon an this results
in an unwanted hit on the delay line detector. Empirically, the employed magnesiumoxide
coating on the front surface of the MCP (see section 2.2.2) reduced the sensitivity for UV
(266 nm) light. An important source of scattering of UV light are the windows in the
vacuum chambers. The laser beam is therefore skimmed by light baffles (LB in Fig. 3.2)
close to the interaction region and the ion optics. This reduces the amount of scattered
UV light significantly.

Although a large molecular beam skimmer gives a larger ionization rate because of the
larger ionization volume, the drawback is shown in Fig. 3.3A. This figure displays the
histogram of events at the detector versus the position of the detector. The background
molecules are imaged in the center of the detector with a broad distribution. This is
contrary to the ions from the molecular beam, which are displaced from the center with a
narrow distribution. Clearly, the contribution of background molecules is dominant. This
means that the number of molecules entering the detection chamber is large compared to
the number of molecules extracted from the molecular beam with the laser. The situation
is significantly improved by reducing the size of the skimmer opening to 200 µm, shown
in Fig. 3.3B.

The displacement of the molecular beam is caused by the orthogonal extraction relative
to the direction of the molecular beam. The velocity of the molecular beam and the TOF
determines the displacement from the center. The velocity of the seeded molecules in the
beam is equal to the speed of argon if they are present in a small amount (<∼ 10%). This
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Figure 3.3: The histogram of detected ions in the direction of the molecular beam for two different
molecular beam skimmers is shown. The graph in A is obtained with a large second molecular
beam skimmer of 1 mm, while B is recorded with a small skimmer of only 200 µm. The background
thermal ions are projected in the middle of the detector. The molecular beam is travelling from the
center due to the molecular beam speed. The narrow distribution displays the so-called forward
velocity spread.

velocity is 550 m/s at T=300 K for argon. The velocity or speed distribution is equal to the
width of the distribution divided by the velocity17,18. The typical width is 13% (=0.4 mm
/ 3.1 mm * 100 %, note that the position is proportional to the velocity) for the continuous
molecular beam for a mixture of 2% NO in argon with a pressure of 1 bar behind the nozzle,
also called backing pressure. The width decreases with increasing backing pressure and can
be reduced to 10% at 3 bar. The supersonic expansion causes rotational cooling, leading
to a molecular beam with the molecules in a small range of rotational quantum states.
However, vibrational cooling is less efficient. The velocity distribution is related to the
translational temperature of the molecular beam, but also to the rotational temperature.
Pulsed molecular beams can reach narrower velocity distributions and rotationally colder
beams17,18. Recent progress is made to achieve high repetition rate pulsed molecular
beams19.

3.4 Large molecular beam imaging

The flight time spread of the ions is determined by several factors. The dominant factor
is the magnitude of the extraction field with respect to the distance between the laser
interaction region and the detector. The higher the extraction field, the smaller the time
spread. Another factor is the extent of the molecular beam along the laser propagation
direction. And finally, the initial kinetic energy distributions of the recoiling fragments.
These effects are all taken into account in SIMION simulations of the ion trajectories15.

The extent of the molecular beam in the direction of the laser propagation was discussed
in the previous section. The extent is predominantly determined by the second skimmer.
The use of a large opening of 1 mm leads to a molecular beam size of 4 mm at the point
of laser interaction. The three-dimensional distribution of ions with zero recoil over this
spatial extent is shown in Fig. 3.4. The three images display the events in the plane of
the TOF direction and the laser propagation direction.

30



Ion imaging and particle detection

Figure 3.4: The graphs display the time versus position of the particles at the detector along the
laser propagation direction. The molecular beam is several mm large and therefore the dimension of
the ionization volume is also large. The three different graphs show the result of different velocity
map configurations, where the voltages on the extractor have been changed. The images A-C
correspond to high, medium and low extractor voltages of 1500, 1250 and 1000 V. The horizontal
axis gives the position at the detector and is not the same for the three different plots. The total
TOF range of Fig. C is 100 ns.

The velocity map imaging technique projects particles with the same momentum onto
the same position of the detector. However, for a large interaction region the position
spread on the detector can be large as well. The images in Fig. 3.4 are taken at different
values for the extractor with the repeller set at a fixed value of 2 kV. The first image A
is ”under-focused” meaning that the focus is behind the detector, the second image B is
in focus and the third image C is ”over-focused” meaning that the focus lies in front of
the detector. The example shown in Fig. 3.4B has the smallest width along the laser
propagation direction. The particles in the middle of the molecular beam experience the
lowest electric field and therefore have the largest TOF. The final position is equal to the
middle of the detector. The particles at the edges of the molecular beam travel a longer
distance, but experience larger fields close to the lenses. Therefore, their TOF is smaller
and their final position depends strongly on the repeller voltage.

The particles along the laser propagation direction are projected on a proportional
position of the detector. However, the extent of the projection of the interaction region at
the detector can be much smaller. The particles at the edge of the interaction region arrive
at the detector slightly before the center particles. Therefore, the TOF profile broadens
due to the spatial focussing condition. The best configuration is obtained with a small
interaction region with a length below 1 mm14. The full range of the TOF axis of Fig.
3.4C is 100 ns. This range is large compared to the current resolution of approximately 2
ns full-width-at-half-maximum for the TOF peak reported previously in chapter 2. Several
other factors influence the imaging quality or velocity resolution and an overview is given
in the thesis of Wu20.

3.5 The delay-line detector

The full three-dimensional momentum distribution of the ions and electrons is recorded by
use of commercial delay-line detectors available from Roentdek GmbH13. These detectors
have been employed in many different field of physics and chemistry. For example, to
study the complete photodissociation of the deuterium molecule21 and the bunching and
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anti-bunching of bosons and fermions in ultracold quantum gases22.

Figure 3.5: A) A schematic representation of the delay-line anode. The anode consists of two
wires, ie. one for each dimension. The electron cloud emerging from the MCP hits the delay-line
somewhere and pulses of electrons travel in different directions through the wire. The position is
determined by the time difference between the pulses at the end of the wire. B) Each wire consists
of a pair of wires, also called signal and reference wire in a Lecher-line configuration. A slight
voltage difference between them causes the electrons to be collected on the signal wire.

The delay-line detector is schematically shown in Fig. 3.5A. The charged particle hits
a micro-channel plate (MCP) and induces an avalanche of electrons with high efficien-
cies16,23,24. At the back side of the MCP, an electron cloud leaves and is accelerated
towards the delay line detector. The electron cloud exiting the MCP is collected on the
delay line wire and the induced signal will travel towards the ends. The time difference
between the two signal pulses at the end of the wire is proportional to the position on the
detector. For example, in the case that the cloud would hit the detector in the middle,
all pulses will appear at the same time at the ends of the wires. The time difference will
thus be zero. Different signals are obtained from this event and these are discussed here.
Moreover, the discussion includes the determination of the arrival times of these signals
by different digitizing electronics.

The current induced by the electron cloud leaving the MCP can be picked up by a
small capacitor connected to the MCP and the signal is shown in Fig. 3.6A. The pulse
has a full width at half maximum (FWHM) of 2.2 ns and a 10-90 % rise time of 1.5
ns. The intensity of the pulse is determined by the pulse height distribution (PHD) of
the MCP. The avalanche is governed by a statistical collision process and therefore the
intensity changes from pulse to pulse. However, this does not significantly affect the rise
time and width of the signal. The MCP pick-up pulse is used to determine the TOF of
the electrons in our coincidence imaging instrument as is described below. We have been
able to determine the overall time resolution of the electrons, which is better than 50 ps
FWHM14. Therefore, the arrival time can be determined with a accuracy of 3 % of the
rise time of the pulse. The time resolution of the MCP is governed by the length of the
channels and the transit time spread through the MCP. The spread and time inaccuracies
are smaller if the MCP is shorter16,23,24. However, the gain of the MCP is proportional to
the length and should be sufficient to obtain signals.

The delay-line detector consists of two wires, one for each dimension. However, each
wire itself is a pair of two wires in a so-called Lecher-line configuration, as shown in Fig.
3.5B. This configuration transmits high frequency signals with low damping and dispersion
in a differential mode25. The differential signal is generated by the application of a slightly
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higher potential on one of the wires. The charge is effectively collected on the wire with
the highest potential, also called the signal wire and the other is the reference wire. The
signals obtained from these channels are shown in Fig. 3.6B, where both obtain high
frequency signals. The difference between the two channels gives an almost background
free pulse corresponding to the electrons collected on the delay line. The difference yields

Figure 3.6: A) Different pulse picked up from the back of the MCP. The intensity changes, but
the rise time and width are equal. B) The signals on the reference and signal wire of the delay line
anode. The difference is the clean signal of the electron cloud. C) The difference signal is amplified
by the ATR and a CFD converts the amplified pulse into a NIM pulse.

a pulse with a width of 3.4 ns FWHM and a rise time of 2.1 ns. The electron cloud
originating from the MCP travels several mm through vacuum before its arrives at the
detector. The resulting delay-line pulse is broadened compared to the MCP pulse. An
important contribution to the signal width from the delay-line is the footprint size of the
charge cloud. If it is large, signal portions from many wire pitches contribute, each with a
delay of about 1 ns to next. The signal and reference wires are connected to an impedance
matched differential amplifier (ATR-19 from Roentdek GmbH). The amplified differential
signal is shown in Fig. 3.6C (middle trace) and has a width of 11.0 ns and a rise time of
7.4 ns.

These pulses can be converted to digital NIM (Nuclear Instrumentation Module) pulses
via so-called constant fraction discriminators (CFDs). The NIM pulse is a standard pulse
in experimental particle and nuclear physics and is also shown in Fig. 3.6C. The general
principle of the CFD is that the NIM pulse is generated independent of the intensity of the
input pulse. This is particularly favorable with the intensity or pulse height distribution
of the pulses from the MCP. The pulse height distribution is at best 85 % for our MCP,
meaning a fluctuation of 85 % of the intensity from the average value. Subsequently, the
arrival times of the NIM pulses are determined by a commercial 8-channel time-to-digital
converter (HPTDC by Roentdek GmbH13). The TDC measures the time by measuring
the number of clock cycles of a time period of 25 ps. The number of cycles together with
the time to position conversion factor of 1.9 ns/mm can be used to determine the position
in mm.

The sum of the arrival times or time sum of one coordinate delay-line wire is a direct
measure of the flight time of the particles and can be used to determine the TOF of the ions.
The TOF of the isotopes of xenon has been determined with a width of 2 ns FWHM14.
However, the TOF of the electrons is very short and requires a higher resolution compared
to the resolution of the TDC. The highest time resolution is obtained by determining the
arrival time of the MCP pick-up pulse with a time-to-analogue converter (TAC, SPC-
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130 by Becker & Hickl26). The TAC can be considered as a voltage ramp generator and
is stopped at a certain voltage by the signal. The distribution of voltages is therefore
continuous and can be read with a Analogue-to-Digital (AD) converter into the computer.
The commercial TAC consists of a very stable ramp generator and AD converter. This
TAC employs the inverse start-stop configuration, where the TAC is only trigger in case
of an event.

To summarize, the principle of the detector, resulting signals and the measurement of
the position and time-of-flight have been discussed in detail. The electronics involved are
not discussed extensively. The improvements of the detector we have achieved originate
predominantly from the improvements in the determination of the arrival times of the
signals. Therefore, the shape (rise time and width) of the signals is an important aspect
and this is determined by the properties of the MCP. More about the MCP is described in
chapter 2. The next section will describe the recovery of the initial momentum distribution
from the obtained position and TOF.

3.6 The calibration of the ion detector

The initial velocity or momentum of the charged particle can be obtained from the 3D data
after calibration. The calibration of the electron detector has been discussed in chapter 2,
which is easily achieved by use of ionization of NO molecules or Xe atoms. In these cases,
the ionization yields an photoelectron peak at the photon energy minus the ionization
energy. To calibrate the ion detector, the energy correlation plot is employed showing the
correlation between the kinetic energy of the electron and the the total kinetic energy of
the fragments. The conservation of energy gives a constraint to the maximum value for
the sum of the kinetic energy of the electron and atomic fragments, according to

E(photons) − E(appearance) = Ek(ion) + Ek(neutral) + Ek(electron) (3.2)

The internal energy has been neglected for the initial molecule and the fragments. The
calibration of the ion detector is exemplified on the single-color 400 nm photodissociation
of NO2. An extensive discussion of and more details about the time-resolved dynamics of
NO2 is given in chapter 5. The dominant product in the single color 400 nm multiphoton
excitation of NO2 is NO+, which accounts for 95% of the events originating from NO2.
The coincident electron and ion images of NO are shown in Fig. 3.7 together with the cor-
responding kinetic energy distributions. The minimum energy to create the NO+ fragment
with an electron having zero kinetic energy is called the appearance energy (AE) and is
12.38 eV. A four photon excitation excites the NO2 molecule with 12.4 eV in total, which
is sufficient to give rise to slow photoelectrons and ions. The excess energy for this photon
process is only 20 meV and a minor contribution of this photon process is observed.

The images in Fig. 3.7 clearly show high kinetic energy electrons and ions and therefore
the dominant process is a five photon excitation with a total energy of 15.5 eV. The excess
energy is equal to the energy of a 400 nm photon or 3.1 eV. The electron image shows
three distinct kinetic energy bands, while the ion distribution is very broad. The energy
correlation plot for the NO+ fragment is given in Fig. 3.8. The vertical axis of the
correlation plot shows the kinetic energy of the electron and the horizontal axis the total
kinetic energy of NO+ + O. The diagonal line indicates the maximum excess energy of
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Figure 3.7: The photoelectron slice image of electrons in coincidence with NO+ is given in panel A
with the kinetic energy distribution shown in panel B. The ion image of NO+ and the corresponding
total fragment kinetic energy distribution is shown in panels C and D, respectively. The images
result from single color 400 nm excitation of NO2.

a five photon process. The correlation plot shows that the electrons obtain well defined
kinetic energies according to the three photoelectron bands shown in Fig. 3.7 B. On
the other hand, the kinetic energy distribution of the fragments ranges from zero to the
maximum available energy. This multiphoton experiment is assigned to instantaneous
electron ejection, i.e. within the temporal width of the laser pulse. Subsequently, the
NO+

2 is produced in three dissociative states giving rise to fast NO+ + O fragments.

Figure 3.8: The energy correlation plot of (e,NO+) events

The total kinetic energy of the atomic fragments can be determined from the correlation
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plot and thus the ion detector can be calibrated. The delay-line detector enables the
determination of the full three-dimensional momentum distribution of the observed ion
and is explained in section 3.5. The acquired data for one ion consist of the position in
the plane of the detector (x and y directions) and the time-of-flight (TOF) of the ion,
perpendicular to this plane. A schematic picture of the ion detection is shown in Fig. 3.9.

In the case of zero recoil, the ion is observed in the middle of the detector (x = y =
0) with its specific TOF (t0). The initial momentum of the ion causes a deviation from
these values. As shown in Fig. 3.9, the initial momentum vector make three projections in
a laboratory fixed coordinate system and these projections are proportional to the three
experimental coordinates according to

vx = cxx vy = cyy vz = ct∆t (3.3)

The value ∆t = TOF - t0 corresponds to the initial velocity of the ion parallel to the TOF
direction (taken as z-coordinate). To obtain the correct velocity vector, the proportionality
constants cx = cy and ct have to be determined, which can be done by relating ct to cx.
The value of ∆t is proportional to the mass of the ion, velocity in the TOF direction
and the inverse of the extraction field (E), according to ∆t ∝ mvz/qE. Therefore, the ct
coefficient is mass-dependent and can be obtained empirically to yield a spherical image
in all directions with cx = cy = ct.

Figure 3.9: An overview of the fragment ion detection is shown. The ion is formed in the
interaction region of the laser and the molecular beam, which is considered a point source for the
discussion in the text. A fragment ion is formed with an initial recoil or momentum from the
dissociation, which is also indicated. The momentum in the plane of the detector is projected by
velocity map imaging onto the detector. The momentum in the direction of the TOF axis yields
a small time difference, ∆t, compared to the center flight time, t0. The TOF and position at the
detector are used to extract the initial momentum distribution.

All three coordinates x, y and TOF of the ion are measured by the time-to-digital
converter (TDC), see previous section. These coordinates are given in terms of the least-
significant bit (lsb) of the TDC, which corresponds to a time of 25 ps (see also chapter
2). The position in the plane of the detector is determined by the time differences of the
pulses at the two end of the two wires and can be converted to a length via a conversion
factor of 1.9 mm/ns. However, the velocity can be expressed in terms of lsb values and
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then only the mass-dependent ct(m) factor has to be acquired. The correlation plot of the
single-color 400 nm photodissociation of NO2 in Fig. 3.8 can be employed to extract the
total fragment kinetic energy and this total kinetic energy is proportional to the v2 and is
given by

Ek(total) = Ek(ion) + Ek(neutral) = 2.8× 10−6 (x2 + y2 + (ct(m)∆t)2) (3.4)

where the scaling constant, 2.8 × 10−6, depends on the extraction field. The coordinates
x, y and ∆t are expressed in lsb values. Note that no explicit use is made of the TOF of
the ion (t0). One important remark must be made about this calibration procedure. The
kinetic energy of the electron is accurately calibrated, but the kinetic energy calibration
of the fragments relies on the assumption that the maximum kinetic energy is not affected
by any internal energy. If internal energy of the fragments is present, the axis can be
incorrectly calibrated.

In a photodissociation experiment including ionization of one of the fragments, con-
servation of linear momentum determines the distribution of the total kinetic energy over
the ionic and neutral fragments27. The momentum of the neutral and ionic fragment is
equal, i.e. mivi = -mnvn. Whether the ionization occurs before or after the dissociation
is usually not significant, because the recoil of the ion from the ionization is small. The
total kinetic energy can be expressed in terms of the kinetic energy of the ion according
to

Ek(total) = Ek(ion) + Ek(neutral) =
1
2
miv

2
i +

1
2
mnv

2
n =

1
2
miv

2
i (1 +

mi

mn
) (3.5)

The kinetic energy of the ion can be extracted from the total kinetic energy by dividing
by a factor of (1 + mi/mn) = 2.85 given by equation 3.5. The kinetic energy of the ion
from the experimental data is given by

Ek(ion) = 1.0× 10−6 (x2 + y2 + (ct(m)∆t)2) (3.6)

The position of the ion at the detector with an initial kinetic energy parallel to the
plane (y=0 and ∆t=0) of the detector can be obtained as follows. The position of the
NO+ ion is x (lsb) = 1000 for an initial kinetic energy of 1 eV, which is equal to time (ns)
= 1000 ∗ 25× 10−3. Dividing by the conversion factor of 1.9 ns/mm gives a value of 13.2
mm. Comparing this to the value of 9.6 mm in Table 3.3 for the ion imaging configuration
yields a magnification factor of 1.375. This magnification factor is larger compared to the
value of 1.125 previously obtained, which is caused by lower electric fields employed here.
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Chapter 4

The femtosecond laser and

applications

Several of the experiments in this thesis have been performed by use of the second and
third harmonic at 400 nm and 266 nm of the output of a commercial femtosecond laser.
Therefore, a description is given of the third harmonic generation. The femtosecond laser
pulses are converted by use of nonlinear processes and in this way also visible pulses with
tunable wavelength can be generated. This is achieved by use of a non-collinear optical
parametric amplifier (NOPA), which will also be discussed. Finally, the NOPA pulses can
be altered in phase and polarization state by use of a homebuilt femtosecond laser pulses
shaper.



Chapter 4

4.1 Introduction

The development of ultrashort laser pulses has had a huge impact in the field of chemical
dynamics, because of the possibility to follow dynamics in real-time1,2. In general, fem-
tosecond laser pulses can be employed to probe the motion of atoms within a molecule3–5,
while attosecond laser pulses are being developed and have potential to study the motion
of the electrons within atoms and molecules6–10. In this thesis, time-resolved dissociation
of molecules is investigated by use of femtosecond laser pulses and in this chapter some
laser developments are described which extend the applicability of the laser system.

The temporal duration of laser pulses is determined by their bandwidth and phase
relation between the constituent frequencies. The shortest pulse possible or Fourier trans-
form limited pulse is achieved when all frequencies of the laser pulse travel with zero phase
with respect to the center frequency11,12. The temporal width 4t for a gaussian trans-
form limited laser pulse with bandwidth 4ν can be calculated by use of 4ν4t≥0.441.
Pulses with larger time-bandwidth products are chirped, which is a quadratic or higher
order spectral phase relation with respect to the central frequency. The phase of the pulse
is affected by propagation through materials because of dispersion, which is a frequency
dependence of the refractive index13. In normal dispersion, the refractive index increases
with frequency.

The phase of a pulse can be altered for example by use of prism or grating pairs, but
a more general way is the application of a femtosecond laser pulse shaper11,12,14. Since
several years it has been demonstrated that shaped femtosecond laser pulses can selec-
tively produce certain fragment molecules in photodissociation15,16. This new field of
chemical dynamics is commonly known as coherent control and is based upon quantum
interference in a molecular system11. The shaper has frequently been employed using
computer-controlled feedback, because no prior knowledge about the molecular system
is required for optimization17–19. For example, ratios of photodissociation products can
be maximized16 or the flow of energy in a light harvesting complex controlled19. Differ-
ent parameters of the laser pulse can be adjusted, which include phase, amplitude and
polarization14,20.

Laser pulses can be modified in frequency and pulse duration by several nonlinear
techniques12,21. These nonlinear processes require phase matching and can be achieved
in birefringent materials among others. For example, the phase matching condition for
frequency mixing is given by k1+k2 = k3, where k = 2πn/λ is the wave vector, n is the
refractive index and λ the wavelength. However, frequency conversion of short laser pulses
is limited by the acceptance bandwidth of the nonlinear material22. By application of non-
collinear geometries, the acceptance bandwidth can be increased and even shorter pulses
can be generated23. Second harmonic generation (SHG), frequency mixing and difference
frequency generation (DFG) are second order nonlinear processes employed here. DFG
enables production of tunable pulses in the visible, because a second harmonic 400 nm
photon can be split in a visible photon and an infrared photon23,24. Furthermore, so-called
optical parametric amplification can occur if this process is seeded with a beam of the right
frequency22.

In all experiments described in this thesis, a commercial Titanium:Sapphire femtosec-
ond laser system (Spectra Physics) provides 130 fs laser pulses of 500 µJ at a central

40



The femtosecond laser and apllications

wavelength of 800 nm and with a repetition rate of 5 kHz. In this chapter, the third
harmonic generation employing nonlinear processes will be discussed first. Subsequently,
the homebuilt Non-collinear Optical Parametric Amplifier (NOPA) will explained in some
detail. Finally, a description of the femtosecond laser pulse shaper will be given. This
shaper is capable of altering the phase and polarization state of the pulses of the NOPA.

4.2 Third harmonic generation

A collinear third harmonic generation setup for the output of a commercial laser providing
130 fs pulses centered at 800 nm has been developed and is shown in Fig. 4.1. The
various components of this setup will be discussed in this section. In short, the second
harmonic is generated first and subsequently the second harmonic is frequency mixed with
the remaining fundamental pulse to generate the third harmonic.

Figure 4.1: The schematic representation of the third harmonic generation setup, which is de-
scribed in the text.

The second harmonic is generated (SHG) in a Beta Barium Borate (BBO) crystal (1
mm, Type I, θ=29.2◦)25 with a conversion efficiency of at least 25%. The SHG process
is possible in BBO, because it is a negative uniaxial crystal (no >ne). To achieve phase
matching, the fundamental 800 nm pulse propagates through a BBO crystal as the or-
dinary ray and the generated second harmonic is the extraordinary ray. The e-ray has
its polarization in the plane of the optical axis and the propagation direction with an
angle θ of 29.2 degrees between them. In this configuration, the refractive indices of the
fundamental and second harmonic are equal, i.e. ne,400 = no,800 = 1.66.

As a result of the propagation through the crystal, the generated second harmonic pulse
is delayed with respect to the 800 nm pulse. This temporal delay is due to a difference in
group velocity, which also limits the effective interaction length of a nonlinear crystal22,26.
The group delay Tg is equal to the transit time of the pulse through a material of length
L can be calculated by use of

Tg =
L

c

(
n+ ω

dn

dω

)
=
L

c

(
n− λdn

dλ

)
(4.1)

where c is the speed of light, n the refractive index and dn/dλ the derivative of the refractive
index with respect to the wavelength. For the SHG BBO crystal, the delay between the
pulses amount to 190 fs, because dn/dλ(400 nm) = -0.205 (1/µm) and dn/dλ(800 nm)
= -0.030 (1/µm). These results can also be obtained from a nonlinear optics software
package called SNLO27.

The temporal delay has to be compensated to generate the third harmonic at 266 nm by
frequency mixing of the second harmonic and the fundamental pulse. This compensation is
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performed by use of a so-called time-plate, see Fig. 4.1, which is another negative uniaxial
material with a larger group delay for the fundamental compared to the second harmonic.
Although several other materials can be used as well, another BBO crystal (2 mm, Type
I, θ=65◦) is employed here capable of compensating 200 fs temporal delay. More or less
temporal delay can be compensated by tilting the crystal. A 1 mm calcite crystal has a
maximum compensation of 440 fs due to the larger group delay differences between the
e-ray and the o-ray.

Instead of the time-plate, the fundamental and second harmonic can be separated and
combined again by use of dichroic mirrors. The beam paths of both pulses should be
adjusted such that there is temporal overlap in the frequency mixing crystal. However,
this method is more expensive and elaborate as it requires a set of dichroic mirrors and
some additional mirrors for beam guiding.

To most efficiently generate the third harmonic, the polarizations of both the funda-
mental and second harmonic should be parallel. The polarization of the second harmonic
is rotated by 90 degrees by use of a dual-wavelength half-wave plate. Specifically, this
wave plate does not affect the polarization state of the fundamental beam. The group
delay difference caused by the wave plate should also be compensated by the time-plate.
The third harmonic is generated in a third BBO crystal (1 mm,Type I, θ=44.3◦) with an
overall efficiency, from the fundamental beam to the third harmonic, of 7.5 %.

Finally, the second and third harmonic are used to study molecular dynamics in a
pump-probe configuration. Therefore, the beams are separated with the use of dichroic
mirrors, see Fig. 4.1. The first mirror reflects the third harmonic and transmits the second
harmonic and fundamental beam. These beams are separated subsequently by the second
mirror, which reflects the second harmonic. A computer controlled delay line is applied in
one of the beam paths (266 nm or 400 nm) and these beams are combined again by another
dichroic mirror. The collinear beam is focused in the coincidence imaging instrument28.

4.3 The Non-collinear Optical Parametric Amplifier (NOPA)

A schematic representation of the NOPA is given in Fig. 4.2A. The visible laser beam is
generated by use of difference frequency generation (DFG), i.e. the second harmonic is
split in a visible and infrared beam with frequencies determined by energy conservation.
Phase matching is achieved in a non-collinear geometry, which also compensates for the
group velocity mismatch23,24,29. Another advantage of the non-collinear geometry is an
increase in the acceptance bandwidth of the nonlinear process and therefore the pulse
could become shorter, down to 4 fs in the visible30.

The DFG process is seeded by a white light laser pulse overlapping with the second
harmonic in space and time and parametric amplification occurs. The white light pulse
is generated by focussing the fundamental laser pulse at 800 nm in a sapphire plate31.
Although the generation process is complicated, the dominant process is attributed to
self-phase modulation32. The white light pulse is temporally broadened and the temporal
overlap with the pump pulse determines the resulting spectrum of the NOPA. Several
output spectra of the NOPA are shown in Fig. 4.2 B.

The output power of the NOPA is determined by the number of stages and the pulse
energy of the pump in each stage. A two-stage NOPA is capable of achieving pulse energies
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Figure 4.2: A) The schematic representation of the NOPA showing the non-collinear geometry
of the seed and pump beams. B) Several output spectra of the NOPA, which can be modified by
changing the temporal overlap of the pump and seed pulses.

of 10-25 µJ with 200-250 µJ pulse energies of the fundamental23. Higher pulse energies up
to 35 µJ are obtained for a three-stage NOPA with 400-450 µJ fundamental input energy.
The temporal width of the NOPA pulses is approximately identical to the temporal width
of the pump pulse (∼130 fs). However, the bandwidth is much broader and the pulse can
be compressed by a prism pair to shorter pulses with 60-80% efficiency. Pulses as short
as 20 fs have been obtained, although the bandwidth is broad enough to achieve pulses
down to 15 fs. These transform limited pulses are not obtained due to the higher order
dispersion which can not be compensated by a prism compressor.

To estimate the temporal width of the NOPA pulses, interferometric SHG autocorre-
lation12 in a 25 micron BBO is employed. However, for complete characterization of the
pulse more sophisticated techniques like SPIDER33–36 and FROG37 are required. The
spectrum of a NOPA pulse and its corresponding autocorrelation trace are shown in Fig.
4.3. The spectrum is centered at 531 nm and has a full-width-at-half-maximum of 22 nm,
which allows for a 19 fs transform limited pulse.

Figure 4.3: A) The spectrum of a second-stage NOPA with a spectral with of 22 nm, which
corresponds to a transform limited pulse of 19 fs. B) The corresponding SHG interferometric
autocorrelation trace of the NOPA, where the upper envelope function corresponds to a pulse
width of 26 fs.

This interferometric technique is preferred because several properties can be extracted
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from the autocorrelation trace. First of all, proper alignment can be verified by the
intensity of the maximum and minimum with respect to the background level and the
trace should be symmetric. Furthermore, the temporal pulse width can be determined
from the autocorrelation trace by fitting the upper envelope function with a gaussian. In
case of a transform limited pulse, the width of this function is equal to 1.533 times the
temporal width. Finally, also some indication of quadratic and cubic spectral phase is
obtained. The autocorrelation trace in Fig. 4.3 gives an estimate of 26 fs for the temporal
width of the laser pulse, which means a time-bandwidth product of 0.6 is obtained. Maybe,
the estimate of the temporal width is slightly conservative, because the autocorrelation
trace shows no signs of significant quadratic and cubic spectral phase.

4.4 The femtosecond laser pulse shaper

The design of a newly constructed femtosecond laser pulse shaper is shown in Fig. 4.4,
which differs from the various designs previously reported14,38–40. The input laser pulse is
spatially dispersed by use of a transmission grating and collimated by a cylindrical mirror.
Subsequently, the spectrally dispersed beam passes a Liquid Crystal Display (LCD) in the
Fourier plane of the setup11. The individual frequencies can be modulated by the LCD
and the pulse is reconstructed by an identical set of mirrors and a grating.

Figure 4.4: The schematic representation of the femtosecond laser pulse shaper. The pulse is
dispersed by a volume phase holographic grating. The beam is collimated by a cylindrically curved
mirror and sent through a Liquid Crystal Device (LCD) array. The array consists of two layers
of 640 pixels with 100 micron width. The shaper is symmetric with respect to the LCD array to
collimate the laser pulse again.

While most common designs use ruled reflective gratings, a transmission volume phase
holographic (VPH) grating41 is employed here. These VPH gratings allow for high and
efficient dispersion (2300 lines per mm, ≥70%) in the first diffraction order and most impor-
tantly the diffraction is almost independent of polarization. Therefore, these gratings are
especially suitable for a polarization shaping setup with an 30% overall transmission20,42.

The LCD (CRi, type SLM-640-D-VN) is a dual-layer array of 640 pixels with 100
µm width per pixel. Each pixel is irradiated by a specific wavelength with a spectral
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width of approximately 0.1 nm. Furthermore, the refractive index of each LCD pixel is
adjustable and thus the phase of each wavelength with respect to the center wavelength
can be adjusted and the maximum phase difference is 6π. The two LCD layers have
optical axis oriented +45 and -45 degrees with respect to the laser polarization and enable
simultaneously phase and polarization shaping. In case of phase-only shaping, the applied
phases are identical for both layers. The polarization state is altered when the phase of
the first layer is different from the second layer. By use of a polarizer behind the setup,
the amplitude of the pulse can be modified.

Until now, the few coherent control experiments performed in the gas phase have
measured mostly the yield of certain ionic fragments. The optimal light fields are often
complex in shape and a good understanding of why a particular light field is more successful
than others is mostly lacking. The newly developed shaper setup allows for both phase and
amplitude or polarization modulation of the femtosecond laser pulses. The combination
of femtosecond laser pulse shaping and time-resolved coincidence imaging technique could
yield detailed information about the mechanisms underlying coherent control and these
experiments seem feasible.
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Chapter 5

Time-resolved coincidence imaging

of NO2

The multi-photon multi-channel photodynamics of NO2 has been studied using femtosec-
ond time-resolved coincidence imaging. The NO2 photodynamics was studied using a two
color pump-probe scheme with femtosecond pulses at 400 and 266 nm. The multi-photon
excitation produces both NO+

2 parent ions and NO+ fragment ions. Here we mainly
present the time dependent photoelectron images in coincidence with NO+

2 or NO+ and
the (NO+,e) photoelectron versus fragment ion kinetic energy correlations.

The coincidence photoelectron spectra and the correlated energy distributions make
it possible to assign the different dissociation pathways involved. Nonadiabatic dynamics
between the ground state and the A2B2 state after absorption of a 400 nm photon is
reflected in the transient photoelectron spectrum of the NO+

2 parent ion. Furthermore,
Rydberg states are believed to be used as ’stepping’ states responsible for the rather narrow
and well-separated photoelectron spectra in the NO+

2 parent ion. Slow statistical and fast
direct fragmentation of NO+

2 after prompt photoelectron ejection is observed leading to
formation of NO+ + O. Fragmentation from both the ground state and the electronically
excited a3B2 and b3A2 states of NO+

2 is observed. At short pump probe delay times, the
dominant multi-photon pathway for NO+ formation is a 3*400 nm + 1*266 nm excitation.
At long delay times (>500 fs) two multi-photon pathways are observed. The dominant
pathway is a 1*400 nm + 2*266 nm photon excitation giving rise to very slow electrons
and ions. A second pathway is a 3*400 nm photon absorption to NO2 Rydberg states
followed by dissociation towards neutral electronically and vibrationally excited NO(A2Σ,
v=1) fragments, followed by one 266 nm photon ionization.

As is shown in the present study, even though the pump-probe transients are rather
featureless the photoelectron-photoion coincidence images show a complex time varying
dynamics in NO2. We present the potential of our novel coincidence imaging machine
to unravel in unprecedented detail the various competing pathways in femtosecond time-
resolved multi-channel multi-photon dynamics of molecules.

This chapter is published as:

Femtosecond time-resolved photoelectron-photoion coincidence imaging of multiphoton multichannel pho-

todynamics in NO2

Journal of Chemical Physics, 204311 128 (20) 2008



Chapter 5

5.1 Introduction

The invention of ion imaging1 and velocity map imaging2 has revolutionized our under-
standing of photodissociation dynamics. A wide body of literature is available now in
which a dissociation process is initiated using nanosecond pulsed lasers and the products
are detected using ion imaging.3,4 The photoexcitation of NO2 via the first excited state
is known to be very complex due to a conical intersection coupling the ground and first
excited state. The effect of this conical intersection has been extensively studied in the fre-
quency5,6 and more recently also the time domain.7–10 Depending on the typical timescale
of the dissociation dynamics, femtosecond pump-probe laser spectroscopy can be used.
However, the high field strength of femtosecond pulses easily induce multi-photon transi-
tions in molecules and in general different competing photon pathways will contribute to
the observed dynamics. These competing pathways were reported in the first experiment
combining femtosecond pump-probe spectroscopy and velocity map ion imaging on the
multi-photon induced dynamics in CF3I.11 Even though ion imaging may provide more
insight on the femtosecond dynamics, the electron produced in the ionization process con-
tains a wealth of information on the photodynamics and goes by undetected in velocity
map ion imaging experiments. Complementary to time-resolved imaging of ions femtosec-
ond photoelectron imaging was developed to study changes in the electronic character of
evolving molecular states.12 However, in case of multiple ionic channels the photoelectron
spectra may get complex due to contributions from electrons correlating with different
ions. Therefore, the more powerful technique of photoelectron-photoion coincidence imag-
ing13 needs to be applied to obtain the full picture of the dynamics. By measuring the
angular and energy distribution of the electron in coincidence with the angular and energy
distribution of a mass selected ionic fragment, the most complete information about the
bond breaking dynamics can be obtained in a single experiment.

The Rydberg states of NO2 and the photoionization dynamics of NO2 have been stud-
ied using multi-color multi-photon laser radiation and single photon excitation with HeI or
synchrotron radiation.14–19 The femtosecond time resolved photoelectron-photoion coinci-
dence imaging technique was pioneered by Hayden and coworkers and applied to NO2

20,21,
CF3I22 and the NO dimer.23 In particular Hayden and coworkers studied the femtosecond
dynamics of NO2 in a single color pump-probe experiment at 375 nm. At this wavelength
the dissociative multi-photon ionization dominates over the simple parent ionization, even
though at 375 nm the first ionization potential of NO2 is accessible by a three photon
absorption. The dominant dissociative multi-photon pathway was identified being a three
photon excitation to a repulsive potential energy surface correlating to NO(C2Π) + O(3P )
followed by a one photon ionization to yield NO+(X1Σ+) + O(3P ). Singhal et al.24 showed
that with the same color laser light, 375.3 nm, but shorter pulses of about 50 fs, the NO+

fragment was created via dissociation of NO2 in the first excited state followed by three
photon ionization of the neutral NO(X2Π) fragment.

Two color femtosecond pump-probe spectroscopy in combination with fluorescence de-
tection has been employed by López-Martens et al.25 The NO2 molecule was excited at 400
nm and the dissociation products were detected by dispersed fluorescence. The dominant
dissociation pathway was initiated by three 3.1 eV (400 nm) photons, yielding NO (A2Σ+)
+ O(3P ). It was found that NO (A2Σ+) was predominantly produced in the vibrational
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ground and first excited state. Femtosecond fluorescence depletion spectroscopy yielded
an upper limit for the dissociation time of 600 fs.

Eppink et al.7 studied the dissociative multi-photon ionization of NO2 by time resolved
velocity map imaging in a two-color pump probe experiment at 400 nm and 266 nm. The
observed NO+ signal was attributed to two competing mechanisms. The first mechanism
involves a three photon absorption at 400 nm followed by the dissociative ionization of the
pumped state by a subsequent single 266 nm photon. The second mechanism involves an
one photon 400 nm absorption followed by a two 266 nm photon absorption giving rise
to dissociative ionization of the parent molecule. In a follow-up study by this group time
resolved velocity map ion imaging and photoelectron imaging was employed by Form et
al.8. In this experiment, the photoelectron and photoion were not detected in coincidence.
Three significant photon pathways were observed contributing to the pump-probe transient
of NO+. No data was reported at negative delay times (corresponding to 266 nm pump)
longer than the convolution time of the pump and probe laser. However, at small negative
delay times a contribution of the 266 nm photons acting as pump was observed for the
formation of NO2 ions and 1.5 eV photoelectrons. They ascribed this channel to a two
266 nm photon excitation to a 3d Rydberg state of NO2 near 9.3 eV, after which the
molecule absorbs one 400 nm probe photon for ionization. At small positive delay times
(corresponding to 400 nm pump) a very short lived transient state was observed. The
third pathway gives rise to a long lived pump-probe signal that exhibits a signature of
wavepacket motion. The wavepacket motion has been attributed to the accidental energy
match of the 3.1 eV pump photon with the lowest neutral dissociation channel NO(2Π)
+ O(3P ) near 3.18 eV. However, recent calculations9,10 do not conclusively assign the
mechanism of the variations in the NO+ and electron transients.

Dowek and coworkers26 have recently reported the dissociative photoionization of NO2

after single photon excitation by synchrotron radiation at 14.4 eV and 22.0 eV. They used
coincidence imaging detection techniques and observed the recoil frame photoelectron an-
gular distribution for excitation at 14.4 eV to be anisotropic with the electron preferentially
ejected in the plane of the molecule when the polarization is perpendicular to this plane.

In this paper we present the first experimental results obtained with our newly con-
structed time-resolved photoelectron-photoion coincidence imaging machine in Amster-
dam. In section 5.2 we give a brief description of the new apparatus. In section 5.3 we
present coincidence data at various pump-probe delay times. From the correlation plots we
can assign the multi-photon dissociation pathways in NO2 which are discussed in section
5.4. In section 5.5 we summarize our main conclusions.

5.2 Experimental

A new time resolved photoelectron-photoion coincidence imaging machine has been con-
structed in Amsterdam for the study of femtosecond photodynamics. In this section only
a brief description of our experimental apparatus will be given, a full experimental pa-
per with many details of the design and performance will be reported elsewhere.27 The
machine consists of three differentially pumped UHV chambers, the source chamber, a
buffer chamber and the imaging chamber. A continuous nozzle with a diameter of 100
µm is located in the source chamber. The supersonic molecular beam is skimmed by a
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500 µm diameter skimmer (Beam Dynamics) positioned about 2 cm from the nozzle exit.
The beam enters the differentially pumped second buffer chamber where a second 200 µm
diameter skimmer, located 12 cm downstream from the first skimmer, separates the buffer
chamber from the imaging chamber. In the imaging chamber, two time-of-flight (TOF)
position- and time-sensitive particle detectors are mounted perpendicular to the molecular
beam. The total distance between the nozzle and the laser interaction region is 45 cm.

With the molecular beam off the background pressure in the imaging chamber is better
than 5×10−10 mbar. With the molecular beam on, and a backing pressure behind the
nozzle of 1.0 bar, the pressure in the imaging chamber increases to about 2×10−9 mbar.
We used a 1% mixture of NO2 seeded in argon, to prevent the formation of the NO2 dimer.

To enable velocity map slice imaging of the charged particles sets of open electrostatic
lenses are positioned on both sides of the the laser interaction region. After interaction
of the NO2 molecule with the pump and probe laser, the photoelectrons are extracted
upwards into a 7 cm long TOF tube before hitting the electron detector. The typical
flight time of the electrons is about 15 ns. Some 85 ns after the arrival of the electron
at the electron detector the electrostatic lenses are switched (with a 10-90% rise time of
about 45 ns) to set the proper voltages for velocity map imaging of the coincident ion.
The ion is extracted into a 42 cm TOF tube before hitting the ion detector. Both the
electron and the ion imaging detector consist of a chevron Micro-Channel-Plate stack in
front of a delay line detector (Roentdek).

The mass resolution that we obtain from the full-width-at-half-maximum (FWHM) of
the arrival time of the various well-separated isotopes of Xe is m/∆m ≈ 4000. The electron
detector was calibrated in the energy range of 0-2 eV using multi-photon ionization of
xenon and NO with femtosecond pulses at 400 nm and 266 nm. The energy bandwidth
of our laser pulses for single photons is about 19 meV at 400 nm and 26 meV at 266
nm. The typical FWHM kinetic energy resolution of the electron that we obtained for the
present data is about 50 meV. Recent modifications in our set-up have further improved
our electron imaging and these improvements will be fully discussed elsewhere.27

The commercial laser system (Spectra Physics) consists of a Titanium-Sapphire oscil-
lator (Mai-Tai) which seeds the chirped regenerative amplifier (Spitfire Pro). The regen
produces pulses with 500 µJ energy at a repetition rate of 5 kHz. A small percentage of
the regen is split off and monitored online with a homebuilt autocorrelator. The shortest
pulses obtainable from our regen are 130 fs. The typical length of the amplified pulses in
the experiments reported here is set to about 160 fs to most efficiently double and triple
the output pulses at 800 nm. The spectrum of the frequency doubled and tripled pulses is
monitored with a spectrum analyzer (Ocean Optics). The typical pulse energies used are
15 µJ for the pump laser (400.4 nm) and 4 µJ for the probe laser (266.9 nm). The pump
probe transients were recorded using a slightly higher pulse energy of 20µJ (400.4 nm) and
5 µJ (266.9 nm). A CCD camera is used to measure the waist of the 400 nm pump beam
at the distance corresponding to the position of the laser focus in the interaction region.
The focus is measured to be about 100 µm in diameter.
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5.3 Results

5.3.1 Pump-probe transients

Figure 5.1: Pump probe transients for NO+
2 and NO+. A positive delay time means that the

266.9 nm probe pulse was crossing the molecular beam the indicated time after the crossing of the
400.4 nm pump pulse. The vertical axis displays the number of detected ions per laser shot. The
pulse energies were about 20 µJ at 400.4 nm and 5 µJ at 266.9 nm, some 20-30% higher than
the pulse energies used for the coincidence measurements. The pump probe transient for the Xe
ion, as measured under the same conditions, is included in the inset. The Xe ion is predominantly
formed by a nonresonant multi-photon excitation with one photon at 400.4 nm and two photons
at 266.9 nm. From the Xe-transient we obtain a FWHM cross-correlation width of about 244 fs.

Two ions, the parent NO+
2 and the fragment NO+, are observed in the mass spectrum

of the photo-products of NO2 after excitation with 400.4 nm and 266.9 nm photons. The
pump-probe transients are shown in Fig. 5.1. A positive delay time indicates that the
400.4 nm laser is the pump pulse and the 266.9 nm laser the probe pulse. The insert
in Fig. 5.1 gives the cross correlation width of about 244 fs by nonresonant ionization
of xenon. The peak of the NO+

2 transient is shifted slightly to negative time relative to
the cross correlation peak of the xenon transient. From Fig. 5.1 it can be seen that the
number of NO+ fragment ions per laser shot is about a factor of 10 larger than the number
of NO+

2 parent ions. Only for the NO+ fragment an enhancement is clearly observed at
positive delay times, where the 400.4 nm photon is the pump and the 266.9 nm photon
is the probe laser. In the pump-probe experiments of Eppink et al.7 and Form et al.8 an
oscillatory NO+ transient was observed at positive delay time. Such a oscillatory pattern
is not very distinctly observed in our present data although the small increases in our NO+

transients at 1000 fs and 1500 fs are reproducible. The origin of the observed oscillations
is still debated.9,10 Our pump and probe pulses are about four times longer in duration
compared to the pulses used by Eppink et al. and Form et al. Furthermore, a higher
count rate per laser shot would probably improve the signal to noise ratio, however, the
detection rate is somewhat limited due to our coincidence setup. These differences in the
experimental conditions may explain the absence of a more pronounced oscillatory behavior
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in the NO+ transient. In another femtosecond pump-probe set-up in our laboratory in
Amsterdam, using velocity map imaging of ions and electrons with a Phosphor screen and
CCD camera detector enabling multiple ions per laser shot, and a 1 kHz regen laser system
with slightly shorter pulses, clear oscillations have been observed. A more focussed study
on the oscillations will be presented elsewhere.28

5.3.2 Count and coincidence rates

The laser repetition rate of our experiment is 5 kHz. Our coincidence rate of 5% is a factor
of five higher than in the experiments of Hayden and coworkers.21 Too high count rates
can give rise to false coincidences, i.e. the simultaneous detection of electrons and ions not
originating from the same ionization event.29 Fig. 5.2 shows the time integrated electron
images coincident with NO+

2 and NO+.

Figure 5.2: Time-integrated coincident electron images correlating with NO+
2 , panel A, and NO+,

panel B, taken at a pump probe delay time of 200 fs. The NO+ electron image shows a dominant
zero kinetic energy spot focussed in the center of the image.

From these images it can be seen that the dominant feature in the NO electron image
is arising from zero kinetic energy electrons, all focussed in the middle of the image. How-
ever, the zero kinetic energy peak is completely absent in the electron image coincident
with NO+

2 . Moreover the femtosecond pump-probe excitation of NO2 gives rise to disso-
ciative ionization, in which predominantly NO+ over NO+

2 ions are formed. This complete
absence of zero kinetic energy electrons in the NO+

2 image is a strong indicator that false
coincidences can be neglected even at the higher count rates that we have used. At each
delay time coincidence events were collected during 1.8 · 107 laser shots, i.e. one hour of
measurement time. This means that a typical data file at long delay time contains some
5 · 105 (NO+,e) coincidence events.

5.3.3 Coincident electron images

In the photo ionization processes yielding the NO+
2 parent ion all the excess photon energy

is carried away by the electron and as internal energy of the parent ion. The parent ion is
created with no additional kinetic energy as it receives only a very small recoil kick from
the ejected electron due to the conservation of linear momentum. Therefore, the velocity
map imaging conditions make the parent ion appear only as a small spot in the center of
the detector where the width along the molecular beam direction gives the translational
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energy distribution of the supersonic molecular beam. The mere fact that it is possible
to focus the parent ions to a small point on the detector indicates the absence of N2O4 in
the molecular beam, which would create NO+

2 with kinetic energy from dissociation of the
dimer.

Figure 5.3: The electron slice images and the photoelectron energy distributions, coincident
with NO+

2 and NO+ at a pump-probe delay time of 200 fs. The image represents a cut of those
trajectories recoiling at an angle within ±20 degrees with the plane defined by the direction of
the polarization of the lasers, which is parallel to the direction of the molecular beam, and the
propagation direction of the lasers. In panel A, an electron image and in panel B the distribution
coincident with NO+

2 is shown. The vertical direction of the image is along the propagation direction
the laser. The distance from the center directly represents the observed velocity of the electrons.
The radial integral of the electron image gives the kinetic energy. We show the photoelectron
energy probability distribution.

The electron image coincident with the NO+
2 parent ion at 200 fs delay of the 266.9

nm probe pulse relative to the 400.4 nm pump pulse is shown in Fig. 5.3 A and is a 40
degree time slice of the three-dimensional electron distribution. The corresponding two-
dimensional time-integrated position image was shown in Fig. 5.2 A. The kinetic energy
distribution of the electrons is given in Fig. 5.3 B. Fig. 5.3 C shows the electron image
correlating with the NO+ fragment at the same delay time of 200 fs and is a 40 degree time
slice of the three-dimensional electron distribution. The corresponding two-dimensional
time-integrated position image was shown in Fig. 5.2 B. The kinetic energy distribution
of the electrons is shown in Fig. 5.3 D.

We have measured coincidence data at various pump-probe delay times. In Fig. 5.4
we show the kinetic energy distribution of the electrons coincident with the NO+

2 parent
ion and in Fig. 5.5 for the NO+ ion at the indicated pump-probe delay time. The electron
peaks in coincidence with NO+

2 are labeled (I)-(IV) in Fig. 5.4 and the electron peaks in
coincidence with NO+ are labeled (1)-(7) in Fig. 5.5.

To help the interpretation of the various multi-photon pathways responsible for the
various peaks we have also taken coincidence data with the 400 nm pulse only. The
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Figure 5.4: Kinetic energy of the electrons coincident with NO+
2 as a function of pump probe delay

time. The different peaks are labeled (I)-(IV) and are discussed in the text. The photoelectron
traces at each delay time are normalized. To compare the spectra at different delay time the
following number of total electrons in coincidence with NO+

2 can be used (in kilo-events), 59 (-500
fs), 116 (0 fs), 71 (200 fs), 75 (500 fs), 75 (2000 fs).

resulting coincidence photoelectron spectrum for NO+
2 is shown in Fig. 5.8 in section

5.4.1. In this case a similar laser pulse energy of about 15 µJ was used. We will discuss
the origin of the various peaks in section 5.4.

5.3.4 Photoion-photoelectron energy correlation

Conservation of energy imposes an important constraint on the origin of the observed
electron peaks. We can express this constraint as follows:

Ephoton −AE = Ekin,tot + Eint + Eelectron, (5.1)

where Ephoton is the total excitation energy of the molecule, AE is the Appearance Energy
of the fragments, Ekin,tot is the total kinetic energy of the fragments, Eint is the internal
energy of the produced fragments and Eelectron is the kinetic energy of the coincident
electron. The Appearance Energy of the energetically lowest accessible channel producing
NO+ is:18,26

NO2 → NO+(1Σ) +O(3P ) + e−, AE = 12.38 eV. (5.2)

As only two fragments are formed and because of the conservation of momentum the total
kinetic energy of the fragments can be expressed as a function of the kinetic energy of the
NO+ fragment:

Ekin,tot = Ekin,NO(1 +
mNO

mO
). (5.3)

In Fig. 5.6 we present the energy correlation plots for the NO+ fragment at three different
pump-probe delay times. The vertical axis of the correlation plots shows the kinetic
energy of the electron and the horizontal axis the total kinetic energy of all fragments.
The diagonal lines indicate upper bounds for the energy for a specific multi-photon process.
The various labels (1)-(7) correspond to the same peaks as in Fig. 5.5.
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Figure 5.5: Kinetic energy of the electrons coincident with NO+ as a function of pump probe
delay time. The different peaks are labeled (1)-(7) and correspond with the labeled regions in the
energy correlation plots, see Fig. 5.6. The photoelectron traces at each delay time are normalized.
To compare the spectra at different delay time the following number of total electrons in coincidence
with NO+ can be used (in kilo-events), 600 (0 fs), 420 (200 fs), 408 (500 fs), 284 (2000 fs).

Figure 5.6: Energy correlation plots of the (NO+,e) events at three different delay times, 0 fs
(A), 500 fs (B) and 1750 fs (C). The diagonal dark green line gives near 1.55 eV gives the total
available energy for electron and fragments for excitation with three photons at 400.4 nm plus one
photon at 266.9 nm, a (3+1’) process. The red diagonal line at 60 meV gives the upper boundary
of the available energy for excitation with one photon at 400.4 nm plus two photons at 266.9 nm, a
(1+2’) process. A diagonal line at 1.3 eV shows the upper boundary of the available energy for the
channel leading to vibrationally excited NO+(v=1) after excitation with three photons at 400.4
nm plus one photon at 266.9 nm.

5.3.5 Recoil frame photoelectron angular distribution

In Fig. 5.9 A we show the recoil-frame photoelectron angular distribution (RFPAD), at
zero delay time, for correlated (NO+,e) events where the NO+ ion is recoiling with a
kinetic energy of 0.3±0.1 eV and the photoelectron ejected with an energy of 0.65±0.06
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eV. Only those events were selected where the NO+ fragment was recoiling within 15o of
the direction of the (parallel) polarization of the pump and probe lasers. In Fig. 5.9 B we
show the RFPAD for (NO+,e) events where the NO+ ion is recoiling with a kinetic energy
of about 1.0±0.1 eV and the photoelectron with an energy of 0.35±0.03 eV. Finally, in
Fig. 5.9 C we show the RFPAD at 2000 fs delay time for (NO+,e) events where the NO+

ion is recoiling with a kinetic energy of 0.3±0.1 eV and the photoelectron with an energy
of 0.93±0.05 eV. As can be seen in Fig. 5.9 A and B a strong but differing asymmetry is
observed in the RFPAD with a preferential ejection of the photoelectron in the direction
of the NO+ direction. In Fig. 5.9 C a symmetrical forward-backward RFPAD is observed.
These representative RFPADs and their underlying multi-photon mechanism will be briefly
discussed in section 5.4.

5.4 Discussion

In Fig. 5.7 we present a schematic energy diagram of the various electronic levels in NO2

and the neutral and ionic fragmentation channels. We labeled the various processes with
the same labels (I)-(IV) and (1)-(7) as in Figs. 5.4,5.5,5.6. In Table 5.1 we list the adiabatic
and vertical ionization energies of various excited states of the NO+

2 ion of relevance here
and reported before in the literature.16–18,30

Electronic state Adiabatic energy Vertical energy Lifetime (µs) NO+ branching (%)
X 1Σ+

g 9.586 11.2 stable 0
a 3B2 (000) 12.767 12.862 13.06 >150 0
a 3B2 (100) 12.93a - 20 3%
a 3B2 (200) 13.10a - 3.5 20%
a 3B2 (300) 13.27a - 0.3 72%
b 3A2 (000) 13.592 13.593 13.69 10−5 100
A 1A2 (000) 14.066 14.13 0.8 100

Table 5.1: Ionization energies (eV)16,17,19,30 and lifetimes 18 of ionic states in NO2.
aAssuming a vibrational ν1 mode energy of 170 meV, similar to the energy of the ν1 in the X 1Σ+

g

ground state (175 meV) and the b3A2 state (169 meV)17.

In Table 5.2 we list the total photon excitation energy for various combinations of
multi-photon excitation with 400.4 nm and 266.9 nm photons. Because the pump and
probe pulses are harmonics of the 800.8 nm fundamental output of the regen laser it is to
be noted that 2 photons 266.9 nm represent the same amount of energy as 3 photons of
400.4 nm. In the following discussion we will label the number of 266.9 nm photons with a
prime, e.g. a notation (1+2’) means a multi-photon process involving one photon at 400.4
nm and two photons at 266.9 nm.

5.4.1 Multi-photon pathways for formation of NO+
2 + e

In the formation of the parent ion all the excess energy is funneled into kinetic energy of
the electron and internal excitation of the NO+

2 parent ion. In the photoelectron spectrum
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Figure 5.7: Energy levels of NO2 and the various photofragmentation and ionization channels.
Indicated are the assigned multi-photon pathways which are discussed in the text. A 266.9 nm
photon is represented by a light gray arrow and the 400.4 nm by a dark gray arrow. The red arrows
correspond to electrons observed in coincidence with NO+

2 , while the green arrows correspond to
electrons detected in coincidence with NO+. No colored electron arrows are drawn for the very
slow electrons corresponding to peaks I and (1). The blue lines indicate dissociation dynamics in
the neutral NO2 molecule or the NO+

2 ion.

of Fig. 5.4 we observe 2 rather narrow peaks near 60 meV (I) and 400 meV (II) and two
somewhat wider bands near 1.55 eV (III) and 1.9 eV (IV).

The adiabatic ionization energy of NO2 is 9.586 eV.16,31,32 Because of the large change
in geometry between the bent ground state of the neutral molecule and the linear ground
state of the ion one photon ionization results in a spectrum to higher energy than the
adiabatic ionic ground state. Eland and coworkers17 observe the onset of the ionic ground
state near 10.3 eV and the centre of the band near 11.2 eV, substantially higher than the
adiabatic energy of 9.586 eV.31,32 Grant and coworkers14–16 have used multi-color double-
resonant multi-photon excitation with tunable nanosecond lasers to study Rydberg states
in NO2 and the state-selective production of vibrationally excited NO+

2 . This double-
resonant scheme makes it possible to prepare low lying vibronic states in the 3pσ and 3pπ
Rydberg states of NO2. They identified the vibrationless (000) origin of the 3pσ 2Σ+

u state
at 55649 cm−1 (6.9 eV) and the 3pπ 2Πu state at 57990 cm−1 (7.19 eV).

The lowest possible multi-photon excitation producing the parent ion is a two 400.4
nm photon plus one 266.9 nm photon excitation, i.e. a (2+1’) excitation. This results in
a total photon excitation energy (see Table 5.2) of 10.84 eV, in the region of the ground
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Nr. of 400.4 nm Nr. of 266.9 nm Total excitation
photons photons energy (eV)

1 0 3.096
0 1 4.645
1 1 7.73
3 0 9.29
0 2 9.29
2 1 10.84
4 0 12.39
1 2 12.39
3 1 13.93
2 2 15.48

Table 5.2: Total photon excitation energy for various combinations of pump and probe photons.
The FWHM of the energy width of a single photon due to the short duration of the laser pulse is
about 19 meV at 400.4 nm and 26 meV at 266.9 nm.

state X 1Σ+
g and below the first electronically excited (bent) a3B2 (000) state of the NO+

2

ion, see Table 5.1. If such a (2+1’) process would happen and produce a NO+
2 ion in the

vibrational ground state an electron peak at maximum energy of 10.84-9.586 = 1.25 eV
should be formed. In the various time-dependent photoelectron spectra of Fig. 5.4 we do
not see any peak at 1.25 eV. The peaks (III) and (IV) are formed at higher energy and
therefore must be produced by a different multi-photon process at higher total excitation
energy.

The peaks (I) and (II) are in principle energetically possible to result from a (2+1’)
excitation process, however we think this is not the case because of the following reasons.
In Fig. 5.8 we show the photoelectron spectrum from an experiment using excitation by
the 400.4 nm pulse only, and we identified the electron peaks at similar energy as in
Fig. 5.4 with the same labels (I),(II) and (III). We see a somewhat broader peak at low
energy of about 100 meV, peak (I), and a somewhat narrower peak near 400 meV, peak
(II). The lowest number of 400.4 nm photons that can produce these photoelectrons is
four, i.e. (4+0’). This results in a total excitation energy of 12.4 eV, below the first
electronically excited state of the NO+

2 ion, see Table 5.1. Because these photoelectron
energies are similar to the energies of peaks (I) and (II) we conclude that peaks (I) and
(II) result from a process equal in energy to an integer number of 400.4 nm photons, for
instance equal in energy to a (4+0’) process. Returning to the peaks observed in the
pump-probe experiment, a (2+1’) process is equal in excitation energy to 3.5 photons of
400.4 nm and this is not an integer number of 400.4 nm photons. Furthermore, peak (I) is
a photoelectron produced from a long lived NO2 neutral state formed after excitation by
the 400.4 nm pump pulse. At two photon excitation of 400.4 nm the total energy is 6.2
eV. At this energy there is no long lived bound state in NO2.33 Therefore, we conclude
that peaks (I) and (II) can not result from the lowest energy excitation pathway of (2+1’)
but must result from a different multi-photon excitation.

The multi-photon excitation which is next to lowest in total energy is a (1+2’) process
at 12.4 eV and this is equal in energy to four photons of 400.4 nm, see Table 5.2. Such
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Figure 5.8: Kinetic energy of the electrons coincident with NO+
2 for excitation with 400 nm pulses

only. The labels (I),(II),(III) correspond to the similar electron peaks observed in the two laser
pump-probe experiment, see Fig. 5.4.

an (1+2’) excitation starts by first the absorption of one photon of 400.4 nm which is
just below the dissociation threshold of NO2 and at the maximum of the absorption band
formed by the vibronically strongly coupled X2A1 and A2B2 electronic states.9,34 Peak (I)
is not visible at time overlap, contrary to peak (II). Furthermore, peak (II) disappears on
the same time scale of about 100-200 fs as that peak (I) appears. This seems to suggest
that some dynamics is needed to evolve after absorption of the 400.4 nm photon that
simultaneously results in the appearance of photoelectron peak (I), being probed by two
photon ionization, and the disappearance of photoelectron peak (II). Furthermore, the
width of both photoelectron peaks is rather narrow suggesting that the ionization probes
geometries of the NO2 neutral molecule which are very similar to the linear geometry of
the ion. As stated earlier absorption near 400.4 nm results in excited NO2 in a region of
strongly coupled states X, A2B2.9,34 The recent quantum mechanical wavepacket calcula-
tions of the nonadiabatic dynamics in NO2 by Sanrey et al.9 show that for a wavepacket
starting on the excited electronic state the population decays in some 200 fs to about 0.5
of the initial population and stays rather constant for time scales calculated up to 500 fs,
see Fig. 4 in Ref. 9. This time scale of 100-200 fs corresponds well with the similar time
scale that we see for the appearance and disappearance of peaks (I) and (II) in Fig. 5.4.
The fact that we see the peak (II) at higher photoelectron disappear is in agreement with
a mechanism of population loss and spreading of the wavepacket on the excited state.
Subsequent ionization of the wavepacket on the excited state by two photons of 266.7 nm
to give photoelectron peak (II) is reduced and completely hampered after some 200 fs.

The total energy of (1+1’) excitation, i.e. one photon of 400.4 nm and one photon
of 266.7 nm, results in an excitation energy of 7.74 eV. This is exactly in the region of
vibrationally excited levels of the 3pπ 2Πu Rydberg state.14,15 Further absorption of a
second 266.7 nm photon from this Rydberg state will produce NO+

2 ions in coincidence
with electrons with a rather narrow kinetic energy distribution due to the similarity of
the Rydberg state with the ground state of the NO+

2 ion. This width may be mainly
determined by the total energy spread of the multi-photon excitation due to the short
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fs pulses. The energy difference of 360 meV between peak (I) and (II) is close to the
energy of two quanta of symmetric stretch, ν1, vibration in the 3pπ 2Πu Rydberg state,
or a combination mode of one quantum of symmetric stretch and two quanta of bending,
ν2.14–16

The lab frame photoelectron angular distribution of peaks (I) and (II) appear to be
very isotropic. We can expand the lab frame angular distribution of electrons in Legendre
polynomials, Ilab,e = 1 +

∑
βi,lab,ePi, with i=2,4. For peak (I) we find β2,lab,e(I) ≈ −0.1 and

β2,lab,e(II) ≈ 0.3. These small values reflect the ejection of (predominant) isotropic s partial
waves. This is in agreement with the expected lab frame electron angular distribution
resulting from a one photon ionization of a Rydberg state of 3pπ 2Πu character.

We will now discuss the origin of the peaks (III) and (IV) at higher photoelectron
energies of 1.55 eV and 1.9 eV, respectively. Peak (III) is only observed at delay time
near zero and at negative times, i.e. when the 266.9 nm pulse is the pump beam. This
suggests that peak (III) results from an excitation with 266.9 nm photons first followed by
the absorption of one or more photons of 400.4 nm. Comparison with the photoelectrons
observed in the experiment with 400.4 nm photons only we see in the top panel of Fig. 5.8 a
peak around 1.5 eV as well, suggesting that the total excitation energy of peak (III) is equal
to an integer number of 400.4 nm photons. The lowest multi-photon process, equivalent
to an integer number of 400.4 nm photons, and allowing the ejecting of an electron of 1.4
eV would be a (2’+1) process, i.e. a two-photon excitation at 266.9 nm followed by the
absorption of a single photon of 400.4 nm. The two-photon excitation at 266.9 nm gives a
total energy of 9.29 eV. This is in the region of several higher lying Rydberg states of NO2.
Petsalakis et al.35 assigned the 3d 52A1 Rydberg state at a vertical transition energy of
9.28 eV above the ground state. Furthermore, we observe a much more anisotropic lab
frame angular distribution of photoelectrons at peak (III), we find β2,lab,e(III) ≈ 1.3. At
time zero we even find a small positive contribution of a fourth order Legendre polynomial,
β4,lab,e(III) ≈ 0.3. This would be in agreement with the expected much more anisotropic
photoelectron distribution resulting from the partial waves of p and f symmetry after one
photon ionization of a 3d Rydberg electron. This peak near 1.5 eV was also observed
by Form et al.8 and attributed to the same (2’+1) process, even though their signal to
noise was not sufficient enough to extract the angular distribution. Our results appear
to support the assignment of peak (III) to this multi-photon process. However, at this
point we would like to remark that the theoretical calculations of the vertical energies of
the high Rydberg states appear not to be of high enough accuracy.35 The adiabatic and
vertical ionization energies of NO2 are calculated at energies of 8.83 eV and 10.42 eV, i.e.
about 0.76-0.78 eV lower than the experimental values.

The electron peak (IV) near 1.9 eV is not present yet near zero delay time and is not
observed in the experiment with 400.4 nm only. This suggests again that some dynamics is
needed to produce this peak and that an excitation energy equal to a non-integer number
of 400.4 nm photons is involved. We assign peak (IV) to a (3+1’) process at a total energy
of 13.93 eV. A prompt photoelectron of 1.9 eV will leave the NO+

2 ion at an energy of
about 12 eV well below the adiabatic energy of the first excited a3B2 (000) ionic state. The
energy of 3 photons of 400.4 nm is equal to 9.29 eV, this is in the region of highly excited
Rydberg states in NO2. Perhaps within the relatively long pulse duration of our 400.4 nm
pump pulse a similar nonadiabatic dynamics occurs first after absorption of one photon of

60



Time-resolved coincidence imaging of NO2

400.4 nm. Then within the 150 fs pulse duration of the 400.4 nm further excitation with
2 photons of 400.4 nm occurs to a long lived Rydberg state. This state is then probed by
the delayed 266.9 nm probe laser resulting in the ejection of a photoelectron of 1.9 eV.
The anisotropy of the angular distribution of photoelectrons of peak (IV) is β2,lab,e(IV)
≈ 0.5− 0.7.

5.4.2 Multi-photon pathways for formation of NO+ + O + e

In Figs. 5.5 and 5.6 we have numbered the various photoelectron peaks and the (e, NO+)
energy correlation regions (1)-(7). We will now discuss the multi-photon pathways and
distinguish two regions, short pump-probe time delay up to about 200 fs, within the cross
correlation time resolution of the pump-probe pulses, and long pump-probe delay from
about 200 fs to 2000 fs.

Short time delay

The peaks numbered (2), (3), (6) at electron energies of about 0.35 eV, 0.65 eV and 1.4 eV
are observed at short delay times 0-200 fs and are absent at time delays of 500 fs or longer.
The similar time dependence suggests they originate from a similar multi-photon pathway.
Using the experimental value of the NO2 dissociation threshold D0 = 25128.57 cm−1 36

and the ionization energy of NO, IE = 9.2642 eV37, the thermodynamic threshold for the
formation of NO+(1Σ) + O(3P) + e can be calculated to be 12.38 eV. This threshold is
very close to the excitation with one photon at 400.4 nm and two photons of 266.9 nm (see
Table 5.2), a (1+2’) excitation at 12.39 eV leaving almost no energy for the electron or
kinetic energy of the fragments. This pathway will be discussed below in part 2 discussing
the long delay time dynamics.

The next multi-photon pathway is a (3+1’) excitation with a total excitation energy of
13.93 eV, well above the thermodynamic threshold for the formation of NO+(1Σ). As can
be seen in the energy correlation plot of Fig. 5.6 A the total kinetic energy of the electron
peaks (2), (3) and (6) and the correlated fragments NO+(1Σ) + O(3P) are bounded by the
energy for an excitation with 3 photons at 400.4 nm and 1 photon at 266.9 nm indicated
by the green line at an energy of 13.93 - 12.38 = 1.55 eV.

Peak (6), producing very fast electrons at 1.4 eV and very slow NO+(1Σ), suggest a slow
statistical dissociation of NO+

2 after prompt ejection of a fast electron. It leaves the NO+
2

parent system at an energy just above the thermodynamic threshold for the formation of
NO+(1Σ) + O(3P). The excitation pathway (3+1’) apparently accesses configurations of
the NO2 neutral molecule that can slowly dissociate on the ionic NO+

2 ground state surface
at an energy just above the thermodynamic threshold.

The peaks (2) and (3), with electron kinetic energies near 0.35 and 0.65 eV, are only
observed within the cross correlation width and are bounded by the (3+1’) available energy.
The structure of the energy correlation in Fig. 5.6 A is horizontal and does not resemble
the more diagonal structures observed in the (NO+,e) correlation plots by Hayden and
coworkers20 in the pump-probe coincidence imaging experiment with one color four-photon
excitation at 375.3 nm at zero time delay. This latter pathway was identified to be an
excitation at the three photon level to a dissociative neutral NO2 state that dissociates
to the neutral NO(C2Π) + O(3 P) channel. During the 100 fs pulse duration the bond
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stretches and the system can absorb a fourth photon over a relative large configuration
space leading to an inverse correlation between the electron energy and the fragments
kinetic energy.

The horizontal structures (2) and (3) in our energy correlation plot Fig. 5.6 A suggest
a prompt electron ejection. Region (2) produces rather fast fragments with a total kinetic
energy peaking around 1.1 eV. This suggests a prompt and fast dissociation. If we subtract
the electron energy of about 0.35 eV of region (2) from the total excitation energy of 13.93
eV we obtain an energy of 13.58 eV. This is exactly at the observed adiabatic energy of
13.59 eV of the b3A2 (000) electronically excited state of the NO+

2 parent. This state was
studied by Eland and coworkers17,18 and observed to have a very short lifetime of about
100 fs and to completely dissociate to NO+ + O. The lab frame angular distribution of
these electrons correlating with NO+ is β2,lab,e(2) = 0.8 and β4,lab,e(2) = -0.3. This is a
very similar β2,lab,e(2) as the β2,lab,e(IV)≈ 0.5−0.7 observed for peak (IV) correlating with
NO+

2 and attributed to the same (3+1’) process, see section 5.4.1.
The second region labeled (3) shows a somewhat broader range of kinetic energy of

fragments and photoelectrons peaking around 0.65 eV with a cut-off near 0.8 eV. If we
subtract the photoelectron energy of 0.65 eV from the total excitation energy of 13.93
eV we obtain an energy of 13.28 eV. This is near the estimated adiabatic energy of 13.27
eV of the (300) level in the a3B2 state of the NO+

2 parent. This state was observed to
be branching predominantly into NO+ + O with a predissociation lifetime of about 300
ns. The cut-off photoelectron near 0.8 eV leaves the NO+

2 parent at an energy around
13.13 eV which is around the energy of the (200) level in the a3B2 state. This level
was estimated to have a lifetime of 3.5 µs and this is long on the time scale of our ion
acceleration. We will not detect this photoelectron in coincidence with a NO+ fragment in
our machine. We observe that for region (3) the kinetic energy of the NO+ + O fragments
is much broader ranging from 0 eV up to the energetic boundary limit of about 0.9 eV.
This broad distribution seems to reflect a much more statistical energy distribution from
a predissociative mechanism in agreement with the observed lifetimes and fragmentation
channels as reported by Eland and coworkers.17,18. We do not observe any photoelectrons
in coincidence with NO+ fragments with energies larger than 0.8 eV as such a prompt
ejection of an electron after (3+1’) excitation leaves the NO+

2 ion in the a3B2 state at a
low internal energy and a very long life time. Our coincidence imaging set-up will not
detect NO+ fragment ions from NO+

2 parent ions when they dissociate at very long time
scales of tens to hundreds of µs.

Peak (7) is a transient photoelectron near 1.9 eV. It is correlated (not shown in the
correlation plot) to NO+ ions with a maximum of kinetic energy of 1.2 eV, completely
analogues to the electron peak labeled with (2). From energetic considerations it is clear
that a (3+1’) excitation at 13.93 eV is not sufficient for the formation of NO+ + e(1.9
eV). The next higher excitation is (2+2’) at 15.48 eV. As discussed before in section 5.4.1
there is no long lived state after two photon excitation of 400.4 nm. So we do not see this
peak at long delay times. But apparently there is a favorable NO2 geometry configuration
in a time window around some 200 fs that a further absorption with 2 photons of 266
nm is enhanced to eject a photoelectron of 1.9 eV leaving the NO+

2 ion at an energy of
13.58 eV. This energy is exactly at the location of the fast dissociative b3A2 (000) state, see
Table 5.1. Because the NO+ is formed with kinetic energy of about 1.2 eV we attribute the
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transient peak (7) from a (2+2’) process occurring only at a favorable geometry after some
dynamics after absorption of 1 (or 2) photons at 400.4 nm followed by prompt electron
ejection and direct fast dissociation of NO+

2 on the b3A2 state.
So, in summary the predominant feature labeled (2) is from (3+1’) excitation to the

fast direct dissociative b3A2 state and feature (3) from a predissociative mechanism in the
a3B2 state. The feature (6) is from prompt ionization after a (3+1’) excitation leaving the
NO+

2 system at an energy just above threshold for fragmentation leading to very slow NO+

fragments. Transient Peak (7) is from (2+2’) absorption followed by prompt photoelectron
ejection and fast direct dissociation on the b3A2 state.

Long time delay

At long delay time there are only three electron peaks remaining in the correlated (e,NO+)
events. Photoelectrons of zero eV, peak (1), and photoelectrons of about 0.9 eV, peak (4),
and a transient peak (5) at 1.2 eV.

Fig. 5.5 and Figs. 5.6 B,C show that the dominant electron peak at large positive pump-
probe delay times (500 to 1750 fs) is the region of zero kinetic energy electrons (labeled
with (1)), which is bounded by the available energy of nearly zero eV for dissociation
into NO+ + O after (1+2’) excitation. The correlation plot of Fig. 5.6 C, shows that
these near zero kinetic energy electrons correlate with almost zero kinetic energy NO+

ionic fragments. The fact that this electron peak is observed at a long delay time for
the 266.9 nm probe laser leads to the conclusion that one 400.4 nm photon has to be
absorbed leading to a excited state in the neutral NO2 parent molecule which needs to be
relatively long lived (picoseconds) to enable further excitation with the 266.9 nm probe
pulse. Subsequently, two 266.9 nm (4.65 eV) photons will ionize the parent molecule,
followed by dissociation to give NO+ fragments with near zero meV kinetic energy. This
(1+2’) excitation at 12.39 eV followed by prompt ejection of a very slow photoelectron
leaves the NO+

2 ion just above the thermodynamic threshold for the formation of NO+(1Σ)
+ O(3P) + e of 12.38 eV. It is not likely to have a strong fast dissociation channel after
one photon 400.4 nm (3.096 eV) absorption, because only less then 10% of the spectrum
of the pump pulse lies above the dissociation threshold giving NO(X2Π) + O(3P ) at D0

= 25128.56 cm−1 (3.116 eV).36,38 At shorter wavelengths, however, formation of neutral
ground state NO was previously observed by Singhal et al.24 after excitation wavelength
at 375.3 nm. Therefore, we assign peak (1) to absorption of one photon of 400.4 nm to
the long-lived vibronically coupled X, A2B2 system, followed by two photon absorption of
266.9 nm and slow statistical dissociation of NO+

2 .
The electron peak labeled (4) with an electron energy of 0.9 eV is only observed when

the 400.4 nm laser acts as the pump laser. López-Martens et al.25 report the formation
of free neutral electronically excited NO(A2Σ) after absorption of three 400 nm photons.
Contrary, Form et al8 did not observe an electron peak near 0.9 eV. Indeed the absorption
of one 266.9 nm photon by a free neutral NO(A2Σ) fragment leads to a 0.9 eV photoelec-
tron. Additionally, the NO+ signal clearly persists at long delay time between the 400.4
nm pump pulse and the 266.9 nm probe pulse. These were mentioned as two necessary
conditions by Form et al.8 for NO(A2Σ) production. So our results here, and also the
photoelectron spectrum observed in our other experiment, reported elsewhere using non-
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coincident photoelectron and photoion imaging28, clearly show a 0.9 eV electron peak in
support of the measurements of López-Martens et al.25 and the mechanism of a (3+1’)
process.

The maximum kinetic energy expected for the NO+(v=0) + O(3P) channel, created by
this (3+1’) photon pathway, is 0.7 eV and the correlation plot in Fig. 5.6 C shows that the
total kinetic energy of peak (4) is limited to 0.4 eV. This must mean that the ionization
takes place towards NO+(v=1) in the first vibrational excited state, which accounts for
the 0.3 eV of energy. The free neutral NO(A) in the first vibrational state is ionized by one
266.9 nm photon towards NO+ in the first vibrational state. The appearance energy of this
channel is located 0.3 eV higher in energy, i.e. at 12.68 eV. This has to be subtracted from
the energy available in the (3+1’) photon process, which gives a line parallel to the (3+1’)
line in Fig. 5.6 B and C. This line is located at lower energy and the maximum of available
energy to be distributed over the kinetic energy of the ion and electron is now only 1.25
eV. López-Martens et al. observed NO(A2Σ) production in the vibrational ground state,
the first and probably also the second vibrationally excited state after absorption of three
400 nm photons. It is completely in agreement with our data, because the kinetic energy
of the fragments is limited to 0.7 in the ground state, 0.4 eV in the first vibrational state.
A small increase in anisotropy for these electrons is observed from β2,lab,e(4) = 0.9 at short
delay times to β2,lab,e(4) = 1.2 at long delay times. We also see a transient electron peak
at 1.2 eV for delay time of about 500 fs, peak (5) in Fig. 5.5. Apparently, there is some
dynamics at the three-photon level that produces an optimum window for photoionization
and production of very slow NO+(v=1) leading to a photoelectron of 1.2 eV.

So, in summary the dominant feature labeled (1) is from (1+2’) excitation near the
thermodynamic dissociation threshold leading to a slow statistical dissociation of NO+

2 .
The features (4),(5) are from a (3+1’) process inducing the dissociation of a highly excited
neutral state in NO2 leading to electronically excited NO(A2Σ v=1) + O(3P) and followed
by one photon ionization of the neutral NO fragment. Transient peak (7) is from (2+2’)
absorption followed by prompt photoelectron ejection and fast direct dissociation of NO+

2

on the excited b3A2 state.

Recoil frame photoelectron angular distribution

In Fig. 5.9 three different photoelectron angular distributions are shown. The angular
probability distribution for electron recoil at a particular angle with the recoil direction of
the NO+ fragment is plotted, the RFPAD. In panels A and B we selected two different sets
of (NO+,e) events at zero delay time, panel A displays the RFPAD of events in region (3)
with relatively slow NO+ with kinetic energy of (0.3±0.1) eV and electrons with energy
of (0.65±0.06) eV, panel B displays the RFPAD of events in region (2) with relatively
fast NO+ kinetic energy of (1.0±0.1) eV and electrons with energy of (0.35±0.03) eV. As
can be seen the two RFPADs are quite different and we can further quantify the RFPAD
by an expansion in Legendre polynomials, Irf,e = 1 +

∑
βi,rf,ePi, with i=1-4. We obtain

β1,rf,e(A)=0.6, β2,rf,e(A)=1.1, β3,rf,e(A)=0.4, β4,rf,e(A)=0.4 for the distribution in panel
A, and β1,rf,e(B)=0.13, β2,rf,e(B)=0.84, β3,rf,e(B)=0.16, β4,rf,e(B)=-0.23. Clearly, the
distribution in panel A is much more anisotropic with a larger probability for ejecting the
electron in a similar direction as the recoiling ion. The distribution in panel B appears
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also somewhat anisotropic with respect to the NO+ recoil direction, but also wider with
more intensity at directions perpendicular to the NO+ recoil direction. As discussed above
we attribute the events in region (3) (panel A) to a (3+1’) excitation with a photoelectron
leaving the NO+

2 ion in the a3B2 state, the events in region (2) (panel B) to the same
(3+1’) process but ejecting an electron leaving the NO+

2 ion in the b3A2 state. The
symmetries of these final electronic states are different. Of course, also the character of
the excited (Rydberg) state after 3*400.4 nm photon excitation plays an important role
in the angular distribution of the ejected electron. At this moment we do not have any
more semi-quantitative information about the molecular orbitals involved and this awaits
further theoretical studies.

Eland and coworkers17,18 observed that the (NO+,e) angular correlation in the recoil
frame for this b3A2 (000) state is opposite, i.e. the electron departs in the opposite
direction to the NO+ recoil direction. This was for one photon ionization at high energies
around 27 eV. Furthermore, it is interesting to note that in the synchrotron experiments by
Dowek and coworkers26 after one photon excitation at 14.4 eV the electrons were ejected
preferentially in the plane of the NO2 molecule when the polarization of the radiation was
perpendicular to the molecular plane. It is clear that in our multi-photon excitation at
13.93 eV the RFPAD is quite different reflecting the very different excitation process and
molecular orbitals involved.

In panel C of Fig. 5.9 we selected (NO+,e) events at 2000 fs delay time, resulting in the
RFPAD of events in region (4) with relatively slow NO+ with kinetic energy of (0.3±0.1)
eV and fast electrons with energy of (0.93±0.05) eV. These events were attributed to the
ionization of neutral NO(A2Σ v=1) fragments by one photon ionization with 266.9 nm.
As can be seen the RFPAD is forward-backward symmetric (within experimental noise)
which is to be expected for photoionization of a neutral diatomic fragment. The Legendre
expansion only has a significant β2,rf,e(C) = 1.3, very similar to what has been observed
in other photoionization experiments of NO(A2Σ).39,40

More detailed insight of the exact excited states involved in the multi-photon ioniza-
tion and fragmentation dynamics can be obtained by determining the molecular frame
photoelectron angular distributions. We intend to discuss these RFPADs in more detail
in a future publication.

5.5 Conclusion

In this paper we present the first experimental results obtained with the newly constructed
femtosecond time-resolved photoelectron-photoion coincidence imaging machine at the
LCVU in Amsterdam. We have assigned various time-dependent multi-photon multi-
channel pathways in NO2 resulting from a two color pump-probe excitation at 400 and
266 nm.

The photoionization dynamics leading to the formation of a stable NO+
2 parent ion

and photoelectrons up to 2 eV is dominated by (1+2’) and (3+1’) excitation processes.
Transient changes of the photoelectron spectra are attributed to nonadiabatic dynam-
ics between the ground state and the A2B2 state after absorption of a 400 nm photon.
Furthermore, Rydberg states in NO2 are used as intermediate ’stepping’ states in the
multi-photon excitation to enable ionization from the bent ground state of the neutral
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NO2 to the linear ground state of NO+
2 and the formation of rather narrow photoelectron

peaks in coincidence with NO+
2 .

Both the statistical and fast direct dissociation of NO+
2 photodynamics are attributed

to the fragmentation into NO+ + O + e from (1+2’) and [(3+1’),(2+2’)] multi-photon
excitation, respectively. Prompt ejection of various photoelectrons leaves the NO+

2 ion
in conformations on the ground state and the electronically excited a3B2, b3A2 states,
which are energetically above the dissociation threshold. This results in fragmentation to
NO+ + O with varying amounts of kinetic energy of the molecular fragments. At short
pump probe delay times, the dominant photon pathway for NO+ formation is a 3*400
nm + 1*266 nm multi-photon excitation. At long delay times (>500 fs) two different
pathways are observed. The most dominant is the 1*400 nm + 2*266 nm photon pathway
giving rise to very slow electrons and NO+ ions. But also, the absorption of 3*400 nm
photons to excited NO2 (Rydberg) states followed by dissociation towards neutral and
electronically excited NO(A2Σ,v) + O fragments is observed. The NO(A2Σ,v) fragment
is predominantly formed in the vibrationally excited v=1 state, but a minor transient
NO(A,v=1) + O channel is also observed. Subsequent absorption of a single 266 nm
photon by the neutral NO(A2Σ,v) fragment leads to ionization of NO+.

The results presented here elucidate some of the complex multi-photon multi-channel
pathways observed in the photodynamics of a small molecule like NO2 using femtosecond
pulses. Even more insight about the photoionization dynamics can be obtained from the
recoil-frame (molecular frame) photoelectron angular distribution. Preliminary data is
presented here for three different RFPADs. The full analysis of these and other angular
distributions is still in progress and is intended to be presented in the near future.

Figure 5.9: Recoil frame photoelectron angular distribution, RFPAD. The angular distribution
of the ejected electron with respect to the NO+ direction is plotted for selected regions of photo-
electron energy and correlated fragment kinetic energy at specific pump-probe delay time. Only
(NO+,e) events are selected where the ion is ejected with a polar angle less than 15 degrees with
the direction of the (parallel) polarizations of pump and probe laser beams. The selected events
were as follows: Panel A: delay time is 0 fs; photoelectron energy 0.65±0.06 eV; fragment total
kinetic energy 0.3±0.1 eV. Panel B: delay time is 0 fs; photoelectron energy 0.35±0.03 eV; fragment
total kinetic energy 1.0±0.1 eV. Panel C: delay time is 2000 fs; photoelectron energy 0.93±0.05 eV;
fragment total kinetic energy 0.3±0.1 eV. The processes in panels A,B are attributed to a (3+1’)
excitation with fragmentation on the a3B2, b3A2 electronically excited states of the NO+

2 ion. The
process in panel C is attributed to a (3+1’) excitation leading to neutral NO (A2Σ v=1) + O,
followed by single photon ionization of NO.
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Chapter 6

Femtosecond single-color

multiphoton induced dynamics in

CF3I

Photoelectron-photoion coincidence imaging after single-color (400 nm) multiphoton ex-
citation of CF3I at laser intensities of about 1012 Watt/cm−2 is investigated here. The
dominant ionic species are the parent CF3I+ and the CF+

3 fragment from four-photon ex-
citation. Photoelectrons are ejected leaving the parent ion at an internal energy above the
dissociation limit leading to fragmentation in CF+

3 + I with low kinetic energy. Weaker
dissociation channels of fast CF+

3 + I fragments or fast I+ + CF3 fragments result from the
absorption of a fifth photon by the ionized CF3I+ parent. We propose a new assignment
of 7s, 8s intermediate Rydberg levels in CF3I resonant at the 3 photon level.

This chapter is published as:

Revealing femtosecond multiphoton induced multichannel molecular ionization and fragmentation dynam-

ics by photoelectron-photoion coincidence imaging

Chemical Physics Letters, 20 478 (1-3) 2009



Chapter 6

6.1 Introduction

Multiphoton absorption in molecules provides extensive information about ionization and
dissociation dynamics and the interplay between these processes. Especially when fem-
tosecond lasers are used for excitation the peak intensities can be such that various com-
peting multiphoton processes can be easily initiated. Fast dissociative processes at inter-
mediate levels of neutral molecules can compete with ionization dynamics following the
absorption of additional photons. Alternatively, dissociation of ionic molecules can take
place after multiphoton ionization and subsequent photoabsorption of the parent ion.

During the last decade shaped ultrafast laser pulses have been used in various poly-
atomic molecules to manipulate and control the formation of parent ions and ionic frag-
ments1–5. In many of these experiments the peak intensity of the unshaped (short) laser
pulses are of the order of 1013-1014 W/cm2 and in most experiments only time-of-flight
mass spectrometric detection was performed giving rather limited experimental informa-
tion on the formation mechanism. Mass-resolved ion detection is easy to carry out ex-
perimentally, but contains few details about the energetics and no information about the
internal energies of the ensuing ions.

In order to fully unravel experimentally what occurs in such adaptive control exper-
iments but also in other multiphoton experiments at somewhat lower peak intensities of
1012 W/cm2, typically encountered in many femtosecond experiments, more sophisticated
detection techniques are required. Such methods are predominantly concerned with the
detection of the energy and angular recoil distribution of the charged particles such as par-
ent and fragment ions, and electrons. The energy of the absorbed photons can in principle
be distributed over the many degrees of freedom of all the particles involved. Photoelec-
tron spectroscopy in which the kinetic energy of the outgoing electron is measured has
been shown to be a powerful tool6–11. Velocity map ion imaging techniques have proven
to be very valuable since the resulting images contain information about ion velocities and
angular distributions12–14. These techniques are often employed for the detection of either
electrons or ions separately.

The application of coincidence detection of both the electron and the correlated ion
was developed more than thirty years ago15,16, and the combination of ion coincidence
detection with magnetic bottle photoelectron spectroscopy was pioneered in femtosecond
pump-probe studies by Radloff and coworkers17. The combination of full three-dimensional
coincidence imaging of ions and electrons in combination with femtosecond pump-probe
spectroscopy was realized ten years ago by Hayden and coworkers18,19. The coincidence
imaging technique allows the measurement of the kinetic energy of both the electron and
the correlated ion. Furthermore, the angular correlation between the recoil velocity of the
electron and the laser polarization or between the coincident ionic fragment velocity and
the laser polarization can be determined. These angular correlations provide a wealth of in-
formation about symmetry of potential energy surfaces and the ionization and dissociation
dynamics18–24. Furthermore, the angular correlation between the direction of the ejected
electrons and the recoil direction of the coincident fragment ions provides information
on the molecular frame photoelectron angular distribution (MFPAD)19,22–25. In general,
deciphering the various processes in femtosecond laser excitation is not straightforward.
Coincidence imaging is the ideal technique to study the various competing multiphoton

70



Single-color multiphoton induced dynamics in CF3I

processes in femtosecond laser excitation and we will report here on the multiphoton dy-
namics in the CF3I molecule.

The excitation of CF3I has been investigated over a wide variety of photon energies
both in single-photon and multi-photon excitation. The lowest excited state of CF3I is the
A-state, which shows a broad absorption band centered at 4.7 eV and is assigned to the
excitation of an electron from an Iodine lone pair to an anti-bonding orbital along the C-I
bond26–31. After excitation to the A-state, dissociation occurs rapidly (<∼ 500 fs), and
CF3 and atomic iodine fragments are formed. Multiphoton ionization with nanosecond
laser sources is usually performed via resonant intermediate levels, which involve excitation
of the iodine lone-pair electron to higher-lying Rydberg states32–34. The second and third
excited states of CF3I correspond to transitions to the lowest possible Rydberg state, n
→ 6s. The Rydberg series converge to the CF3I+ ionic ground state doublet, 2E3/2 and
2E1/2, originating from the spin-orbit interaction of the iodine atom35. Therefore, all the
Rydberg series are split and possess a core symmetry determined by either one of these
two limits36.

Multiphoton ionization and dissociation of CF3I with nanosecond lasers in the range
of 300-306 nm was investigated using photoelectron spectroscopy and time-of-flight mass
spectrometry by Waits et al.32. In this study, the CF3I molecule was ionized via resonant
multiphoton absorption and subsequent single-photon dissociation of the parent ion was
observed. Aguirre and Pratt performed a similar experiment using velocity map ion and
electron imaging34,37. They observed the formation of CF+

3 + I (2P1/2) fragments where
the CF+

3 fragment was formed with significant vibrational excitation of the umbrella mode.
A strong propensity to populate the highest energetically accessible vibrational levels was
reported. This observation was attributed to favorable Franck-Condon factors between the
bound and free ionic fragments37. A high-resolution zero-kinetic energy electron (ZEKE)
spectroscopy study employing resonance-enhanced multiphoton ionization was performed
by Macleod et al.38. They accurately determined the adiabatic ionization energy (AIE)
of CF3I at 83652±2 cm−1 (10.37 eV). The vibrational modes of the parent ion and in-
termediate resonant states could be identified and mostly assigned unambiguously. The
molecular frame ionization dynamics in CF3I after single VUV photon excitation with
an angular resolved photoelectron photoion coincidence spectrometer (PEPICO) was re-
ported in a series of papers by Downie and Powis39–41. The femtosecond time-resolved
dissociation dynamics of the CF3I molecule have been studied at 400 nm and 266 nm by
Roeterdink and Janssen using ion imaging42,43. Furthermore, first results of a femtosec-
ond pump-probe coincidence imaging study of photodynamics in CF3I at approximately
the same wavelengths measured at the coincidence imaging spectrometer at Sandia Na-
tional Laboratories in Livermore were reported by Rijs et al.22. However, to our knowl-
edge no reports about single-color femtosecond excitation have appeared at these specific
wavelengths. With our recently developed photoelectron-photoion coincident imaging ap-
paratus in Amsterdam24,44 experiments can be performed with better resolution than
previously possible.

In this chapter, the dynamics of fragmentation processes in single color (400 nm)
multiphoton femtosecond excitation in CF3I are reported using laser pulses with peak
intensities of about 1012 W/cm2 which are intensities commonly employed in femtosecond
pump-probe experiments. The relative importance of the different fragmentation channels
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can be extracted directly by the coincidence imaging technique and we will present our
first analysis of the results here.

6.2 Experimental

The novel photoelectron-photoion coincidence imaging apparatus for femtosecond time-
resolved studies has been described in great detail recently44, and we will present only
a brief description of the experimental apparatus here. The electrons and coincident
ions are measured with two separate time- and position-sensitive delayline detectors at
opposite sides of the molecular beam. The charged particles are accelerated towards these
detectors with pulsed electric fields operating in a velocity map imaging configuration13.
The electron kinetic energy is calibrated on the photoelectron spectrum of multiphoton
ionized xenon. The photoelectron energy resolution is limited by the bandwidth of the
femtosecond laser pulses which is about 12 meV (98 cm−1). For a multiphoton excitation
at 400 nm in xenon photoelectron peaks in the region of 0.5-2.0 eV are experimentally
observed with a typical width of about 50 meV (about 400 cm−1). The electron images
presented in this paper are time-sliced images of the full three-dimensional (3D) spatial
recoil distribution of the photoelectron.

CF3I molecules (Fluorochem LTD, purity ≥ 95%) seeded in argon are expanded via
a continuous nozzle with a diameter of 100 µm. The single-color excitation is performed
with photons at 399.6 nm of a frequency doubled Titanium-Sapphire regen-amplified fem-
tosecond laser running at 5 kHz. Linearly polarized laser pulses with an energy of 15 µJ
and a duration of about 150 fs are employed. The laser beam is focussed in the coinci-
dence apparatus and crosses the molecular beam with a spot size of approximately 100
µm yielding an intensity of about 1012 W/cm2.

6.3 Results and discussion

The multiphoton excitation of CF3I with 399.6 nm femtosecond laser pulses yields mainly
CF3I+ (44%) and CF+

3 (46%) ions, while few I+ ions are observed (about 10%). The ions
are easily mass separated by time-of-flight and the full three-dimensional recoil distribution
is obtained from the arrival time and the two-dimensional position obtained from the
ion delay line detector. The full three-dimensional recoil distribution of the coincident
electron is measured with the electron MCP / delay line detector. The big advantage of
the imaging technique is that both the kinetic energy and the angular distribution of the
particles are obtained. The laboratory frame angular distribution of electrons or ions can
be expanded in Legendre polynomials, I(θ) = 1 +

∑N
i β2iP2i(cos θ), with N being less or

equal to the number of photons absorbed45. The angle θ defines the laboratory frame
recoil direction with respect to the linear laser polarization. In the analysis we fit the
measured distribution to an expansion truncated at N=1 or 2, and the parameters β2 and
β4 represent the anisotropy of the angular distribution. In all images in this paper, the
laser polarization is horizontal along the detector plane. The various ionic channels are
discussed separately starting with the parent CF3I+ ion.
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6.3.1 The parent ion, CF3I
+

The electron image coincident with the CF3I+ parent ion is shown in Fig.6.1A and the
corresponding kinetic energy distribution in Fig.6.1B. The electron image shows two rings
belonging to the broad peaks I and II in the kinetic energy distribution with maxima at
1.94 eV (peak I) and 1.30 eV (peak II), i.e. an energy separation of 0.64 eV.

Figure 6.1: A) The time-sliced image (20 degree angle) of CF3I+ coincident electrons. Two rings
are observed belonging to the spin-orbit components of the ionic ground state. B) The kinetic
energy distribution belonging to the electron image shows two peaks I and II with maxima at 1.94
and 1.30 eV.

The ground state of the CF3I+ ion consists of a doublet, X2E3/2 and X2E1/2, with the
spin-orbit splitting predominantly caused by the iodine atom. The adiabatic ionization
energy (AIE) of CF3I+ in the X2E3/2 ground state has been measured by Macleod et al.38

with high-resolution ZEKE spectroscopy to be AIE = 83652 cm−1 (10.37 eV). The vertical
ionization energy (VIE) is higher due to geometry changes of the molecule upon ionization.
This means that ionization of the parent molecule requires at least four photons of 399.6
nm (3.1 eV per photon) with a total excitation energy of 12.40 eV. For the formation of the
CF3I+ parent ion all the available excess energy is converted into either electron kinetic
energy or internal energy of the parent ion. We observe the maximum of photoelectron
peak I at an energy of 1.94 eV, and this results in a vertical ionization energy VIE = 12.40-
1.94 = 10.46 eV. Peak II in the photoelectron image at 1.30 eV arises from the ejection of
an electron leaving the parent ion in the spin-orbit excited state (X2E1/2). The observed
vertical ionization energy VIE = 11.10 eV, in correspondence with an earlier value32.
From the two VIE values we extract an estimate of the spin-orbit splitting between the
X2E3/2 and X2E1/2 ground state levels in the CF3I+ ion to be about 0.64 eV. This value
is somewhat smaller than the value of 0.73 eV reported by Cvitaš et al.46.

In multiphoton ionization resonances at intermediate photon levels can lead to signifi-
cant signal enhancements. In our results reported here we observe that the photoelectron
peak I corresponding to the spin-orbit ground state of the parent ion, X2E3/2, is much
weaker than peak II corresponding to the spin-orbit excited state, X2E1/2. The strong
propensity for core preservation on ionization suggests the existence of an intermediate
resonance via a level with a [2E1/2] core. Neither at an energy corresponding to one-photon
(3.1 eV) excitation nor at an energy corresponding to two-photon (6.2 eV) excitation CF3I
has absorption bands36. However, at an energy corresponding to three-photon excitation,
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9.30 eV, CF3I has absorption bands as reported in VUV absorption experiments.
Eden et al. 36 assign various absorption features in the region of 7-9.5 eV as belonging

to (vibrational bands within) the 7s and 8s Rydberg states. They base the position and
ordering of the spin-orbit split 7s(2E3/2,2E1/2) and 8s(2E3/2,2E1/2) states predominantly
on a ns Rydberg series converging to CF3I+ ionic ground state levels at an energy of 10.28
eV X(2E3/2) or 11.01 eV X(2E3/2). The value of 10.28 eV for the X(2E3/2) ground state is
0.09 eV lower than the value of 10.37 eV obtained in high-resolution ZEKE experiments
reported by Macleod et al.38. Around 7.1-7.8 eV, the 6s Rydberg state has been exten-
sively studied and assigned by (2+1) REMPI laser spectroscopy by Taatjes et al.33. The
electronic states in CF3I have besides the large splitting due to the spin-orbit interac-
tion a smaller splitting due to coupling of the Rydberg electron spin with the electronic
core. This results in 4 Ω levels, the Ω=1,2 levels of the 2E3/2 core and the Ω=0,1 levels
of the 2E1/2 core33. Taatjes et al. observed that in their (2+1) REMPI experiment the
6s 2E3/2(Ω=1) origin is the strongest of the 4 electronic origins and the 6s 2E1/2(Ω=1)
origin is about half in intensity. The 6s 2E1/2(Ω=0) origin is shifted by 839 cm−1 (0.1 eV)
to lower energy than the 6s 2E1/2(Ω=1) state and has about 10% of the intensity of the
strongest 6s 2E3/2(Ω=1) origin. The 6s 2E3/2(Ω=2) origin is very weak, about a factor of
100 less intense than the 6s 2E3/2(Ω=1) origin. This detailed assignment of the different Ω
levels of the 6s Rydberg state by Taatjes et al. in combination with the strong intensity of
peak II in Fig.6.1B leads us to a reassignment of the energy of the 7s, 8s Rydberg levels by
Eden36. We propose that the 7s2E1/2(Ω=1) level is at 9.466 eV, instead of at 9.549 eV as
assigned by Eden et al., and the 8s2E3/2(Ω=1) level to be at 9.549 eV, instead of at 9.466
eV, i.e. they are switched. In the absorption spectrum of Eden et al. (Fig.11 in Ref.36) the
absorption feature at 9.549 eV is stronger than the feature at 9.466 eV. Our reassignment
as proposed here means that the 8s2E3/2(Ω=1) is stronger than the 7s2E1/2(Ω=1) and this
appears to be more in agreement with the relative intensities of the various Ω origins of the
6s Rydberg state as observed by Taatjes et al. . If we now assume that the 7s2E1/2(Ω=0)
origin is shifted by approximately 0.1-0.15 eV relative to the 7s2E1/2(Ω=1) origin (a sim-
ilar amount as observed by Taatjes et al.33 for the 6s2E1/2(Ω=0) origin relative to the
6s2E1/2(Ω=1) origin) and is also substantially weaker than the 7s2E1/2(Ω=1) origin (no-
tice how in Fig.11 in Ref.36 the absorption features around 9.3 eV are substantially weaker
than the features near 9.45 eV), we propose that the features observed around 9.3 eV are
(vibrational bands) within the 7s2E1/2(Ω=0) Rydberg state. This means that in our four
photon ionization of the CF3I molecule at an excitation energy of 9.3 eV, corresponding
to three photon excitation, we are resonant with the 7s2E1/2(Ω=0) Rydberg state. The
propensity for core conservation in ionization leads than to a much stronger ionization to
the CF3I+ X(2E3/2) resulting in a much stronger peak II as observed in the photoelectron
spectrum of Fig.6.1B.

We have analyzed the laboratory frame angular distribution of the photoelectrons in
peak I (1.9-2.1 eV) and peak II (1.3-1.4 eV) and find β2=1.02, β4=0.20 for peak I and
β2=1.30, β4=0.37 for peak II. It means we observe a somewhat stronger anisotropy of
the photoelectron of peak II, which is proposed to originate via a resonance at the three-
photon level through the 7s2E1/2(Ω=0), as compared to peak I, which has more of the
7s2E3/2(Ω=1) character at the three-photon level. This difference in anisotropy between
the two photoelectron peaks is perhaps due to the difference in initial electronic character
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2E3/2(Ω=1) versus 2E1/2(Ω=0) and the multiple partial waves involved in the ejection of
the photoelectron leaving the parent ion in the two spin-orbit states.

Finally, the peaks I and II in the electron kinetic energy distribution have quite asym-
metric line profiles (peak II) and widths significantly exceeding the experimental resolution
( 0.05 eV) of our coincidence apparatus for a 4 photon ionization process. Peak II has
a FWHM=0.23 eV (1850 cm−1) with a sharp falling edge at high energy and a much
more gradual slope towards lower photoelectron energy. The large widths and profile we
attribute to internal vibrational excitation of the parent ion. Eden et al.36 have assigned
many features in the VUV absorption spectrum as due to excitation of especially the
ν1, ν2, ν3 symmetric modes in CF3I, which have harmonic energies of about 0.12, 0.08 and
0.027 eV, varying a little within the different cores and ns Rydberg states. Unfortunately,
we are not able to resolve individual bands under the tail of peak II, although the structure
suggests it may be composed of subbands spaced some 0.13 eV apart, suggesting the ν1

may play an important role in the ionization process. Aguirre and Pratt also observed
large widths in the photoelectron distribution of the parent ion in the ground state34. Fur-
thermore, Macleod et al.38 reported vibrational excitation of different vibrational modes
and combination bands by ZEKE spectroscopy.

6.3.2 The CF+
3 fragment

The CF+
3 ion and coincident electron images are shown in Fig.6.2 A and Fig.6.2 B, respec-

tively. The kinetic energy distribution of the electrons extracted from the electron image
is given in Fig.6.2 C. The ion image in Fig.6.2 A does not indicate significant recoil of the
CF+

3 fragments from the dissociation. The electron kinetic energy distribution of Fig.6.2 C
displays a dominant peak (labelled III) at 0.90 eV. Furthermore, two much smaller peaks
are observed at similar energies as the photoelectron peaks in coincidence with the parent
CF3I+ (see Fig.6.1). Therefor, the peak at an energy of 1.94 eV is also labelled I and the
peak at an energy of 1.30 eV is labelled II like in the CF3I+ photoelectron spectrum. Also
the intensity ratio of the peaks I and II in Fig.6.2C is very similar to the ratio of the peaks
I and II in Fig.6.1B.

Figure 6.2: A) The ion image of CF+
3 . B) The time-sliced image (40 degree angle) of electrons

in coincidence with CF+
3 . C) The kinetic energy distribution of the electrons. Three peaks are

observed indicated by labels I, II and III and are discussed in the text.

For every single (e,CF+
3 ) event we can correlate the kinetic energy of the electron with
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the total translational energy of the CF+
3 , I fragments. The total kinetic energy is shared

between the CF+
3 and I fragments and can be calculated using conservation of linear

momentum. The resulting energy correlation plot is shown in Fig.6.3, with the kinetic
energy of the electrons on the vertical axis and the total kinetic energy of the fragments
on the horizontal axis.

Different processes can be distinguished in the energy correlation plot and they are
labelled as indicated in Fig.6.3. The appearance energy (AE) for the formation of ground
state CF+

3 (X1A1) + I(2P3/2) fragments has been determined recently to be AE=11.384
eV35. Four photon excitation at 399.6 nm, with a total excitation energy of 12.40 eV,
provides an excess energy of 1.02 eV. The instantaneous ejection of an electron of 0.9 eV
(peak III) after four photon absorption leaves the parent ion in an excited state slightly
above the dissociation threshold. This is the dominant process in the formation of CF+

3

fragments of almost zero kinetic energy in coincidence with electrons of 0.9 eV, this process
is labelled 1 in Fig. 6.3). Fig. 6.3 (process 1) shows that the (statistical) dissociation leaves
the CF+

3 ion with very low kinetic energy and low internal excitation.

Figure 6.3: The energy correlation plot of CF+
3 ions and the coincident electrons. The different

processes are indicated. The plot is completely dominated by process 1, which has a corresponding
photoelectron peak III in Fig. 6.2 C. The diagonal line indicates the sum of the kinetic energy
of the electron and fragments or the excess energy of 1.02 eV after four-photon absorption. The
region belonging to higher photon processes are clipped to show the weak features 2-4.

Now we turn to the weaker channels, corresponding to the photoelectron peaks I and
II. Because of the large electron energy these channels must result from the overall absorp-
tion of five photons. It means a process where a photoelectron is promptly ejected after
absorption of four photons leading to the CF3I+ parent ion in the X2E3/2 or X2E1/2 spin-
orbit split ground state below the dissociation limit, followed by subsequent absorption of
an additional fifth photon and dissociation into CF+

3 + I. Similar processes of additional
photon absorption after formation of the parent ion were also observed by excitation with
nanosecond lasers32,37. In our experiment using femtosecond lasers it means that ioniza-
tion must occur within the temporal width of the laser pulse which is less than 150 fs. In
Fig.6.3 we have indicated three weak processes observed in the electron-ion energy corre-

76



Single-color multiphoton induced dynamics in CF3I

lation by the labels 2, 3 and 4. All three processes leading to these correlated (e,CF+
3 )

events have electrons with energy either belonging to peak I near 1.94 eV (process 2) or
peak II near 1.30 eV (processes 3 and 4), identical to the peaks associated with formation
of the parent CF3I+ ion by four photon excitation, see Fig.6.1.

The CF+
3 ion that is formed in processes 2 and 3 has very low kinetic energy suggesting

a similar statistical dissociation mechanism as process 1. However, because of the extra
photon absorbed more energy (2.1-2.7 eV) is available for internal energy of either the
CF+

3 ion or spin-orbit excitation of the neutral I fragment. The weak channel indicated by
label 4 in Fig. 6.3 is attributed to another dissociation mechanism. This channel 4 shows
electron kinetic energies identical to those in process 3, but the coincident CF+

3 fragments
cover a wide range of total translational energies up to around 1 eV. This process arises
from the absorption of a fifth photon from the X2E1/2 state of the parent ion to a more
direct dissociative surface leading to fast fragments. Excitation with a 3.1 eV photon from
the X2E1/2 state excites the parent highly above the origin of the excited A2A1(E1/2) state.
The A-state correlates adiabatically to CF+

3 (X1A1) plus spin-orbit excited I(2P1/2)34,37.
If we assume that indeed the Iodine cofragment is formed in the spin-orbit excited level
this will limit the total kinetic energy of the fragments to 1.2 eV, which is close to the
region of fragments with maximum kinetic energy, see Fig. 6.3.

Aguirre and Pratt34,37 have studied the photodissociation dynamics of CF3I+ using
nanosecond laser excitation. They used single vibrational states within the 2E3/26p Ry-
dberg state as intermediate resonances at the two-photon level. From the photoelectron
spectrum they conclude that the dissociation results from single photon excitation of the
CF3I+ parent in the X2E3/2 ground state (produced by two-photon resonant three photon
ionization) with little internal energy (<0.5 eV). When they use excitation with photons
with energy around 4-4.1 eV they observe a bimodal velocity distribution for the CF+

3 + I
channel. The fast component has a quite broad energy distribution with a peak around 1.3
eV and an anisotropy parameter for the CF+

3 fragments of β2=1.3 and β4=-0.134. For CF+
3

ions in channel 4 we find β2=0.8 and β4=-0.8. We excite with 3.1 eV photons from the
excited spin-orbit ground state X2E1/2 which means we are at an energy of about 3.7-3.8
eV above the X2E3/2 ground state, i.e. somewhat lower in energy than the nanosecond ex-
periments discussed above34. Furthermore, Aguirre and Pratt37 reported in a subsequent
paper that when they excited from the X2E3/2 ground state with photons much lower in
energy, around 2.5 eV, a negative β2 ≈-0.4 was observed. They conclude that there must
be multiple electronic surfaces present in the energy region of 2.5-4.5 eV above the ground
state which are responsible for the observed strong changes of anisotropy. Furthermore, as
in our experiments the parent ion X2E1/2 results from a four-photon excitation the parent
ion may be laboratory aligned to some degree and as such this may affect the photofrag-
ment angular distribution by allowing higher order contributions, such as a significant β4,
that we observe.

We do not seem to observe CF+
3 ions with high kinetic energy correlating with pho-

toelectron peak I, i.e. resulting from single photon dissociation of ground state X2E3/2

CF3I+ parent ions. Perhaps this is due to the much smaller intensity of this electron
channel in combination with insufficient detection efficiency in our experiment.

We have analyzed the angular distribution of the various I,II,III photoelectron peaks
within certain energy regions and because of the limited number of events we only report
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the β2 value of the lab frame angular distribution. We find β2=0.87 (peak III between
0.85-0.95 eV), β2=1.06 (peak II between 1.3-1.4 eV), and β2=0.75 (peak I between 1.9-2.1
eV). As explained above the photoelectrons in peak I and II measured in coincidence with
CF+

3 have the same energy as those observed in coincidence with the parent ion CF3I+. We
do observe though that the anisotropy of the photoelectron distribution seems somewhat
less for electrons in coincidence with CF+

3 which result from the subsequent absorption of a
fifth photon. At this moment we have no explanation for this slight difference in anisotropy
and more extensive experiments with much higher statistics are needed to explore further
if this is due to a real physical mechanism.

In principle, the electron-ion coincidence technique allows for the determination of
the direction of the photoelectron angular distribution with respect to the recoil direc-
tion of the correlated ionic fragment, the RFPAD. In the limit of fast axial dissociation
the RFPAD can be directly correlated to the molecular frame photoelectron angular dis-
tribution (MFPAD). Downie and Powis reported the MFPADs of electrons obtained in
one-photon VUV ionization of CF3I and leaving the CF3I+ parent ion in the excited A2A1

state at an energy of about 14 eV above the ground state of CF3I39–41. They observed a
strong propensity of electron ejection in the same direction as the iodine atom. We access
the same region in our five-photon process. In process 4 in Fig. 6.3 the CF+

3 fragment
shows appreciable recoil, and the corresponding MFPAD appears to be symmetric with
respect to the C-I bond. Since in our experiment the electron is ejected after four-photon
ionization the direction of the electron is uncorrelated to the subsequent dissociation dy-
namics resulting from the additional absorption of a fifth photon. Therefore, we expect
our RFPAD to be symmetric in agreement with our observation.

6.3.3 The I+ fragment

The channel leading to I+ + CF3 fragments is a minor channel in this experiment, the
total number of (e,I+) events is only about 6-10% of the total number of events. The
image of the recoiling I+ ion is shown in Fig. 6.4 panel A. The coincident electron image
shown in panel B and the resulting photoelectron energy distribution is presented in panel
C. Again we see structure similar as in the CF+

3 photoelectron spectrum (see Fig.6.2 C)
around 0.9, 1.3 eV and 2 eV and we have labelled those regions with the same labels
III, II and I, respectively. The appearance energy of the I+ (3P2) + CF3(X2A1) channel
occurs at 12.78 eV34. Therefore, it is not possible to produce this channel in a four-photon
excitation and at least five photons of 3.1 eV each, with a total excitation energy of 15.5
eV are required. This leaves 2.72 eV of excess energy to be distributed over electrons and
ions. The structure near 0.9 eV (III) are the electrons ejected leaving the parent ion just
above the dissociation limit for the formation of CF+

3 + I, and in most cases will result in
CF+

3 + I. But it appears that in a small number of events, about 10% of these electrons,
before the (slow) dissociation process has completed a fifth photon is absorbed bringing
the CF+

3 molecule above the dissociation limit of I+ (3P2) + CF3(X2A1) and opening up
this channel.

The energy correlation diagram of the I+ ions and electrons is shown in Fig. 6.5 A. We
have labelled the two dominant processes, correlating with electrons around 0.87 eV (peak
III) or 1.27 eV (peak II) by the two boxes 5 and 6. The total kinetic energy distribution of
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Figure 6.4: A) The ion image of I+. B) The time-sliced image (40 degree angle) of electrons in
coincidence with I+. C) The kinetic energy distribution of the electrons. Three peaks are observed
indicated by labels I, II and III and are discussed in the text.

the photofragments is shown in Fig. 6.5 B and we see that process 5 is rather broad and
structureless, while the distribution of process 6 is more narrow and is centered around 1
eV. The angular distribution of the strongly recoiling I+ fragments of process 6 is β2=0.7,
β4=-0.7, very similar to the recoil anisotropy for channel 4 of CF+

3 + I discussed above.
Aguirre and Pratt34 reported a higher anisotropy of β2=1.35 from dissociation of ground
state X2E3/2 CF3I+ parent ions with photon energy around 4 eV. We think similar reasons
as presented for the CF+

3 + I channel are responsible for these differences.

Figure 6.5: A) The energy correlation diagram of I+ ions in coincidence with the observed
electrons. The diagonal line indicates the excess energy limit of 2.72 eV. Two distinct pathways
are indicated by boxes 5 and 6. B) The total translational kinetic energy distributions of the
fragments for the two different processes.

The angular distributions for the electrons coincident with I+ in peak III, II are
β2=0.73, β2=0.97 respectively, very similar to the anisotropy of the angular distribution
of electrons in the same energy regions correlated to CF+

3 fragments.
In summary, both processes 5 and 6 originate from initially four-photon ionization of
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the neutral parent that leave the parent ion below the dissociation limit of the I+ fragment.
Absorption of a fifth photon accesses dissociative regions located above the first (Ã2A1)
and below the second (B̃2A2) excited state of the parent ion41. The dissociation results
in recoiling fragments with significant translational energy and internal excitation.

6.4 Summary and conclusions

Multiphoton excitation by femtosecond laser pulses enables various processes in the mole-
cular species under study and the coincidence detection in combination with ion and elec-
tron imaging methods allows for relatively straightforward interpretation of the energetics
involved. We exemplified this by the elucidation of the competition between ionization
and dissociation pathways in single color femtosecond multiphoton excitation in CF3I. In
the present experiment, the laser intensity of about 1012 Watt/cm2 is sufficient to induce
the multiphoton absorption, but no apparent strong field effects have been observed. The
discussion of the various dissociation and ionization pathways is summarized in an energy
level diagram shown in Fig.6.6. The excitation, ionization and dissociation pathways are
labelled with the same numbers as used in the other Figures. The dominant processes oc-
cur at the four-photon level, yielding predominantly CF3I+ in its spin-orbit split X2E3/2,
X2E1/2 states, and CF+

3 fragments with little internal energy. Minor pathways all involve
the absorption of a fifth photon by the parent ion. This photoabsorption leaves CF3I+ in
excited regions from which dissociation can take place. The dissociation channels observed
lead to CF+

3 (X1A1) + I(2P1/2) and I+(2P2) + CF3(X2A1). Other energetically allowed
dissociation pathways are to weak to be observed.

In summary, the coincidence imaging technique is a very powerful tool to disentangle
the various multichannel pathways leading to various ionic fragmentation channels. Cur-
rently we are implementing pulse shaping devices to perform experiments that combine
the coincidence imaging technique with advanced optimal control fields to provide insights
in molecular multichannel reaction dynamics with shaped laser fields.
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Figure 6.6: The energy level diagram of CF3I, including the excitation with 399.6 nm photons
(blue arrows). The solid horizontal lines represent the adiabatic energies above the ground state
of the CF3I molecule. The grey boxes indicate dissociative regions of the parent ion, while the
unfilled boxes represent the product internal energy distributions. The photoelectron peaks are
indicated with I, II and III and the dissociation pathways (1-6) are discussed in the text.
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[46] T. Cvitaš, H. Güsten, L. Klasinc, I. Novak, and H. Vancik, Z. Naturforsc. 33a, 1528 (1978).



Chapter 7

The multiphoton excitation of

CF2Br2 by femtosecond laser

pulses

The photodissociation dynamics of CF2Br2 after single color femtosecond multiphoton
excitation at 267.4 nm is studied. Additionally pump-probe spectroscopy at 276.4 nm
and 400.1 nm has been employed. Two competing processes can take place after the
laser excitation, dissociation and ionization. To distinguish between the two processes
photoelectron-photoion coincidence imaging has been used. The ionic fragments CF+

2 ,
Br+, CF2Br+ are formed of which the kinetic energy distribution has been recorded.
Measuring the kinetic energy of the coincident electron gives detailed information about
the dissociation and ionization processes. After absorption of three photons in the single
color 267.4 nm experiment the parent molecule is directly ionized. Subsequently, the parent
ion dissociates forming the ionic fragments. Moreover, in the pump-probe experiment a
dissociative Rydberg state of the parent at the two-photon 267.4 nm level is excited, which
is followed by single-photon 400.1 nm ionization. In this process, the dissociation leads to
the formation of electronically excited CF2Br and a Br atom and the ionization to CF2Br+

.
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7.1 Introduction

A lot of attention has been given to CF2Br2 photoexcitation because of its complex pho-
tochemistry leading to several different fragments over the whole UV absorption spectrum
of the molecule1–9. After ionization, these fragments are easily detected and can be ana-
lyzed in our new coincidence imaging instrument10. The ionization of the parent molecule
or fragments requires the absorption of one high energy photon, for example from a syn-
chrotron source, or multiple photons of lower energy in the UV. Femtosecond laser pulses
are especially suited for multiphoton (non-) resonant ionization processes due to the large
peak intensities. Furthermore, the application of pump-probe spectroscopy enables time-
resolved studies of the excited states of the molecule. Multiphoton excitation in molecular
dynamics enables studies of highly excited states and their complex decay dynamics11. In
this way, multiple ionization and fragmentation channels can be revealed that are not seen
in single-photon excitation. Coincidence imaging of the photoion and photoelectron can
reveal the complete energy distribution of the various ionization and dissociation channels
observed in a single experiment12. Compared to single-photon ionization, the multipho-
ton excitation can access different Franck-Condon regions via resonant intermediate states.
The ions and electrons which are imaged after the multiphoton excitation carry a signature
of each resonant intermediate state.

The first resonant intermediate state of CF2Br2, the A band, gives rise to a broad
spectrum with a maximum at 225 nm and a cut off near 280 nm1. In the excitation
region around 265 nm only one Bromine atom is split off giving rise to the formation of
vibrationally excited CF2Br. The threshold for CF2 production was found at 260 nm6.
The A band of CF2Br2 (C2v symmetry) is made up from at least two electronic states with
A1 and B1 symmetry13. The electronic symmetry of the A band near 265 nm is B1 and
the observed β value (β = 1) for the produced Bromine atom is very close to the limiting
value suggesting that the dissociation time is very short compared to the rotational period.
This impulsive dissociation gives rise to CF2Br fragments with up to 8705 cm−1 (1.2 eV)
of internal energy, just below the dissociation limit of the CF2Br. The energy required to
split off the second bromine atom is about 1.54 eV7. In our experiment, the excitation
pulses with a wavelength of 267.4 nm will access the A band of CF2Br2.

At higher photon levels two photons of 267 nm (9.30 eV) and three photons of 400
nm (9.30 eV) will give access to the same region of Rydberg states, however, due to
the dissociative nature of the A band, the 267.4 nm excitation scheme may access this
Rydberg state at larger internuclear distances i.e. in a different Franck-Condon regime.
Seccombe et al. recorded the VUV absorption spectrum of CF2Br2 from 7 to 22 eV
detecting the dispersed fluorescence8. Two absorption bands near 9.3 eV were observed,
namely at 9.07 eV and 9.50 eV, which were assigned to the 4a1→ 5s transition and 4b2 →
4d or 4b1 → 5p transition, respectively. The electronic configuration of the outervalence
orbitals of CF2Br2 is (4a1)2(4a2)2(4b1)2(4b2)2, with the symmetry representations of the
C2v group. The highest lying orbitals are dominated by the three lone pair electrons
of the bromine atoms and the (4a1) orbital corresponds with the σ bond between C-Br.
Seccombe et al. combined VUV absorption spectroscopy with threshold photoelectron-
photoion coincidence detection in the range of 10 - 25 eV9. The lowest six electronic
resonances of the parent ion were found at 11.13, 11.57, 12.00, 12,35, 13.38 and 15.55 eV,
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assigned to the X, A, B, C, D and E state respectively.
The coincidence imaging technique with multiphoton femtosecond laser excitation is

employed to investigate the ionization and dissociation processes of CF2Br2. Three dif-
ferent laser excitation schemes were performed, namely 400.1 nm only, 267.4 nm only and
the pump-probe scheme employing both colors. First, the experimental conditions and
the time-of-flight spectrum are given in section 7.2. The various ionic species observed in
the experiments are discussed, starting with the parent ion in section 7.3.1. Furthermore,
in this section, the ionization process in a single-color 267.4 nm experiment by use of the
photoelectron kinetic energy distributions obtained in coincidence with the various ions is
addressed. In this single-color 267.4 nm experiment, the various fragment ions are formed
after ionization of the parent molecule and the dissociation processes of the parent ion is
discussed in section 7.3.2. However, also the formation of the most abundant ionic frag-
ment, CF2Br+, after dissociation of the neutral excited parent molecule in a time-resolved
study with 267.4 nm and 400.1 nm pulses is given.

7.2 Experimental

The photoelectron-photoion coincidence instrument10 has been described previously in
chapters 2-4. A continuous nozzle is located in the source chamber and has a diameter
of 100 µm. The expansion mixture consists of 5% of CF2Br2 (Fluka ≥95%) in argon.
The laser crosses the molecular beam 45 cm downstream. After the laser interaction,
the detection of the electrons and ions occurs on two separate detectors in a velocity
map imaging geometry14. The electron kinetic energy is calibrated by use of the spin-
orbit separated electron peaks of xenon ionization and the resolution is limited by the
femtosecond laser pulse excitation to 50 meV. The ion detector is calibrated by use of
single-color 400 nm photodissociation of NO2, see chapter 3.

The CF2Br2 molecule is studied by excitation with the second and third harmonic of the
fundamental output of a commercial Titanium-Sapphire laser system (Spectra Physics),
at 400.1 and 267.4 nm. The typical length of the femtosecond pulses was set at about 160
fs (prechirped) to double and triple the output pulses most efficiently. The pulse energies
used were 4-6 µJ for the 267.4 nm pulse and 15-20 µJ for the 400.1 nm pulse yielding
intensities of 2.5×1011 and 1×1012 W/cm2, respectively.

The TOF spectrum of the ions observed in the femtosecond laser pulse excitation of
CF2Br2 is shown in Fig. 7.1. Few parent ions (≤2 %) are observed, the dominant product
is CF2Br+ (∼40%) and also Br+ and CF+

2 are formed in significant amounts (∼25% each).
Note that the CF+

2 , Br+
2 and CF2Br+

2 are radical cations and the neutral radicals are the
CF2Br fragment and the Br atom.

7.3 Results and Discussion

The ionization of the parent molecule after single-color excitation at both 400.1 nm and
267.4 nm will be discussed in section 7.3.1, where the latter is more extensively addressed.
In this single-color 267.4 nm experiment, the ionization of the parent molecule occurs
before the dissociation. This can be concluded from the photoelectron kinetic energy
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Figure 7.1: The TOF spectrum of CF2Br2 after multiphoton excitation with zero delay between
the 267.4 nm and 400.1 nm femtosecond laser pulses. The inset shows an enlargement of the peak of
the CF2Br+ fragment. Note that the peak of the parent ions appears large, but does not represent
a lot of events because the peaks are very sharp with only 2 ns FHWM.

distribution observed in coincidence with the various ionic fragments. Subsequently, the
dissociation processes of the parent ion are discussed in section 7.3.2. Also, the formation
of the CF2Br+ fragment via a neutral dissociative state of the excited parent molecule in
a time-resolved study will be discussed.

7.3.1 Ionization of the parent molecule

First, the ionization of the parent molecule after single-color 400.1 nm excitation is de-
scribed. The photoelectron kinetic energy distributions in coincidence with the various
fragments after single-color 267.4 nm excitation are presented subsequently. These distri-
butions will provide insight in the ionization processes involved in the formation of the
observed ions.

The parent ion, CF2Br+
2

In Fig. 7.2A and 7.2B, the photoelectron image coincident with parent ions from single-
color 400.1 nm ionization and the corresponding kinetic energy distribution are given. The
distribution shows a single peak at 1.35 eV with a full-width-at-half-maximum (FWHM) of
0.34 eV and the corresponding angular distribution is slightly anisotropic and is described
by β2 = 0.7 and β4 = 0.4. The formation of parent ions is not very likely, because a small
contribution to the total events is observed, ie. 2% of all events.

Ionization of the parent molecule is observed after four-photon 400.1 nm (3.10 eV)
absorption with a total excitation energy of 12.4 eV. Subtracting the electron kinetic
energy of 1.35 eV from the total excitation energy yields a vertical ionization energy for
the parent molecule of 11.05 eV, leaving the parent ion in the ground state (X). This
value is in reasonable agreement with the value of 11.13 eV reported by Seccombe et
al.9. The width of the photoelectron kinetic energy distribution significantly exceeds the
energy resolution of the detector of 50 meV. The width of the photoelectron kinetic energy
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Figure 7.2: A) The single-color 400.1 nm photoelectron image coincident with CF2Br+2 ions. B)
The corresponding kinetic energy distribution of the photoelectrons where the peak is fitted with
a gaussian. The maximum of the peak is located at 1.35 eV and the full-width-at-halve-maximum
is 0.34 eV.

distribution is attributed to vibrational excitation of the parent molecule i.e. 168 meV
half-width-at-half-maximum (deconvoluted) which corresponds to 1218 cm−1 and is close
to the CF2 stretch vibration at 1244 cm−1 2. The appearance of a single peak in the kinetic
energy distribution indicates the absence of stable valence states of the parent ion, which is
only stable in the ground state, X̃2B2. This is supported by the observations in threshold
photoelectron-photoion coincidence spectroscopy9. Similar results for the parent ion are
obtained in single-color 267.4 nm ionization, which will be discussed next.

Single-color 267.4 nm photoelectron kinetic energy distributions

The photoelectron kinetic energy distributions in coincidence with the various ions ob-
tained in single-color 267.4 nm excitation are shown in Fig. 7.3 and three different peaks
are indicated by I, II and III. The first peak, I, is only observed in the distribution for the
parent ion. It is the only peak for the parent ion and has the maximum at 2.85 eV. Broad
peaks at 2.35 eV (II) and 1.45 eV (III) are obtained for all the fragments. Clearly, the
photoelectron kinetic energy distributions in Fig. 7.3 are very similar for all the various
fragments although some intensity variations over the different distributions are present.
These distributions all contain peaks II and III at 2.35 eV and 1.45 eV with similar widths
and the corresponding laboratory frame angular distributions are β2 = 0.4 − 0.5 and
β2 = 0.0 − 0.1 for the various fragments, respectively. The distributions below 1 eV do
vary considerably in intensity and seem to peak at 0 eV. Little can be said about these
slow electrons and this region will not be discussed further, but they likely originate from
processes where substantial internal energy is obtained.

The parent ion displays similar results in single-color 267.4 nm ionization compared to
the previously discussed 400.1 nm data. The ionization occurs after three-photon absorp-
tion with a total photon energy of 13.92 eV and the excess energy is mainly converted to
electron kinetic energy (2.85 eV) although some vibrational excitation of the parent ion is
observed. The obtained vertical ionization energy of 11.07 eV does not differ significantly
and is within the resolution of our apparatus. The parent ion has the lowest formation
energy as is shown in Table 7.1. In Table 7.1, an overview of different relevant experimen-

87



Chapter 7

Figure 7.3: The electron kinetic energy distributions coincident with the various observed ions.
Two peaks, II and III, appear in the distributions of all fragment ions, while the parent ion is
correlated to a different single peak, I. The peaks I, II and III are observed at 2.85, 2.35 and 1.45
eV.

tal appearance energies from threshold photoelectron-photoion coincidence spectroscopy
by Seccombe et al. is given9. The most abundant fragment ion, CF2Br+, can be formed
after three-photon absorption, similar to the parent ion. From the similarity of the pho-
toelectron kinetic energy distributions for the various fragments can be concluded that
the fast ionization process precedes the various dissociation processes and occurs after the
same number of photons have been absorbed for all fragments. The ionization process is
assigned to occur after the lowest possible number of photons have been absorbed, which
is after three photon absorption. Subsequently, the fragments are either formed by di-
rect dissociation of the excited parent ion formed or the parent ion is dissociated after
absorption of one or more additional photons. The dissociation processes of the various
fragment ions will be discussed in section 7.3.2. The photodissociation of the parent ion
has been observed by us in a similar experiment with single-color 400 nm excitation of
CF3I and was recently reported12. The ionization was observed at the possible lowest
photon process, which is four-photon for the CF3I parent molecule. The parent ion and
CF+

3 + I can be formed after the four-photon absorption and also photodissociation of the
parent ion yielding CF+

3 + I and CF3 + I+ are observed where in total five photons have
been absorbed.

After three-photon ionization, the parent ion is formed in two valence states located at
11.57 eV and 12.47 eV above the neutral ground state, which is obtained by subtracting
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Ion AE (eV)
CF2Br+

2 (X̃2B2) 11.13a

CF2Br+ + Br (2P3/2) 11.0
CF+

2 + Br2 / 2Br (2P3/2) 13.22 / 15.8
Br+ + CF2Br unknown
Br+ + CF2 + Br 17.5
CF+ 19.2

Table 7.1: The appearance energies of the different ions observed in the femtosecond laser pulse
excitation of CF2Br2, taken from reference9 and references therein.
a Vertical ionization energy

the electron kinetic energies of 2.35 eV (II) and 1.45 eV (III) from the total excitation
energy of 13.92 eV. However, these states can not be stable because of their absence in
the photoelectron kinetic energy distribution of the parent ion. The values for the states
correspond very well to the first and third electronically excited states, Ã2B1 and C̃2A1

3

as observed in single-photon photoelectron spectroscopy. The multiphoton absorption
in our experiment allows for larger geometry changes during the ionization process and
could result in significantly different Franck-Condon overlap compared to single-photon
ionization. This could tentatively explain the observation of the first and third state and
absence or lower intensity for the formation of parent ions in the second excited state at
12.06 eV9. Moreover, it could explain the increased width of the photoelectron peaks as
compared to the photoelectron spectroscopy3. Note however, that the involved states have
been assigned from single-color measurements and this might not be completely justified
as multiple photons are absorbed.

7.3.2 Dissociation processes

The ionization process and the dissociation process are sequential as discussed previously
and we now turn to the dissociation processes. In all the measurements, the CF2Br+ frag-
ment represents the dominant contribution of the coincidence events and will be discussed
first. Results from both the single-color 267.4 nm excitation and a time-resolved study
with 267.4 nm and 400.1 nm are given, where the time-resolved study reveals dissociative
dynamics in the excited state of the parent molecule. The kinetic energy correlation be-
tween the electrons and ions is used to determine the formation processes of the CF2Br+

ionic fragment. Subsequently, the formation of the other fragments will be discussed only
for single-color 267.4 nm excitation, because no significant pump-probe contributions are
observed for any other fragment. Except for the CF2Br+ fragment, the formation of all
other fragments can be attributed to the photodissociation of the parent ion.

The formation of the CF2Br+ ion

The time-resolved study of CF2Br2 concerns predominantly the CF2Br+ fragment forma-
tion and the pump-probe transient of the CF2Br+ fragment is shown in Fig. 7.4. This
transient displays a significant pump-probe contribution at positive delay times, which
exceeds the cross correlation of the two laser pulses. The 267.4 nm pulse acts as the
pump pulse and the 400.1 nm as the probe. The background signal corresponds to the
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single-color contribution of the 267.4 nm pulse.

Figure 7.4: The pump-probe transient of the CF2Br+ fragment. The background signal originates
from multiphoton single-color 267.4 nm excitation and is indicated. A significant pump-probe
contribution is observed at positive delay times where the 267.4 nm pulse acts as a pump and the
400.1 nm pulse as the probe.

Three different energy correlation plots of CF2Br+ fragments and the coincident elec-
trons are shown in Fig. 7.5. In Fig. 7.5A, the correlation plot of the single-color 267.4 nm
experiment is shown and in 7.5B and 7.5C, the time-resolved plots at 0 fs and 1500 fs time
delay between the 267.4 nm and the 400.1 nm pulses are given, see also the pump-probe
transient in Fig. 7.4. The observed features in the correlation plots are indicated with
the numbers 1-4 and the corresponding laboratory frame angular distributions of these
features are given in Table 7.2. The total translational energy of the fragments (CF2Br+

+ Br) is used in the energy correlation plot, where conservation of linear momentum is
taken into account.

First, the results from single-color 267.4 nm excitation will be discussed, which consist
of the electron kinetic energy distribution in Fig. 7.3 and the energy correlation plot in
Fig. 7.5A. The appearance energy (AE) for the formation of CF2Br+ + Br (2P3/2) consists
of the dissociation energy of the parent molecule and the ionization energy of the fragment
and is reported to be 11.0 eV9, see Table 7.1. Three 267.4 nm photons are needed with
a total excitation energy of 13.92 eV yielding an excess energy of 2.82 eV. This excess
energy is indicated by a (blue) diagonal line in the energy correlation plot at 2.82 eV.
From the plot in Fig. 7.5A, the distribution of the excess energy over the translational
of the electrons and fragments and internal energy of the fragments can be extracted. As
discussed previously, the electrons obtain a kinetic energy of 2.35 eV (peak II) and 1.45
eV (peak III) as is observed in the kinetic energy distribution of Fig. 7.3. Feature 1 of the
energy correlation plot in Fig. 7.5A corresponds to peak II in the photoelectron kinetic
energy distribution and similarly feature 2 corresponds to peak III. Various competing
product channels 1 and 2 for the formation of the CF2Br+ fragment are observed in the
single-color 267.4 nm experiment.

Feature 1 originates from dissociation of the parent ion formed in the first excited
Ã2B1 state at 11.53 eV after three photon ionization3. Furthermore, the fragments obtain
kinetic energies up to 0.47 eV and a bimodal distribution is observed with peaks at 0
and 0.17 eV and is given in Fig. 7.6. The difference in total fragment kinetic energy

90



Femtosecond multiphoton excitation of CF2Br2

Figure 7.5: The correlation plots of CF2Br+, with the single-color 267.4 nm excitation in A and
the total fragment translational energy on the horizontal axis. Plots B and C are recorded in a
pump-probe configuration at 0 fs and 1500 fs delay between the 267.4 nm and 400.1 nm pulses.
Diagonal lines indicate the excess kinetic energy. In A, lines are drawn at 2.9 (blue) and 2.2 eV
(yellow), while another (red) line is shown at 1.25 eV in B and C. Features of the plot are indicated
by numbers 1-4 and are discussed in the text.

Process Ek,e (eV) Ek,i (eV) Ie(θ) Ii(θ)
1 2.2-2.7 0.1-0.3 β2 = 0.6 β2 = 0
2 1.2-1.7 0.2-0.6 β2 = 0.1 β2 = 0.9
3 0.7-1.1 0.1-0.3 β2 = 0.3 β2 = 0.5
4 0.55-0.85 0.2-0.6 β2 = 0.3 β2 = 0.3

Table 7.2: The parameters describing the angular distributions, I(θ), of the CF2Br+ ions and
the coincident electrons. The angular distributions have been obtained for correlated events of the
electrons and ions and the same numbering for the features 1-4 is used as in Fig. 7.5. The specific
kinetic energy (Ek) ranges of both particles is also given.

corresponds with the vibrational frequency of the CF2 stretch vibration in the CF2Br+

fragment of 1480 cm−1 (0.18 eV)2.
Less excess energy is converted into kinetic energy for feature 2 compared to 1, which is

due to internal energy of the fragments. The ejection of the electron leaves the parent ion in
the dissociative third valence state C̃2A1 at 12.35 eV3,9. Energy conservation dictates that
the fragments are formed with at least 0.75 eV internal energy, which can be attributed
to the formation of an excited state Br atom (2P1/2) and vibrationally excited CF2Br+,
possibly also the CF2 stretch vibration. The Br atom has one spin-orbit excited states
located 0.45 eV above the 2P3/2 ground state.

A neutral dissociative state

The time-resolved dissociation dynamics is represented by the pump-probe transient of
CF2Br+ shown in Fig. 7.4. The indicated background is due to single-color 267.4 nm
excitation, which has been discussed already. The pump-probe contribution at longer

91



Chapter 7

Figure 7.6: The total translational energy distribution of the fragments in coincidence with the
2.35 eV electrons for single-color 267.4 nm excitation zero and 1500 fs pump-probe delay times. At
time zero, the peaks are located at 0 and 0.17 eV, while the latter is shifted to 0.33 eV at longer
delay time.

delay times can originate from multiple excitation processes, as was observed for example
in NO2 at the same wavelengths15,16, but only a single process is involved here.

At 0 fs time delay between the pulses, feature 3 is observed in Fig. 7.5B, which
displays the same total translational energy distribution as feature 1 and is shown in
Fig. 7.6. However, the electron kinetic energies of processes 1 and 3 are different and
this corresponds to the difference in total excitation energy. For process 3 the electron
distribution peaks at 0.87 eV, and the excess energy is limited to 1.25 eV indicated by
the diagonal line (red). The excitation is assigned to two 267.4 nm photon plus one 400.1
nm photon absorption, which is from now on referred to as a (2+1’) photon process. The
parent ion is formed in the dissociative first excited Ã state, which is dissociative and
forms CF2Br+ + Br(2P3/2) as discussed previously9.

Feature 4 in Fig. 7.5C is observed at 1500 fs delay time with a maximum in the electron
kinetic energy at 0.69 eV. The total fragment translational energy is peaked at 0.33 eV
and is given in Fig. 7.6. This feature 4 is related to 3, because it originates from the same
photon process, i.e. (2+1’). The parent molecule is excited to 9.3 eV after the absorption of
two 267.4 nm photons, which corresponds to the fourth absorption band reported in direct
excitation with VUV radiation8. The band is assigned to an excitation of an electron from
the 4a1 to a 5s Rydberg state with large quantum defects which are close to the isolated
bromine atom. The excited parent molecule is completely dissociated in 1500 fs and 0.33
eV total fragment kinetic energy release. After the dissociation, ionization by the 400.1
nm probe photon gives rise to the 0.69 eV electron. Compared to the energy distribution
at time zero (feature 3), 0.16 eV is converted from electron kinetic energy into fragment
translational energy.

During the dissociation, an electronically excited CF2Br fragment and a ground state
Br atom are formed. The reported6 dissociation energy is equal to 2.84 eV, which leaves
6.46 eV internal energy to be distributed over the two fragments. The first excited 4P state
of Br is located at 7.86 eV above the ground state, which is much higher compared to the
6.46 eV internal energy and thus the CF2Br fragment is formed in an excited state. In

92



Femtosecond multiphoton excitation of CF2Br2

summary, the observed dissociative dynamics occurs after two-photon 267.4 nm absorption
at 9.3 eV excitation energy.

Overview of CF2Br+ formation

As discussed in the previous sections, the CF2Br+ fragment can be formed via different
processes. This occurs either via dissociation of the parent ion in the first and third excited
state or dissociation of the neutral parent molecule after two 267.4 nm photon absorption
followed by single-photon 400.1 nm ionization. An overview of the formation is given in
Fig. 7.7.

Figure 7.7: The energy levels involved in the formation of the CF2Br+ fragment are shown. The
CF2Br2 molecule is excited either by 3 photons of 267.4 nm or in a 2+1’ photon process in the
pump-probe configuration. The kinetic energies of the electrons and fragments are indicated by
arrows (red and green, respectively). The dissociation processes are indicated according to the
features 1-4 in Fig. 7.5.

Additional information is obtained from the angular distributions of both electrons and
fragments as presented in Table 7.2. The anisotropy of the fragments represent the disso-
ciation time and the different potential energy surfaces involved. Long dissociation times
compared to the rotational period of the molecule yield isotropic distributions because
rotation of the molecule reduces the anisotropy in the laboratory frame. Furthermore,
intermediate resonances affect the angular distributions in multiphoton excitation.

The dissociation of the parent ion in the pump-probe configuration at time zero yields
fragments with a slight anisotropy (β2=0.5) in the recoil, see Table 7.2 process nr. 3. The
dissociation of the parent molecule in the excited state after two photon absorption at 9.3
eV at longer delay times in process 4 yield the same anisotropy compared to the dissocia-
tion at time zero. This similarity is unexpected, because different states are involved and
the dissociation time is also not necessarily the same. However, the intermediate state has
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s-character and as a result small anisotropy is observed. Another pathway is the formation
via three photon 267.4 nm absorption and yields an isotropic angular distribution of the
fragments, see nr. 1 in Table 7.2. This could arise from a longer dissociation time or from
the contribution of different dissociative surfaces.

The formation of the CF+
2 and Br+ fragments

Contrary to CF2Br+ formation, the CF+
2 and Br+ fragments can not be formed after three

photon absorption. The formation of these ionic fragments requires the absorption of a
fourth photon by the parent ion. Fewer CF+

2 and Br+ ions are observed compared to the
CF2Br+ ions, although the CF+

2 and the Br+ fragment are two of the three most abundant
fragments in the multiphoton excitation of CF2Br2. Both fragments will be discussed here.

We will focus on the peak II at 2.35 eV in the electron kinetic energy distribution
of Fig. 7.3, leaving the parent ion in the first excited state. After absorption of another
photon, the parent ion is formed in a state at 16.16 eV above the ground state of the neutral
molecule or 5.00 eV above the ionic ground state. This excited state of the ion is broad and
assigned to the E/F states from single-photon photoelectron spectroscopy3,9. This excited
state of the parent ion at 16.16 eV above the neutral ground state has approximately equal
probability to form the Br+ and the CF+

2 fragment. The origin of this branching ratio is
not obvious, because the fragments can be formed via different processes.

The energy correlation plots of both the Br+ and CF+
2 fragments are shown in Fig. 7.8

A and C. Three boxes indicate the features for which the kinetic energy of both fragments
are extracted and are shown in B and D. The kinetic energy distribution for the Br+

fragment is given in Fig. 7.8 B, which is observed for all electron kinetic energies. The
kinetic energy distribution of the CF+

2 fragment in coincidence with the 2.35 eV and
1.45 eV electrons (peaks II and III) are shown in D. For both fragment kinetic energy
distributions, the maximum is at zero kinetic energy, but the widths are different.

First, the formation of the Br+ will be discussed, which is attributed to single-photon
dissociation of the parent ion in the first and third excited state. Br+ formation requires a
single C-Br bond dissociation with a reported value6,17 of 2.83 eV and ionization of 11.81
eV for the Br atom18. The sum of these energies yields the energetically lowest channel
and amounts to 14.64 eV, although Seccombe et al. reported an experimental value of
17.5 eV9, see Table 7.1.

The maximum kinetic energy of the Br+ fragment is 0.75 eV, which is taken at an
arbitrary level of 5% of the peak at the high kinetic energy side in Fig. 7.8B. The arbitrary
level corresponds approximately to the value at one full-width-at-half-maximum from the
peak of the distribution at the high energy side. By conservation of linear momentum, the
total kinetic energy of the fragments CF2Br + Br+ can be calculated according to

Ek(total) = Ek(Br+)(1 +mBr/mCF2Br) (7.1)

which results in a total translational energy of 1.61×0.75 = 1.21 eV and an appearance
energy of 16.16 - 1.21 = 14.95 eV. This value is slightly higher compared to the estimated
value of 14.64 eV, but the agreement seems reasonable and has not been reported previ-
ously to our knowledge. Other processes are also observed, which could be attributed to
significantly internally excited fragments but are not discussed any further.
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Figure 7.8: A) The energy correlation plot of the Br+ fragment, with the fragment kinetic energy
on the horizontal axis. B) The Br+ kinetic energy distribution observed in coincidence with the
2.35 eV electron peak. C) The energy correlation plot of the CF+

2 fragment, where two different
regions are indicated with (2) and (3). The corresponding fragment kinetic energy distributions
are shown in D. The maximum kinetic energies at a 5% level are indicated in both the graphs of
B and D and are 0.75 eV (1) for Br+ and 0.35 eV (2) and 0.75 eV (3) for CF+

2 .

The CF+
2 fragment can be formed after molecular elimination of Br2 or the sequential

dissociation of the two C-Br bonds6,17 and the corresponding AE’s are given in Table 7.1.
The kinetic energy of the CF+

2 fragment is shown in Fig. 7.8 D, but the determination of
the total translational energy of the fragments requires the knowledge of the dissociation
process. The photoelectrons having 2.35 eV kinetic energy correlate with fragments having
a maximum of 0.35 eV kinetic energy.

In case of instantaneous Br2 elimination or instantaneous dissociation of both C-Br
bonds, the total kinetic energy would be equal to 1.32×0.35 = 0.46 eV, which is derived
similar to equation 7.1. This mechanism results in an appearance energy of 15.7 eV from
dissociation of the parent in an excited state at 16.16 eV above the ground state, which
agrees with the case where both C-Br bonds are broken according to Table 7.1. The
sequential dissociation yields a total fragment kinetic energy of 2.63×1.63×0.35 = 1.50
eV and an experimental AE of 14.66 eV and can be excluded, because this AE is too low
compared to the theoretical value.

The other indicated feature (3) in the energy correlation plot of Fig. 7.8 C corresponds
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to electrons with 1.45 eV kinetic energy and the fragments obtain a maximum kinetic
energy of 0.75 eV. The same discussion is possible as above and an appearance energy
of 16.10 eV is derived for the same instantaneous dissociation process yielding two Br
atoms. However, this value is larger compared to the previous value of 15.7 eV and can
be attributed to spin-orbit excitation of one of the Br atoms.

To summarize, the origin of the CF+
2 and Br+ fragments is assigned to a three photon

ionization process followed by a one-photon dissociation of the parent ion and an overview
of the formation processes is given in Fig. 7.9. The Br+ fragment is formed together with
the CF2Br fragment and the derived appearance energy is 14.95 eV yielding ground state
fragments. The formation of the CF+

2 fragment is tentatively assigned to instantaneous
dissociation of both C-Br bonds on the basis of the energy distribution. The Br atoms are
either formed both in the spin-orbit ground state or one is excited and the other is not
on the basis of the derived appearance energies. These two cases probably arise due to
the different involved dissociative states of the parent ion. The overview in Fig. 7.9 also
include the appearance energies for the Br+

2 and CF+ fragments which form only minor
contributions and will be discussed next.

Figure 7.9: The energy levels involved in the formation of the different ionic fragments are
shown, which originate from parent ion photodissociation. The kinetic energy of the electrons and
fragments are indicated by red and green arrows,respectively.

The Br+
2 and CF+ fragments

The minor contributions in the single-color 267.4 nm coincidence experiment are the Br+
2

and CF+ fragments.
In principle, the Br+

2 fragment could be formed after single-photon dissociation of the
parent ion from the appearance energy given in Table 7.1, but a more thorough discussion
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is complicated by the data. The TOF distribution of the Br+
2 fragment is shown in Fig.

7.10A, where the broad TOF peak consist of three peaks for the different isotopologues
due to the two isotopes of the Br atom. The peaks overlap due to the significant recoil of
the fragment, which makes extraction of the kinetic energy distribution for this fragment
unfeasible. Contrary to the threshold photoelectron-photoion coincidence spectroscopy ex-
periment by Seccombe et al.9, the Br+

2 fragment is observed here although the contribution
is weak.

Several investigations have been reported about molecular elimination from halomethanes.
For example, ultrafast (<30 fs) molecular elimination of neutral Br2 after three 312 nm
photon absorption (11.9 eV) has been reported by Dantus and coworkers with femtosecond
time-resolved fluorescence19. Also, Radloff et al. and Roeterdink and Janssen observed
ultrafast elimination of I2 from CF2I2 after 267 nm excitation20,21. Here, the observed
broad TOF peak indicates fast fragments and an impulsive model at high excitation en-
ergy would favor short formation times22,23 although the time-dependence is currently not
investigated.

Figure 7.10: A) The TOF spectrum of the Br+2 fragment, where the isotopologues are indicated
and the different peaks overlap due to formation of fast fragments. B) The total translational
energy distribution of the CF+ fragment, where the line (4) is positioned at 1.65 eV and indicates
the maximum kinetic energy at 5% of the peak.

Now, the CF+ fragment will discussed briefly. The total translation energy of the CF+

fragment is displayed in Fig. 7.10 B. The broad peak has a maximum at 0.25 eV and a
value for the 5% level at high kinetic energy of 1.65 eV. The AE of the CF+ + FBr + Br
fragments is expected at 16.37 eV, while the experimental value of Seccombe et al. is 19.2
eV9, see Table 7.1. The value of 16.37 eV is given in the energy level scheme of Fig. 7.9.
The observation of the CF+ ion is assigned to a two-photon dissociation of the parent ion
on the basis of the energetics involved. The significant kinetic energy of the CF+ fragment
is likely to be the result of a complex dissociation process. Several other neutral fragment
can be formed with kinetic and internal energy. And the lowest formation energy is
already above the excited state of the ion in a one-photon dissociation process. Therefore,
the assignment of two-photon absorption by the parent ion seems justified. However, the
dissociation after one photon absorption and subsequent absorption of another photon by
the CF2Br fragment has been reported in the neutral molecules with longer laser pulses4,5.
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7.4 Conclusion

By use of coincidence imaging detection of all charged particles, the kinetic energy of the
electrons and partner ions have been obtained. The energy correlation due to the coinci-
dence measurement is a valuable piece of information in multiphoton excitation studies,
because it enables the distinction between the different processes involved without any re-
striction in the excitation or detection of the ions and electrons. An additional advantage
is that information about all observed ions formed in the multiphoton excitation process
is obtained in one single measurement.

The femtosecond excitation of the CF2Br2 molecule yields a large set of different frag-
ments and some of the various formation processes could be assigned for the single-color
267.4 nm excitation. Three-photon ionization of the parent molecule is observed yielding
predominantly CF2Br+ and ground state parent ions as a small contribution. The inter-
mediate state after two-photon 267.4 nm absorption is dissociative and results solely in
the excited state CF2Br fragment and a Br atom. Some of the available energy after the
excitation is converted into fragment kinetic energy.

Furthermore, photodissociation of the parent ion leads to the formation of the other
fragments. The Br+ fragment is formed together with the CF2Br fragment and an ap-
pearance energy of 14.95 eV is derived. The same process occurs for the CF+

2 fragment
formation and the same excited states of the parent ion is involved. A tentative assign-
ment of the responsible process could be made on the basis of the energetics involved.
Instantaneous dissociation of both C-Br bonds yields an appearance energy which is in
reasonable agreement with the expected formation of the CF+

2 + 2 Br fragments.
Finally, the fragments Br+

2 and CF+ have been observed. The Br+
2 fragment has not

been reported previously and is assigned to the same excitation process as discussed for
Br+. However, due to the formation of fast fragments, no appearance energy could be
derived. The same is true for the CF+ fragment, but the fragment can only be formed
after the absorption of two photons by the parent ion.

The coincidence imaging technique has proven to be a valuable tool for the study of
multiphoton excitation of CF2Br2. Although femtosecond excitation favors multiphoton
absorption of both the pump and probe pulses, complex dissociation behavior can be
studied and understood.
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Chapter 8

Recoil-frame photoelectron

angular distributions of

nitromethane

The coincidence imaging technique is employed to study the single-color multiphoton ex-
citation of nitromethane, CH3NO2. The formation of the parent ion is attributed to
removal of an electron from the highest and second highest occupied molecular orbital of
the ground state molecule, which follows directly from the kinetic energy distribution of
the coincident photoelectron. Besides parent ions, also the CH+

3 and NO+
2 ionic fragments

are observed which are formed via dissociative ionization. The CH+
3 and NO+

2 ionic frag-
ments are predominantly formed after five-photon absorption as derived from the kinetic
energy correlation of the photoion and photoelectron. For this five-photon process, the
so-called recoil frame photoelectron angular distributions (RFPAD) have been obtained
by determining the direction of the electron with respect to the ionic fragments. The
RFPADs are strongly asymmetric and show a strong propensity for electron ejection in
the direction of the CH3 moiety of the nitromethane molecule. The ionization is attributed
to removal of an electron from the 9a’ orbital, which has a significant electron density on
the CH3 moiety. The character of the orbital is correlated to the RFPAD appearance.
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8.1 Introduction

The chemical and physical properties of molecules are determined by their electronic charge
distribution. Our understanding of molecules and their charge distribution has been sig-
nificantly improved by gas phase methods where one of the electrons is removed. This is
especially true for photoelectron spectroscopy in which the kinetic energy of the resulting
electron is determined after single photon absorption1–3. The kinetic energy of the electron
corresponds to the energy of the electronic states of the molecule from which it originated.
Time-resolved photoelectron spectroscopy enables the determination of nuclear dynam-
ics in a molecule4. Combined with velocity map imaging5–7, the photoelectron angular
distribution (PAD)8,9 of the recoiling electron in a photo-ionization experiment can be de-
termined. This PAD relects the transition dipole moments of the initial bound state to the
final state of the ion and the electron scattering dynamics and contains information about
the initial charge distribution of the molecule under investigation. Also, the excited states
can be probed by multiphoton excitation. In a different kind of experiment, Itatani et al.10

reported the reconstruction11 of the highest molecular orbital for O2 and N2 and later for
N2O4 by Li et al.12 from the high harmonics spectrum generated by intense femtosecond
laser pulses.

In this experiment, coincidence imaging is employed13–15, which comprises of the coin-
cident detection of the full three-dimensional momentum distribution of both the ion and
electron ejected in a molecular dynamical process. This technique allows for the measure-
ment of the angular correlation of the electron with respect to the recoiling fragment16–18.
This correlated angular distribution is called the recoil-frame photoelectron angular dis-
tribution (RFPAD). In the axial recoil approximation, the recoil direction defines the
orientation of the dissociated molecular bond in space and can be related directly to the
molecular frame19–23. However, the direction of the recoiling fragments depends on the
dynamics of the dissociation process and the resulting ion can dissociate on the timescale
of the rotation of the ion. In such a case, the molecular frame PAD (MFPAD) becomes
smoothed and reduces to the recoil frame PAD (RFPAD)24. For non-linear polyatomic
molecules, the orientation of the fragments with respect to the molecular bond cannot be
resolved and only the RFPAD can be obtained25. The RFPAD of NO2 was determined in
single-photon dissociative photoionization in the VUV energy range at 14.4 eV and 22.0
eV by Toffoli et al.24. Downie and Powis reported experimental and theoretical MFPAD of
CF3I between 13.0 and 13.8 eV, where the experimental MFPADs showed significantly less
rich structure which was attributed to long dissociation times compared to the rotational
period of the parent ion26–28.

Here, the molecule under investigation is nitromethane and the photoionization spec-
trum was determined in a study by Rabalais29 and later by Mok et al.30. The vertical
ionization energy of the first two photoelectron bands are 11.32 eV and 11.73 eV. These
bands display vibrational structure, which was assigned to the NO2 bending mode (565
cm−1) and originates from a large difference of the bond angle of the NO2 group in the
parent ion compared to the neutral molecule. The three highest occupied molecular or-
bitals are calculated to be the two lone pair orbitals and one π-bonding orbital of the
NO2 moiety of nitromethane. The two lone pair orbitals are nearly degenerate and their
symmetry was revealed by angular resolved photoelectron spectroscopy and the change of

102



Recoil-frame photoelectron angular distributions of nitromethane

the angular distribution with photoelectron energy by Katsumata et al.31. Furthermore,
at higher energy two broad bands at 14.73 eV and 15.75 eV vertical ionization energy were
also observed.

At lower excitation energy, the UV absorption spectrum consists of two bands. One
weak band in the energy range of 3.5-5 eV and a strong band centered at 6.26 eV extending
over a range of 5.5 -7.5 eV32. Absorption of a photon in these energy ranges leads to
the cleavage of the C-N bond33,34 and the formation of the CH3 and NO2 fragments.
Electronically excited NO2 fragments were found in theoretical and experimental studies,
while the CH3 fragment has almost no internal energy35.

In this chapter, the RFPADs of nitromethane are investigated after femtosecond single-
color multiphoton excitation at 400 nm and pulses with an intensity of 1×1012 W/cm2,
which is less intensity than used in the experiments performed by Itatani et al.10. First,
the relevant experimental conditions are discussed briefly in section 8.2. Theoretical calcu-
lations have been performed by R. Carey (in the group of R.R. Lucchese from Texas A&M
University, USA) and the theoretical method will be described16,17,22,24. The results in
section 8.4 will mainly focus on the CH+

3 and NO+
2 fragments and include the photoelec-

tron kinetic energy distributions and energy correlation plots. These experimental results
will be discussed in section 8.5.

8.2 Experimental

The photoelectron-photoion coincidence instrument is described in chapters 2-415. Ni-
tromethane (Sigma-Aldrich > 99%) is seeded in argon by bubbling the gas through the
low vapor pressure liquid. The detection of the electrons and coincident fragments is per-
formed on two separate 3D detectors, positioned orthogonally to the molecular beam. The
charged particles are accelerated towards these detectors with electric leses in a velocity
map imaging configuration36. The electron detector is calibrated with xenon. The resolu-
tion is limited by the femtosecond laser excitation to ∼ 50 meV. The single-color excitation
is performed with photons of 399.6 nm, which is the second harmonic of the commercial
(Spectra Physics) Titanium-Sapphire femtosecond laser running at 5 kHz. Linearly polar-
ized pulses with an energy of 20 µJ and a duration of 150 fs full-width-at-half-maximum
(FWHM) are employed. The photon beam is focused to a spot size of approximately 100
µm leading to an intensity of 1×1012 W/cm2.

8.3 Theory

The energy and electron distribution of the molecular orbitals are obtained by use of the
GAUSSIAN 03 code suite37 with geometry optimization in Cs (staggered) symmetry at
the Hartree-Fock level and using a aug-cc-pvtz basis set. These orbitals are used in the
calculation of single-photon dipole matrix elements within the frozen-core Hartree-Fock
approximation via the Schwinger variational method with Padé approximant corrections
in a single-center expansion38,39. The final state is the product of a dissociative ionic
state and the partial wave components of the continuum electron. Matrix elements for
ionization from two different orbitals with single-center expansion of the bound and con-
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tinuum orbitals were obtained with maximum angular momentum of 40 near the molecule
and 20 at asymptotic radial distances. The Perdew-Zunger density functional correlation
potential was incorporated in the scattering equation to recover the dynamics correlation
of the continuum orbital with the bound orbitals40.

The RFPAD can be expressed in terms of real functions FLN (θk), which result from
rotations of the transition matrix elements from the molecular frame into the recoil frame.
These functions are calculated for different electron kinetic energy and different excitation
geometries. For linearly polarized light, the expression of the RFPAD in terms of the
FLN (θk) functions is given by

Iµ0(θk, φk, θn, φn) = F00(θk) + F20(θk)P 0
2 (cos θn) (8.1)

+ F21(θk)P 1
2 (cos θn) cosφk − φn

+ F22(θk)P 2
2 (cos θn) cos 2(φk − φn)

where the angles (θn, φn) correspond to the direction of the polarization vector of the
linearly-polarized light (µ0), with respect to the molecular reference frame. The angles
(θk, φk) describe the direction of the photoelectron momentum and the Px2(cos θ) are the
associated Legendre moments. The RFPADs can be obtained for any for any orientation
of the photoelectron direction and light polarization in the recoil frame when the FLN(θk)
functions are known. Therefore, besides the molecular orbitals, these functions have been
calculated and will be presented in section 8.4.5.

8.4 Results

This section starts with the time-of-flight spectrum of nitromethane after multiphoton 400
nm excitation. Subsequently, the velocity map images of the various ions and their coin-
cident electrons are given in section 8.4.2. The kinetic energy of the particles as well as
the angular distribution of both the ions and their coincident electrons are extracted from
the velocity map images. First, the energy correlations of the CH+

3 and NO+
2 fragments

will be presented in section 8.4.3. The energy correlation plots yields valuable information
while it can be used to distinguish different dynamical processes in the molecule under
investigation. Also, the number of photons absorbed can be determined from the total
kinetic energy. The total energy of the photons is partially consumed by the dissociation
and ionization and the excess can be converted into kinetic energy of both particles. How-
ever, internal excitation causes a decrease in the excess energy and could complicate the
interpretation.

Subsequently, the angular distributions of the ions and electrons in the laboratory
frame are given in section 8.4.4. These angular distributions are expanded in even Legendre
polynomials according to I(θ) = 1 + β2P2(cosθ) + β4P4(cosθ), where β2 and β4 represent
the anisotropy of the distribution. The angle θ defines the recoil direction with respect to
the linear laser polarization. The β2 and β4 parameters are determined by a least-square
fit of the angular distribution. Furthermore, from the angular correlation between the
fragment and the electron, the recoil frame photoelectron angular distributions (RFPADs)
are obtained, which are presented in section 8.4.4.
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8.4.1 The time-of-flight spectrum

The time-of-flight (TOF) spectrum of nitromethane is shown in Fig. 8.1. Single-color 400
nm excitation of nitromethane results in the formation of the parent ion as well as several
fragment ions. Only the formation of the parent ion making up 44% of the events and the
fragment NO+

2 (8%) and CH+
3 (18 %) ions will be discussed. The NO+ fragment represents

30% of the coincidence events.

Figure 8.1: The time-of-flight spectrum of nitromethane after femtosecond excitation at 400 nm.
The dominant product is the parent ion, but several fragments are observed as well. The formation
of the CH+

3 and NO+
2 fragments are discussed in the text.

8.4.2 Velocity map images and photoelectron spectra

The velocity map images of the parent ion, CH3NO+
2 , and both the CH+

3 and NO+
2 ionic

fragments together with their coincident electron images are shown in Fig. 8.2. The laser
polarization is horizontal in all the images.

Figure 8.2: The velocity map images of the CH3NO+
2 , CH+

3 and NO+
2 are shown in A, B, and

C. The coincident electron images are given in D, E, and F, respectively. The polarization of the
excitation beam is horizontal.

The parent ion image in Fig. 8.2A shows no recoil and the fragments have obtained
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kinetic energy due to the recoil from the dissociation. The laboratory frame anisotropy
of the electrons observed in coincidence with the parent ion is described by β2 = 0.5
and β4 = 0.4. The angular distributions of the CH+

3 and NO+
2 fragments and coincident

electrons will be given in section 8.4.4.
The photoelectron kinetic energy distributions observed in coincidence with the parent

CH3NO+
2 ion and both the CH+

3 and NO+
2 ionic fragments are shown in Fig. 8.3.

Figure 8.3: The photoelectron kinetic energy distributions observed in coincidence with the
parent ion and both of the fragments CH+

3 and NO+
2 ions.

The photoelectron distribution of the parent ion has a dominant peak at 0.68 eV with
a FWHM of 0.26 eV. A small peak with slightly higher kinetic energy centered at 1.08 eV
and a width of 0.35 eV are also observed. The kinetic energy distributions of the CH+

3

fragments shows a broad peak at 0.56 eV with a FWHM of 0.56 eV. A similar peak in the
distribution belonging to the NO+

2 fragment is obtained, additionally a peak at 0.1 eV is
observed. The angular distributions of the photoelectron peaks are discussed in section
8.4.4.

8.4.3 Energy correlation

The energy correlation plots of both ionic fragments are shown in Fig. 8.4. The total
translational energy is used, which is calculated employing momentum conservation.

The plots of Fig. 8.4 can be used to distinguish different formation processes and
to determine the total kinetic energy for each process. Fig. 8.4A of the CH+

3 fragment
shows only one formation process, 1, with a total kinetic energy of 1.6 eV. Two different
processes are observed for the NO+

2 fragment, indicated with 2 and 3. Process 2 is the
dominant process for NO+

2 formation and yields electrons with 0.56 eV kinetic energy and
approximately 1 eV translational energy for the fragments, similar to process 1 observed
for the CH+

3 fragment. For process 1, the number of events for the CH+
3 fragment is equal

to 9.1 % of all the coincidence events observed for nitromethane. The energy ranges were
0.25-1.0 eV for the electron and 0-1.2 eV for the fragments. For process 2, this is 4.1% for
the NO+

2 fragment in the same energy range as for the CH+
3 fragment. Process 3 for the

NO+
2 fragment constitutes of only 0.5 % of all the events even though the contribution can
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Figure 8.4: A) The energy correlation plot of the CH+
3 fragment with its coincident electrons. A

single formation process is observed, indicated with 1. The total kinetic energy is limited to 1.6
eV, indicated with the diagonal line. B) The energy correlation diagram of NO+

2 , which shows two
different formation processes, 2 and 3. The dominant process, 2, has a total kinetic energy liited
by 1.6 eV similar to the CH+

3 fragment. Process 3 consists of low kinetic energy electrons and low
kinetic energy fragment ions.

be observed clearly in the photoelectron kinetic energy distribution of Fig. 8.3.
The description of the angular distributions of the electrons and fragments can be quite

complicated when different formation processes are involved. However, the coincidence
technique allows the selective determination of the angular distributions of all the different
processes separately. The angular distributions will now discussed in section 8.4.4.

8.4.4 Angular distributions

The angular distributions of the CH+
3 and NO+

2 fragments and their coincident electrons
are summarized in Table 8.1. The angular distributions of the electron and ion are derived
from the correlated events from Fig. 8.4. For the electrons, the energy range is 0.3-0.8 eV
for both fragments. The translational energy range of the fragments is 0-1.2 eV.

Ions Electrons
CH3 β2 = 1.9 and β4 = 0.6 β2 = 0.7 and β4 = 0.4
NO2 β2 = 1.7 and β4 = 0.7 β2 = 0.7 and β4 = 0.4

Table 8.1: Anisotropy parameters for the CH+
3 and NO+

2 fragments and their coincident electrons.
Processes 1 and 2 from Fig. 8.4 are selected to determine the angular distribution and these are
fitted with an expansion of Legendre polynomials. The kinetic energy range for the electrons is
0.3-0.8 eV and is 0-1.2 eV for the fragments.

The direction of the electron with respect to the recoiling fragment gives the RFPAD
and these are shown in Fig. 8.5 for both the CH+

3 and NO+
2 fragments. The fragments

recoiling within an angle of 20 degrees with respect to the laser polarization direction are
selected. The RFPAD shown in Fig. 8.5A corresponds to the CH+

3 ionic fragment with
the CN bond aligned parallel to the 0-180 degree vertical axis. Fig. 8.5B corresponds to
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Figure 8.5: A) The RF-PAD of CH+
3 , the recoil direction of the fragments are indicated. B) The

RF-PAD of NO+
2 . In both RF-PADs, the recoiling fragment are within a slice of ±20 degrees with

respect to the laser polarization.

the RFPAD of the NO+
2 ionic fragment. As can be seen from Fig. 8.5, the RFPADs are

very asymmetric along the dissociating bond with a preference of the electron ejection in
the direction of the CH+

3 and CH3 fragments in 8.5A and 8.5B, respectively. Also, the
RFPADs are similar, but the RFPAD in 8.5B is rotated by 180 degrees with respect to
the RFPAD in 8.5A, which is only due to the different orientation of the molecular bond
in the two figures.

RF-PAD a1 a2 a4 a6

CH+
3 (Fig. 8.5A) 0.45 0.96 0.63 0.37

NO+
2 (Fig. 8.5B) -0.46 1.02 0.73 0.34

Table 8.2: The coefficients for the expansion in Legendre polynomials describing the RFPADs
shown in Fig. 8.5

The RFPADs can also be expanded in terms of Legendre polynomials, as discussed
previously in section 8.4 for the laboratory frame angular distributions. However, also
the odd Legendre polynomials are used to fit the distribution instead of only the even
polynomials for the laboratory frame distribution. The RFPAD is described by I(θ) =
1 +

∑
N aNPN (cos θ), where the βN parameters are replaced by the an parameters for

distinction between the laboratory and recoil frame distributions. In the analysis, the
expansion is truncated at N=6 and not all the polynomials have a significant contribution.
The an parameters are given in Table 8.2.

The a1 parameter is causing the asymmetry along the dissociating bond and is of
oppositive sign for the two RFPADs of CH+

3 and NO+
2 . Instead of taking the recoil along

the laser polarization axis as in Fig. 8.5, other recoil angles for the fragments can be taken
and two are shown in Fig. 8.6. The distribution becomes more isotropic when the angle
between the recoiling fragment and the laser polarization becomes larger.
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Figure 8.6: A) The RFPAD of CH+
3 fragments recoiling between 30 and 50 degrees with respect to

the laser polarization. The RFPAD is described by the parameters a1 = 0.28, a2 = 0.63, a4 = 0.23,
and a6 = 0.05. B) The RF-PAD of recoiling CH+

3 with angles between 50 and 70 degrees with
respect to the laser polarization. This distribution is almost isotropic and the parameters of the
expansion are almost zero.

Orbital Calc. Energy (eV) Experimental (eV)
4a” (πCH3) 16.104 15.70 eV (4th)
9a’ (πCH3) 15.398 14.70 eV (3rd)
6a” (π2) 11.962 11.72 eV (2nd)
10a’ (n+

0 ) 11.869
11.31 eV (1st)

5a” (n−0 ) 11.814

Table 8.3: The experimental energy of the orbitals of nitromethane and their assignment by Mok
et al.30. Theoretical values are obtained with outer valence method, see text.

8.4.5 Calculations

First, the molecular orbitals of nitromethane in a staggered configuration have been cal-
culated. The molecular orbital configuration of the five highest occupied orbitals in the
Cs symmetry group is

....(4a”)2(9a′)2(5a”)2(10a′)2(6a”)2 : X1A′ (8.2)

The orbitals are ordered according to the energy calculated at the level of second-order
Møller-Plesset perturbation theory with GAUSSIAN 0337. However, the valence ionization
potentials have been calculated with the outer valence Green function method available
in GAUSSIAN 03, while these values are closer to the experimental orbital energies. Both
the theoretical and experimental orbital energy values plus the assignment of the orbitals
made by Mok et al.30 are given in Table 8.3. The electron densities of the five highest
orbitals are shown in Fig. 8.7. The calculations are done by W-J. van Zeist employing the
Amsterdam Density Functional (ADF) program41,42, which is based on density functional
theory (DFT)43–46. The electron densities found by ADF are similar to the ones calculated
by GAUSSIAN 03.

The electron density of the orbitals as shown in Fig. 8.7 are in agreement with previous
INDO calculations by Rabalais29 and ab initio SCF MO calculations by Mok et al.30.
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Figure 8.7: The highest molecular orbitals of nitromethane in the ground state. The CH3 group is
located on the left side of the molecule. The labels are taken from Table 8.3, where the assignment
of the different orbitals can be found also. The figures are taken from a calculation made

Notice that in Table 8.3 the 9a’ and 4a” orbitals correspond to the third and fourth
experimentally observed photoelectron peaks and have significant electron density at the
CH3 moiety of the nitromethane molecule. The 9a’ and 4a” orbitals have been employed in
the dipole matrix elements calculation as described in section 8.3. The FLN (θk) functions
for these two orbitals have been obtained for different angles between the laser polarization
and the molecular axis, but only the results for the parallel case (θn=0) will be given here.
The electron kinetic energy i the calculations is equal to 0.5 eV, almost similar to the value
of 0.56 eV obtained in the experiment, see section 8.4.2.

The FLN (θk) functions for the 9a’ and 4a” orbitals are shown in Fig. 8.8 A and B. From
these functions, the RFPADs can be obtained, see equation 8.1 which can be simplified
for the situation where the recoil axis is parallel to the laser polarization (θn = 0). The
simplified equation becomes

I(θk) = F00(θk) + F20(θk) (8.3)

by taking the values of the associated Legendre moments for θn = 0. The calculated
RFPADs are shown in Fig. 8.8 C and D and are plotted in a similar way compared to
the results shown in Fig. 8.5. However, the RFPADs in Fig. 8.8 do not display the same
characteristics as observed experimentally.

8.5 Discussion

First, the photoelectron kinetic energy distribution and formation of the parent ion will
be discussed. Subsequently, the formation process of the fragments can be derived by
use of the kinetic energy correlation plot. Moreover, the RFPADs of the NO+

2 and CH+
3

fragments are addressed.
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Figure 8.8: A) The FLN (θk) functions for the 9a’ orbital. B) The FLN (θk) functions for the 4a”
orbital. C) The RFPAD of the 9a’ orbital. C) The RFPAD of the 4a” orbital.

8.5.1 Parent ion formation

As previously given in Table 8.3, the ionization energy of the parent is 11.31 eV, which
requires the absorption of four 400 nm photons with a total excitation energy of 12.4 eV.
The photoelectron kinetic energy distribution in Fig. 8.3 contains two peaks at 0.68 and
1.08 eV corresponding to the removal of electrons from the 6a” and 5a’ orbitals. Sub-
tracting the electron kinetic energy from the total photon energy yields vertical ionization
energies of 11.72 eV and 11.32 eV, respectively. These values are exactly in agreement
with the observation by Mok et al.30, see Table 8.3. Moreover, similar to our results, they
observe higher intensity for the peak at 11.72 eV. A larger intensity difference between the
two photoelectron peaks is obtained in our experiment. This larger intensity difference
is attributed to the multiphoton absorption compared to the single-photon absorption by
Mok et al.30, where the Franck-Condon constraints are more relaxed. They also observe
vibrational structure in both peaks, which is absent in the photoelectron kinetic energy
distribution of Fig. 8.3. The vibrational progression of the NO2 bending mode indicates
significant change in bending angle in the parent ion. The multiphoton experiment allows
for more geometrical changes of the intermediate states during the excitation process.
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8.5.2 Dissociative ionization

The formation of fragment ions requires a total excitation energy exceeding the disso-
ciation energy of the parent plus the ionization energy of the fragments. Femtosecond
laser pulses enable the absorption of multiple photons due to the high peak power of the
laser pulse. Furthermore, because of the short pulse duration, multiple photons are easily
absorbed and ionization is likely to occur before the dissociation can take place, which
is also called dissociative ionization. The ionization process is fast and can occur during
the laser pulse, while the dissociation process is much slower and cannot be completed
during the excitation process. However, the temporal width of the pulse allows for some
geometry changes and the Franck-Condon constraint is somewhat relaxed. Kilic et al.47

have observed single-color multiphoton ionization of nitromethane with 90 fs laser pulses
at 375 nm. Their experiment (with a slightly shorter pulse) showed a time-of-flight (TOF)
spectrum comparable to the TOF spectrum of Fig. 8.1, although the NO+ peak was
comparable in intensity to the parent ion peak. With nanosecond pulses, a completely
different TOF spectrum is obtained, because dissociation of the neutral parent molecule
can occur within the laser excitation as well.

The reported appearance energy (AE) or minimum energy needed to obtain the CH+
3

and NO+
2 fragments are 12.6 eV and 12.1 eV, respectively48,49. The total excitation en-

ergy of four 400 nm photons is 12.4 eV, which would allow only the NO+
2 ion and CH3

neutral fragments to be formed. In the energy correlation plot shown in Fig. 8.4B, the
four-photon formation of NO+

2 can be observed and is indicated by process 3. The slow
fragment correlated with the slow electrons have a total kinetic energy of approximately
0.3 eV, which is equal to the excess energy in the four-photon excitation. The ionization in
this four-photon process occurs at 12.4 eV, which is above the second experimental photo-
electron peak at 11.72 eV. In single-photon photoelectron spectroscopy, a large vibrational
progression of the vibrational bending mode of the NO2 moiety is observed30. Therefore,
the parent ion is highly vibrationally excited and could thus dissociate to NO+

2 and CH3.
However, not much NO+

2 is formed after four-photon absorption, which corresponds to
only 0.5% of the total coincidence events observed for nitromethane. The total number of
events of NO+

2 represent 8%, see section 8.4.1. The low probability is attributed to the fact
that large geometrical changes are required for the formation of the fragments. While the
CH3 is planar and the NO+

2 fragment is linear, the CH3 moiety has a pyramidal geometry
and the NO2 moiety is bend in the nitromethane molecule.

Most of the NO+
2 fragments obtain significant kinetic energy. Process 2 in the energy

correlation plot of Fig. 8.4B corresponds to electrons with 0.56 eV kinetic energy and
approximately 1 eV for the fragments. In Fig. 8.4A for the CH+

3 fragment, a similar
distribution for process 1 is obtained. Both formation processes are attributed to five-
photon absorption with a total excitation energy of 15.5 eV. The total observed kinetic
energy for both processes is 1.6 eV and therefore an upper bound of the AE of 13.9 eV
is obtained for both the CH+

3 and NO+
2 fragments. This value is higher compared to the

reported AE values of 12.6 eV and 12.1 eV48,49 and the difference is due to internal energy,
which amount up to 1.3 and 1.8 eV, respectively. Taking a total excitation energy of 15.5
eV and a photoelectron kinetic energy of 0.56 eV yields a vertical ionization energy of 14.95
eV. Therefor, the electron could be removed from the 9a’ orbital in the ionization process,
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with an experimental vertical ionization energy of 14.70 eV, see Table 8.3. Moreover, there
seems to be a correspondence between the electron density of the calculated 9a’ orbital in
Fig. 8.7 and the RFPAD in Fig. 8.5. The electron density of the 9a’ orbital is located on
CH3 moiety of the nitromethane molecule and the RFPAD shows a preferential ejection of
the electron in the direction of the CH3 moiety. The fragments recoil distribution shows a
strong anisotropy with respect to the laser polarization indicating that the dissociation is
direct and fast. Therefore, the recoil direction of the fragments are not too much affected
by the dissociation process and the axial recoil approximation seems justified.

The apparent correspondence between the RFPAD and the molecular 9a’ orbital is
not supported by the calculations performed so far, see Fig. 8.8C and 8.8D. The electron
kinetic energy and total excitation energy in the calculation was taken similar to the
experiment. The calculated RFPADs do not show a maximum in the distribution of
the emitted photoelectron in the direction of the recoiling fragment. According to the
calculation, the photoelectron is emitted at a large angle (30-60 or 60-90 degrees) with
respect to the recoiling fragment. However, the calculation has been performed for single-
photon dissociative ionization, while the experiment is multiphoton dissociative ionization.
The multiphoton excitation allows for a contribution of intermediate states, which have
not been taken into account. The difference between experiment and calculation could also
be attributed to the geometric and electronic configurations of the parent ion used in the
calculation in the final state wavefunctions. The parent ion can have larger geometrical
changes compared to the neutral molecule.

Independent of the ionization, the dissociation of the parent ion takes place at 15.5 eV-
0.56 eV = 14.94 eV above the ground state of the molecule. This dissociation is assumed
to be fast due to the large anisotropy of the ionic fragments, see Table 8.1. The branching
ratio of the dissociative state and/or the preceding excitation for the CH+

3 : NO+
2 is

approximately equal to 2 : 1, see section 8.4.3. This branching ratio could be explained
tentatively on the basis of geometrical changes of the products with respect to the initial
geometry within the molecule. The formation of NO+

2 is less likely, because both CH3

fragment is planar and NO+
2 fragment is linear, while only the CH+

3 fragment is planar
and the NO2 fragment remains mostly in its original bended geometry. Therefore, the
least geometrical changes are required for the CH+

3 formation. The total kinetic energy is
identical in the formation for both the NO+

2 and CH+
3 ions.

8.6 Conclusions

In summary, the energy level diagram of nitromethane is shown in Fig. 8.9 together with
the excitation, ionization and dissociation processes. The absorption of four photons of
400 nm enables the ionization of the parent nitromethane molecule and the formation of
the NO+

2 fragments. In the formation of the parent ion, the electron is primarily removed
from the 10a’ orbital, see Table 8.3. The photoelectron kinetic energy distribution observed
in coincidence with the parent ion yields a vertical ionization energy of 11.31 eV for the
highest occupied molecular orbital and 11.72 eV for the second highest orbital. These
results are in perfect agreement with the photoelectron spectroscopy results of Mok et
al.30 even though multiphoton ionization is employed here.

The absorption of a five 400 nm photons is required for the formation of the CH+
3 .
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Figure 8.9: Energy level diagram of CH3NO2, see text for discussion.

Also, the NO+
2 fragments are predominantly formed via this five-photon process and the

mechanism is attributed to dissociative multiphoton ionization of the 9a’ orbital. After
removal of the electron by multiphoton ionization at 400 nm, the parent ion subsequently
dissociates very fast and produces fragments with large anisotropic laboratory angular
distributions. The recoil direction of the fragments corresponds to the direction of the
molecule in space.

In this experiment, RFPADs are found for both the CH+
3 and NO+

2 fragment which
display a preference for ejection of the electron in the direction of the CH3 moiety of the
nitromethane molecule. Taking the energetics of the process into account, the ionization
occurs from the 9a’ orbital. This 9a’ orbital has a significant electron density at the
CH3 moiety of the molecule. Therefore, there seems to be a correspondence between
the electronic charge distribution of the initial orbital and the experimentally obtained
RFPADs of the fragments. Although little agreement with theoretical calculations is
currently obtained, the coincidence imaging technique can provide a way of investigating
the electronic charge distribution of molecules by use of recoil frame photoelectron angular
distributions.
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Chapter 9

Photoelectron angular

distributions of xenon and krypton

The multiphoton ionization of xenon and krypton is investigated by use of femtosecond
laser pulses at 400 nm and 266 nm. Both single- and two-color excitation is employed at
these wavelengths. The photoelectron kinetic energy distribution is used to distinguish the
various photon processes and for each process the angular distributions is obtained. The
three-dimensional detection of the photoelectrons allows for the measurement of the full
angular distributions, even in cases where no cyllindrical symmetry is present. This is true
for two-color excitation with orthogonal laser polarizations and the angular distributions
of xenon and krypton have been recorded for such excitation schemes.



Chapter 9

9.1 Introduction

Photoelectron spectroscopy is a proven technique in molecular spectroscopy1–3. For exam-
ple, the molecular orbital energies can be derived by use of Koopman’s approximation as
well as information about the Franck-Condon overlap between the ground and ionic state.
Conventional photoelectron spectroscopy employs a single high energy (>10 eV) photon
and the photoelectron kinetic energy is measured. Moreover, the photoelectron angular
distribution can be acquired for specific electron kinetic energies. This angular distribu-
tion is sensitive to the initial and final states, where the latter involves interference effects
of the different photoelectron partial waves in the energy continuum. This interference is
caused by the different phase shifts, which represent the interaction of the electron with
the ion core. Multiphoton ionization and photoelectron angular distributions (PADs) of
alkali atoms4–8 and rare gas atoms9–11 have been the subject of investigations since several
decades. By use of multiphoton ionization, intermediate bound states can be probed as
well.

Multiphoton ionization requires high intensity lasers and femtosecond laser pulses can
easily be employed for this. However, these intense laser pulses also induce different mul-
tiphoton processes and yield electrons with various kinetic energies. The corresponding
PADs can be obtained in a single measurement by use of imaging techniques12,13. More-
over, multiphoton ionization of molecules can result in different (parent and fragment)
ions and the corresponding electrons and their PADs can be distinguished by coincidence
detection14–16.

This chapter presents the results of multiphoton ionization of rare gases xenon and
krypton, which are investigated by use of a new coincidence imaging instrument capable of
measuring the three-dimensional momentum distribution of the photoelectrons. Femtosec-
ond laser pulses are employed in single- and two-color excitation schemes and multiphoton
processes of various order can be distinguished and the corresponding PADs are obtained.
The direction of the electrons in the laboratory frame is determined by the direction of the
linear laser polarization. However, different situations can occurs in two-color multiphoton
ionization, which is investigated here. Some general ideas behind the calculation of PADs
will be described briefly, but no calculation will be performed.

9.2 Experimental

The photoelectron-photoion coincidence imaging instrument16 has been discussed in great
detail in chapters 2 and 3. Xenon and krypton gases (> 99.9 %) are expanded in the
vacuum from a 100 µm nozzle and the conditions are such that no clusters are observed
in the time-of-flight (TOF) spectrum. The ions are distinguished by their TOF and the
electrons by their coincident detection with the ions. Only the photoelectron kinetic energy
and angular distributions are considered here.

Femtosecond linearly polarized laser pulses of approximately 150 fs duration around 400
nm and 267 nm originate from frequency doubling and tripling of the output of a commer-
cial Titanium-Sapphire laser system (Spectra Physics), see chapter 4. The pulse energies
are 2-4 µJ for the 267 nm pulse and 7-15 µJ for the 400 nm pulse. The actual energy
used depends on whether single- or two-color excitation is employed, but intensities vary
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between 1011-1012 W/cm2. Two-color ionization is performed within the cross-correlation
time of the two pulses at zero delay with parallel and perpendicular laser polarizations.

Figure 9.1: The experimental geometry is schematically represented by this coordinate system,
where the direction of the molecular beam, laser beam and TOF are indicated. Planes with different
colors are shown. The yz plane is parallel to the plane of the detector. The three-dimensional
angular distribution can be projected on either one of these three planes and is determined by the
angles θ and φ.

The experimental geometry defines a reference coordinate system and is determined
by the molecular beam, laser beam and the TOF direction. This is shown schematically
in Fig. 9.1, where these three directions are indicated. The electrons are accelerated
parallel to the TOF axis towards the detector. The plane of the detector is parallel to
the yz plane. The laser polarization is either parallel to the molecular beam or to the
TOF direction and determines the angular distribution, which is expressed in spherical
coordinate angles θ or φ. The electrons are ejected spherically (not necessarily isotropic)
from the interaction point of the laser beam and molecular beam, where the radius of the
so-called Newton sphere is determined by the initial kinetic energy. The three-dimensional
data of the electrons can be projected on the two-dimensional planes indicated in Fig. 9.1.

9.3 Photoelectron angular distributions

The photoelectron angular distributions are proportional to the transition dipole moment
from a neutral initial state to a continuum final state17,18. In principle, the PADs yield
information about the involved wavefunctions, which can be the initial, intermediate and
continuum wavefunctions. Furthermore, these are strongly dependent on the polarization
of the electric field of the laser. First, some general principles of the PADs are discussed
briefly. Subsequently, different excitation schemes are addressed. Finally, the experimental
PADs can be described in terms of β parameters, which are discussed.

9.3.1 General principles

To calculate a transition dipole moment, one needs the wavefunction of the initial and
final states and the direction of the electric field of the excitation light. The simplest case
is hydrogen for which the wavefunctions representing the bound states can be separated
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in radial and angular functions. The radial functions describe the spatial extent of the
wavefunction, while the angular momentum is contained in the angular functions. The
transition dipole moments between two bound states can be calculated in a straightforward
manner19. However, in ionization, the final state is described by a product of the ion and
the electron wavefunction and is a continuum states, which do not have a well-defined state
of angular momentum. Continuum wavefucntions are written in terms of a summation
over different partial waves of the outgoing electron and these waves can interfere4. The
angular distribution of electrons, but also of atomic and molecular fragments, resulting
from single-photon excitation is given by the well-known equation20,21

I(θ) =
σ

4π
[1 + βP2(cos θ)] (9.1)

The parameter β represents the anisotropy of the angular distribution. Expressions for
this parameter can be derived and for hydrogen this yields

β =
l(l − 1)σ2

l−1 + (l + 1)(l + 2)σ2
l+1 − 6l(l + 1)σl−1σl+1 cos(δl+1 − δl−1)

(2l + 1)
[
lσ2
l−1 + (l + 1)σ2

l+1

] (9.2)

This expression displays the information to be gained from the angular distribution. First
of all, the distribution is expressed in terms of the angle θ, which is the emission angle of
the photoelectrons with respect to a specific laboratory axis. The angular momenta of the
involved partial waves (l+1 and l−1) are determined by angular momentum conservation.
For example, an electron originating from a p-orbital (l = 1) has both the s(l − 1 = 0)
and d(l + 1 = 2) partial waves from angular momentum conservation in a single-photon
ionization. The parameter σ is the dipole integral, which contains information about the
radial parts of the involved wavefunctions. The parameters δl+1 and δl−1 represent the
phase shifts of the partial waves and determines the interference between them. This
contains information about the interaction of the electron with the ion core.

9.3.2 Different excitation schemes

Two-color ionization with either parallel and orthogonal laser polarizations in investigated
in current experiments. For these multiphoton excitation schemes, different selection rule
are present and determined by the projection of the angular momentum on the laser
polarization axis. With parallel laser polarizations, only transitions with ∆M = 0 are
allowed, while for orthogonal laser polarizations also ∆M =±1 are allowed. Furthermore,
electrons with different kinetic energies can result from two-color two-photon ionization,
see Fig. 9.2.

The levels and excitation schemes of an atom with strong spin-orbit splitting are shown
in Schematically, Fig. 9.2, which is similar to cesium for example. Two-color two-photon
ionization presents the simplest ionization case, where the two different colors access the
different spin-orbit intermediate levels and different photoelectron kinetic energies can be
obtained. The direction of the laser polarizations are indicated and these can be exchanged
as well. Three different electron kinetic energies are obtained, where two pathways are
possible for the electron with intermediate kinetic energy. Similar excitation schemes
could be employed in a coherent control scheme according to Brumer and Shapiro22. In
this experiment, higher order photon processes are investigated, which display similar
features.
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Figure 9.2: Two-color two-photon ionization of an atom with significant spin-orbit coupling. The
spin-orbit coupling causes an energy splitting for the intermediate state, which can be accessed
by the two different colors. Furthermore, different photon processes yield different photoelectron
kinetic energies.

9.3.3 Experimental PADs

In general, the angular distribution of the photo-electrons obtained after a n-photon ion-
ization can be expanded in a series of spherical harmonics23,24. Furthermore, more than
two partial waves are involved, although the contribution of each partial wave depends on
the process. When distributions are described with respect to the laser polarization, only
even terms need to be included and the highest term is 2n after a n-photon absorption
process20. The expansion is given by

I(θ, φ) = NS

β00Y00 +
∑
L=2n

2∑
M=−2

βLMYLM (θ, φ)

 (9.3)

The set of βLM coefficients give a full description of the angular distribution in terms of
spherical harmonics. The variable NS is a normalization constant, such that the first term
in the expansion β00Y00 equals 1. Note that due to this definition of NS , the integral of
the angular distribution over all angles is not equal to 1. The expansion for the angular
distribution can be modified to make it real and is given by

I(θ, φ) = NS

[
1 +

∑
L=2n

{βLMYLM (θ, 0) + 2βL1YL1(θ, 0) cos (φ) + 2βL2YL2(θ, 0) cos (2φ)}
]

(9.4)
The βLM parameters can be extracted from the results by use of

βLM =
∫
Y ∗LM (θ, φ)I(θ, φ)dΩ (9.5)

In the case of cylindrical symmetry, the angular distribution is described by

I(θ, φ) = NS

[
1 +

∑
L=2n

βL0YL0(θ, φ)

]
. (9.6)
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The spherical harmonics are related to the Legendre polynomials by

PL(cos θ) =
√

4π/(2L+ 1) YL0(θ, φ) (9.7)

Therefore, the expansion of the angular distribution can be rewritten in terms of Legendre
polynomials, i.e.

I(θ) = NL

[
1 +

∑
L=2n

βLPL(cos θ)

]
(9.8)

Note that for the expansion in Legendre polynomials only one subscript is given, while two
are given in the case of spherical harmonics. The βL parameters are not identical to the
βLM parameters due to equation 9.7. The normalization factors differ by a factor as well,
i.e. NL =

√
(1/4π) NS . Therefore the parameters behave according to βL =

√
(2L+ 1)βL0.

9.4 Results and discussion

First, the results of multiphoton ionization of krypton are given, which include the single-
color 400 nm ionization and two-color excitation with parallel and orthogonal polariza-
tions. The images and photoelectron kinetic energy distributions are shown and discussed.
Furthermore, the angular distributions in the two-color excitation are analyzed.

9.4.1 Krypton photoelectron imaging

The photoelectron image of krypton from single-color 400 nm ionization is shown in Fig.
9.3A and the corresponding photoelectron kinetic energy distributions in D. Images from
two-color ionization with parallel and orthogonal polarizations are given in Fig. 9.3B and
C and the two-color kinetic energy distributions in E.

The ionization energy of krypton is 14.00 eV, which yields ground state ions. Spin-
orbit coupling of the electron is easily observed in the photoelectron spectrum for heavy
atoms, because the energy separation of the resulting spin-orbit states depends on the
mass to the fourth power19. The ionic ground state of krypton (and xenon) is split by
this interaction and the lowest state is 2P3/2. The spin-orbit excited 2P1/2 ionic state is
located 0.666 eV above the 2P3/2 state, or 14.666 eV above the neutral atom ground state.
Photoelectron spectroscopy can be employed to determine the final state of the ion from
the electron kinetic energy. The kinetic energy distribution is calibrated by use of the
spin-orbit splitting.

Single-color 400 nm ionization of krypton requires the absorption of five photons with
a total excitation energy of 15.5 eV. This yields electrons with 1.47 eV and 0.81 eV kinetic
energy as observed in Fig. 9.3D. From the relative intensity of the two photoelectron peaks
can be observed that the ion is formed predominantly in the spin-orbit excited state. The
excitation in the pump-probe configuration yield the same electron kinetic energies. The
energetics enable assignment of the photon process to two 400 nm plus two 267 nm photon
ionization or a (2+2’) photon process. Contrary to the single-color ionization, the ions are
formed predominantly in the 2P3/2 state.

The relative intensity of the two photoelectron peaks is determined by the intermediate
resonant levels. The single-color 400 nm ionization proceeds via a resonant state at a
four photon level at 100000 cm−1, which can be assigned to the 4p5(2P1/2)5p1 [1/2]0
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Figure 9.3: The projection of the 3D image in the plane of the detector of single-color 400 nm
ionization is given in A. The polarization of the 400 nm is horizontal. The images from two-color
ionization with 267 nm and 400 nm with parallel and perpendicular polarization are shown in B
and C. The 267 nm light has horizontal polarization in both images, while the 400 nm polarization
is horizontal in B and orthogonal to the plane of the detector in C. The kinetic energy distributions
are shown in D (single-color) and E (two-color).

state located at 98855.87 cm−1 above the ground state25. This state has a 2P1/2 core
state and a propensity for core conservation in the ionization process would result in a
predominantly spin-orbit excited ion10. For the two-color ionization, the 4p5(2P3/2)4d1

[5/2]3 state located at 99080.19 cm−1 could be assumed to be the intermediate state. This
state is reached after two 267 nm photons plus one 400 nm photon absorption with a total
excitation at 100000 cm−1. Although the single- and two-color excitation is not completely
on resonance, these states are expected to contribute significantly to the appearance of the
photoelectron distribution. The energy of these levels is affected by a small ponderomotive
shift, which cause an increase in energy of roughly 200 cm−1 as estimated from from
the photoelectron kinetic energy distribution. Moreover, the pulses have bandwidths of
approximately 200 cm−1 and in a three photon process the energy spread could amount
up to 600 cm−1, which make the energy of these levels shift close to the excitation energy.

The angular distribution is determined with respect to the laser polarization parallel
to the atomic beam, in terms of the angle θ according to equation 9.8. The parameters
for all the observed photoelectron peaks are given in Table 9.1. The angular distributions
are anisotropic, as would be expected for a single as well as for a multiphoton ionization
process. However, higher order contributions, up to β10, in the expansion of equation 9.8
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experiment energy (eV) β2 β4 β6

single-color 400 nm 0.84 / 1.50 1.0 / 0.8 1.5 / 0.5 0.3 / -
two-color // 0.84 / 1.50 0.2 / 2.1 0.3 / 0.7 - / -
two-color ⊥ 0.84 / 1.50 -0.5 / -1.1 0.3 / 0.3 - / -

Table 9.1: The angular parameters of the angular distributions from the ionization with single-
color and two-color parallel (//) and perpendicular(⊥) polarizations of the 400 and 267 nm laser
pulses.

are possible but not observed. This can be attributed to resonances at multiphoton levels,
which would lower the order of the ionization process. Note that large anisotropy could
result from resonant intermediate states as well, because these states could be aligned with
respect to the laser polarization after absorption.

The images B and C in Fig. 9.3 are obtained from two-color ionization and correspond
to parallel and orthogonal laser polarizations. Although the images appear different, the
angular distributions are actually the same. The angular distribution has to be determined
with respect to the 400 nm laser polarization, while the β parameters in Table 9.1 have
been obtained with respect to the 267 nm laser polarization. The polarization of the 400
nm pulse is oriented parallel to the TOF axis, which corresponds to θ = 90. The two
angular distribution can be compared by rotating the coordinate frame, which is identical
to replacing θ by θ − 90 in the angular distribution in the case of parallel polarizations
(I//) according to

I//(θ − 90) = 1 + 2.1P2(cos(θ − 90)) + 0.7P4(cos(θ − 90)) (9.9)

= I⊥(θ) = 1− 1.2P2(cos(θ)) + 0.3P4(cos(θ))

The resulting parameters from the rotated angular distribution, β2 = -1.2 and β4 = 0.3,
are practically identical to the values in Table 9.1, β2 = -1.1 and β4 = 0.3. The image
of the perpendicular laser polarizations can be projected in the plane of the TOF and
the atomic beam and is shown in Fig. 9.4. To summarize, the angular distribution is
determined by the 400 nm laser excitation and not strongly influenced by the two 267 nm
photon excitation.

Figure 9.4: The image of krypton with perpendicular laser polarizations. The 400 nm laser
polarization is parallel to the TOF axis and horizontal in this image. The laser polarization of
the 267 nm laser pulse is vertical. It is slightly distorted on the right side of the image due to the
extraction fields.
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9.4.2 Xenon photoelectron imaging

First, the data from single-color 400 nm ionization will be presented. The photoelectron
image from single-color 400 nm ionization of xenon is shown in Fig. 9.5A, the correspond-
ing kinetic energy distribution in B and the angular distribution in C. A single ring in
the image is observed and belong to electrons with 0.27 eV kinetic energy. The photo-
electron angular distribution is very anisotropic. The β parameters describing the angular
distribution are given in Table 9.2.

Figure 9.5: The photoelectron image from four-photon ionization of xenon is shown in A and
the kinetic energy distribution in B. The single ring in the image corresponds to a peak in the
distribution at 0.27 eV.

The ionization energy of xenon yielding ions in the 2P3/2 state is 12.13 eV and the
spin-orbit excited state is located 1.31 eV higher25. The total excitation energy after four
photon absorption is 12.4 eV, which results in 0.27 eV electrons and ions in the 2P3/2 state.
No intermediate states are expected to play a significant role for the angular distribution.
This is confirmed by the power dependence of the single-color ionization, which is shown
in Fig. 9.6. The intensity used for 400 nm single-color ionization is 1011 W/cm2. Agostini
observed 11 photon ionization of xenon at 1064 nm at intensities of 1010- 1011 W/cm2 26,27.

Figure 9.6: The power dependence of the ionization of xenon in single-color four photon ionization
in a log-log plot. The slope of the counts versus laser power is equal to 3.65, which is in good
agreement with the four-photon ionization.

In Fig. 9.7A-C, the three dimensional data of the two-color ionization with parallel
polarizations is projected onto three different planes according to Fig. 9.1. The corre-
sponding kinetic energy distribution is shown in D and the PAD of the electrons with 0.27
eV kinetic energy in E. All the parameters of the observed photoelectron peaks are given
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Photon Process Ek(eV) β2 β4 β6

4×400 nm 0.27 2.5 2.3 1.6
(2+1’) 0.27 0.8 1.0 -0.3

3×267 nm 0.53 0 0 0
(2+1’) 0.53 1.4 1.4 0.9

3×267 nm 1.84 1.8 0.7 -0.5
(2+1’) 1.84 0.8 0.7 1.0

Table 9.2: Parameters for the angular distributions with linear laser polarizations. The different
photon processes are indicated, where (2+1’) corresponds to 2×267nm + 1×400 nm.

in Table 9.2, which include the single-color 267 nm ionization although this data is not
shown and discussed here.

Figure 9.7: Images A-C are the projections of the three dimensional data obtained from the
two-color ionization of xenon. The laser polarizations are parallel and horizontal in images A and
B. The photoelectron kinetic energy distribution is shown in D and the PAD corresponding to the
0.27 eV peak is given in E.

The photoelectron kinetic energy distribution shows three distinct peaks at 0.27 eV,
0.50 eV and 1.81 eV. These can be assigned to different photon processes and different
final states of the ion. The peak at 0.27 eV is assigned to a 2×267nm + 1×400 nm or
(2+1’) photon process, with a total excitation energy of 12.4 eV. This is equal to the total
excitation energy in the four photon single-color 400 nm ionization process and results in
ions in the ground 2P3/2 state.

The peaks at 0.50 eV and 1.81 eV correspond to three photon 267 nm excitation, leaving
the ions in the 2P1/2 and 2P3/2 states, respectively. However, a (1+3’) photon process
would give the same electron kinetic energies, because it has the same total excitation
energy. A contribution of this photon process is observed, because the angular distribution
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Table 9.3: The angular parameters for the ionization with perpendicular polarizations of the
400.1 and 267.4 nm laser pulses.

β20 β40 β60 β22 β42 β62

-0.15 -0.73 0.32 -1.00 -1.09 0.30

is different compared to single-color 267 nm ionization, see Table 9.2.
In Fig. 9.8, the three images of the two-color ionization with perpendicular polariza-

tions are shown. The number of events per second is significantly lower compared to the
parallel polarization under the same conditions. In this experiment, the intensity of the
400 nm light was increased by approximately 25%. Furthermore, the two-color contri-
bution in case of orthogonal polarizations is comparable to the contribution of the two
separate single-color ionization. The ionization has lower probability compared to the
parallel polarized configuration, where the contribution is approximately 10 times larger.

Figure 9.8: The three projection from two-color ionization of xenon with perpendicular laser
polarizations. The 267 nm laser polarization is parallel to the atomic beam and horizontal in
images A and B. The polarization of the 400 nm pulse is parallel to the TOF direction.

The three images in Fig. 9.8 are all different and there is no cylindrical symmetry
with respect to the two laser polarizations for the electrons with 0.27 eV kinetic energy.
This is in contrast to the krypton experiment with orthogonal laser polarizations, where
cylindrical symmetry is conserved for the electrons with 1.5 eV kinetic energy. The angular
distribution of xenon is described in terms of spherical harmonics (equation 9.4) and the
parameters are given in Table 9.3.

9.5 Conclusions

Three-dimensional detection of photoelectrons in multiphoton ionization schemes can yield
complete information about both the photon process involved and the photoelectron angu-
lar distribution. These distributions can differ significantly in appearance and are strongly
dependent on the polarization and frequency of the laser pulses as well as the atom under
investigation. Two-color ionization with orthogonally polarized laser pulses results in a
cylindrically symmetric distribution in krypton, while this is not the case for xenon. The
distribution of xenon is described in terms of spherical harmonics. The derived β param-
eters represent atomic (or molecular) properties and a quantum mechanical calculation of
these parameters for multiphoton processes is not straightforward. The best approach for
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the calculation of the β parameters in case of heavy elements is multichannel quantum
defect theory.

This chapter presents an overview of results obtained from multiphoton processes in
rare gas krypton and xenon atoms. In principle, different excitation routes through various
intermediate states are possible by employing different frequencies and polarizations. This
yields electrons with specific kinetic energies where different pathways could give inter-
ference effects in the PAD. The principle of interfering pathways could be of relevance in
coherent control experiments.
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Chapter 10

Ionization in intense laser fields

and with elliptical laser

polarization

The photoelectron images of xenon and krypton have been obtained by use of femotsecond
laser excitation at intensities between 1×1012 and 1×1013 W/cm2. Strong field effects like
the pondoromotive shift, AC stark splitting and above-threshold ionization have been
observed. In two-color excitation, asymmetric angular distributions are obtained in case
of elliptical laser polarization of one of the laser pulses.
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10.1 Introduction

The application of ultrashort (< 10−12 second) laser pulses has enabled the time-resolved
investigation of atomic and molecular processes1. Furthermore, multiphoton processes are
easily induced due to the high peak intensities of these pulses. For example, multiphoton
ionization2, the generation of high harmonics3–6 and spin-polarized electrons from atoms7.
In multiphoton ionization with intense laser pulses, a process called above threshold ion-
ization (ATI) was observed by Agostini et al.8, where additional photons are absorbed
before ionization occurs. The kinetic energy of the photoelectrons increases by a multiple
amount of the photon energy.

Multiphoton ionization of xenon is systematically studied by Kaminski et al. with
variable wavelength in the visible at two different laser intensities9. They observed the
presence of intermediate levels due to significant enhancement of the photoelectron signal,
which was also observed before by Aron and Johnsson10,11. The intensity of the laser
pulses affects the photoelectron kinetic and angular distributions by AC Stark shifting
intermediate levels into and out of resonance12. Furthermore, the ionization energy in-
creases by the ponderomotive energy8 and the photoelectron kinetic energy is decreased,
as was observed by Kaminski et al.9. The ponderomotive energy is equal to the cycle
averaged kinetic energy of an electron oscillating in the laser field, which also forms the
basis for the strong field approximation for the description of high harmonic generation4.

Multiphoton processes strongly depend on the state of polarization, where high har-
monic generation is favorable in case of linear laser polarization. ATI has been observed by
Bashkansky et al.13 by use of elliptical laser polarizations and they obtained asymmetries
in the photoelectron angular distributions. The effect is present in lowest order perturba-
tion theory14, but the simplest non-perturbative strong field theory requires a correction
because of the Coulomb interaction between the electron and the resulting ion15. The
asymmetry effect is due to the non-zero value of the phase shift of the final continuum
states16.

Multiphoton ionization of xenon with visible pulses is investigated and processes like
ATI, AC Stark and ponderomotive shift have been observed and shall be described in the
first part. Moreover, two-color ionization with the laser pulses at a central wavelength
around 530 nm and the other at 400 nm is employed. The pulses are overlapped in time
to study the effect of the laser polarizations on the photoelectron angular distributions
(PADs). First, ionization with parallel polarizations will be discussed briefly and subse-
quently the results of orthogonal laser polarizations. In case of orthogonal laser polariza-
tions, asymmetric PADs are observed and these are caused by the elliptical polarization
of one of the two laser pulses.

10.2 Experimental

The experimental setup has been described in chapters 2 and 3 and, like the previous
chapter, only the electron detector is employed here. The ionization of xenon and krypton
is performed in single-color and pump-probe configuration at time overlap between the
pulses. The beams are focused into the vacuum chamber with a lens of 30 cm focal
distance. The first pulse is the output of a non-collinear optical parametric amplifier
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(NOPA), giving short tunable pulses in the visible. The NOPA pulses can be compressed
to 25-50 fs with a quartz prism compressor and have energies between 3-10 µJ. The beam
is focussed to less than 100 µm, yielding intensities between 1×1012 and 1×1013 W/cm2.
The second laser pulse is the second harmonic of the laser at 400 nm with a temporal
width of 150 fs. The spectrum of the second harmonic has a FWHM of 2.5 nm. The pulse
energy of the second harmonic is between 3-10 µJ and the intensity is estimated to be
around 1×1011 W/cm2. The NOPA and the second harmonic pulses are combined by use
of a dichroic mirror, which reflects the second harmonic.

10.3 Results and discussion

The results have been divided into three parts, where the first part describes the single-
color multiphoton ionization employing the NOPA pulse. The second and third part
describe the results for the pump-probe configuration where the laser polarizations are
parallel and perpendicular. Asymmetric PADs are observed in case of orthogonal laser
polarizations due to elliptical laser polarization of the NOPA pulses.

10.3.1 Single-color NOPA ionization

The photoelectron images of single-color ionization at 541 nm are shown in Fig. 10.1A
and B with two different pulse energies, 2 and 4 µJ. The photoelectron kinetic energy
distributions corresponding to both images are shown in C. The peaks of the photoelectron
distribution of 2 µJ are located at 0.30, 1.61, 2.59 and 3.84 eV.

Figure 10.1: A) Time-sliced photoelectron image of single-color 541 nm ionization with 2µJ
of NOPA pulse energy. B) The same as in A, but with 4 µJ of NOPA pulse energy. C) Both
photoelectron kinetic energy distributions, where the distribution of B is shifted vertically.

The ionization energy of xenon yielding ions in the 2P3/2 state is 12.13 eV and the
spin-orbit excited state is located 1.31 eV higher17. Therefore, six photons of 541 nm or
2.29 eV are required and ions in both states can be formed, corresponding to the peaks at
1.61 for the 2P3/2 state and 0.30 eV for the 2P1/2 state. The spectrum has been calibrated
by use of the spin-orbit energy splitting, which is not dependent on the intensity of the
excitation. The peaks at 2.59 and 3.84 eV with a 1.25 eV difference correspond to the
above threshold ionization, where seven photons have been absorbed. Notice that the
energy splitting is slightly smaller compared to the spin-orbit energy, but this deviation is
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within the 3% accuracy for the determination of the kinetic energy of the photoelectrons,
see chapter 2.

The kinetic energy distribution in the case of ionization by 4 µJ NOPA energy shows
additional peaks, which are attributed to a Stark shift of intermediate levels18. These
levels are resonantly excited and this leads to enhanced intensity and additional peaks
in the photoelectron kinetic energy distribution8. For the spin-orbit excited state, three
peaks can be observed at 0.15, 0.29 and 0.38 eV, while two are observed for the ground
state at 1.42 and 1.61 eV. The states (2P1/2)5d is one of them, and probably more levels
are involved.

In this case, no ponderomotive shift of the ionization potential is observed, as the peaks
in the photoelectron spectrum agree with the total excitation energy minus the ionization
energies of the different ionic limits. However, small shifts up to 0.2 eV have been observed
yielding photoelectrons with lower kinetic energy. This can be related to the intensity of
the femtosecond laser pulse and depends on the electric field strength (E)19. The intensity
(in W/cm2) is equal to the pulse energy (Epulse) divided by the focus spotsize (σ) times
the temporal width of the laser pulse (∆t), according to

I(W/cm2) =
1
2
ε0cE

2 =
Epulse(J)

σ(cm2)∆t(s)
(10.1)

The intensity of the NOPA pulse causes a ponderomotive shift according to

Ep(eV ) = e2E2/4mω2 = 9.33× 10−14I(W/cm2)λ2(µm) (10.2)

Kaminski et al. performed experiments with intensities of 5×1012 and 1×1013 W/cm2,
which resulted in shifts between 0.1-0.4 eV and these could be extracted from the kinetic
energy distribution of the electrons9. The shift only affects the ionization energy and not
the spin-orbit energy splitting of the ground state ion9. Therefore, the spin-orbit energy
could be used to calibrate the electron kinetic energy.

10.3.2 Parallel laser polarizations

The ionization of xenon has been investigated in a pump-probe configuration with the
NOPA centered at 525 nm and the second pulse 400 nm and parallel laser polarizations.
The results are shown in Fig. 10.2, where the pump-probe transient of xenon is shown in
A, the photoelectron image in B and the angular distribution of the dominant ring in the
image is given in C.

The pump-probe transient displays a strong enhancement at zero delay between the
pulses. This enhancement is equal to 10-20 times the background due to the single-color
ionization of the NOPA pulse and no single-color 400 nm contribution is observed. The
temporal width of the cross-correlation peak between the laser pulses is mainly determined
by the second harmonic laser pulse. The angular distribution is not dependent on the time
delay between the two pulses and the signal is absent outside the cross-correlation peak.

The dominant feature in the photoelectron image is due to a 4x525 nm + 1x400 nm
photon process, which will be indicated as a 4+1’ process. The ionization yields electrons
with a kinetic energy of 0.25 eV and the ions are formed in the ground 2P3/2 state. On
the basis of the wavelengths of the pulses and ionization energy of xenon, electrons with
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Figure 10.2: A) The pump-probe transient for multiphoton ionization of xenon. B) The pho-
toelectron image in the plane of the detector. The laser polarizations are parallel and parallel to
the plane of the detector. The polarizations are horizontal. C) The angular distribution of the
dominant feature in the photoelectron spectrum.

0.41 eV kinetic energy are expected. The difference between expectation and observation
is due to a ponderomotive shift of 0.16 eV. The ponderomotive shift is significantly above
the resolution of 0.05 eV of the apparatus.

The angular distribution can be fitted with a series of even Legendre polynomials20, ie.
I(θ)=1 +

∑2N
L=2 βLPL(cos θ) and the parameters are β2 = 0.98, β4 = 0.93 and β6 = 0.32.

The angular distribution can be described with only three parameters while 5 parameters
are possible in a five photon process. This seems to indicate the influence of an intermediate
state with low angular momentum, which can be identified as the 5p5(2P3/2)6p[1/2]0 state.
However, this state is located at 80119.5 cm−1, which is approximately 2000 cm−1 below
the 3+1’ photon level. The level can shift significantly ( 1000 cm−1) to higher energy
due to the AC Stark shift12, which combined with the bandwidth ( 250 cm−1 for a single
photon) of the laser could enable the contribution of the level.

10.3.3 Orthogonal and elliptical laser polarizations

The three-dimensional data obtained in a pump-probe configuration with orthogonal laser
polarizations is shown in Fig. 10.3A-C. This result has been obtained by use of a 25
fs NOPA pulse with a bandwidth of 25-30 nm (FWHM) centered around 530 nm. The
bandwidth of the laser pulse supports a 15 fs laser pulse, which is not obtained due to
higher order chirp. This higher order chirp can not be compensated by a quartz prism
compressor.

The two-color contribution of the data is smaller compared to the parallel excitation of
the previous section. The pump-probe transient (not shown) consists of a dominant con-
tribution of single-color NOPA ionization and a smaller single-color 400 nm contribution.
The enhancement at time overlap relative to the background is only a factor of 2, which
is low compared to the enhancement of a factor 10-20 with parallel polarizations.

The image of Fig. 10.3B shows a ring (indicated between circles) with an asymmetric
angular distribution, which lacks the usual fourfold symmetry for linear laser polariza-
tions14,16. The origin of the photoelectrons is ionization due to a (4+1’) photon process,
similar to the parallel polarization case of the previous section. The photoelectron angu-
lar distribution in the plane of the laser polarizations is shown in Fig. 10.3D, where the
wavevectors of both collinear laser pulses are perpendicular to the plane of the distribu-

133



Chapter 10

Figure 10.3: The raw 3D data is projected onto three different planes (see Fig. 9.1 of the
previous chapter). The first image (A) is a time-integrated image in the plane of the detector. The
polarization of the NOPA is parallel to this plane and horizontal. The polarization of the second
harmonic is perpendicular to the plane of the detector and parallel to the TOF direction. The
second image (B) is projected in the plane of the laser polarizations, which are indicated. The
polarization of the NOPA is horizontal and the second harmonic vertical. The area between the
circles is the region of interest for the angular distribution. Image (C) shows the data in the plane
of the laser propagation and the TOF direction.

tion. The three-dimensional data can be fitted by use of an expansion in terms of spherical
harmonics, according to

I(θ, φ) = NS

1 +
∑
L=2n

2∑
M=−2

βLMYLM (θ, φ)

 . (10.3)

and the parameters are given in Table 10.1.

β20 β21 β22 β40 β41 β42 β60 β62

1.69 0.56 0.44 0.27 0.46 0.61 -0.60 0.58

Table 10.1: The parameters describing the three-dimensional angular distribution (in θ and φ)
of ionization in a (4+1’) photon process.

This asymmetric angular distribution is due to a slight deviation from linear polariza-
tion for the NOPA pulse, which is caused by birefringence of the entrance window of the
machine. This birefringence is induced by stress in the window and is not specifically ho-
mogenous over the surface of the window21. The state of polarization of the pulses in the
interaction region can not be easily measured under the current experimental conditions,
but the angular distribution of xenon for example could be used to determine the degree
of ellipticity. The ellipticity is not known in the angular distribution of Fig. 10.3D.
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The birefringence of the window can be compensated by a quarter waveplate and the
result is shown in Fig. 10.4A. This distribution is symmetric with respect to both laser
polarizations. The angular distribution of right and left circularly polarized light are
shown in B and D, respectively, but this could also be vice versa as the helicity is not
determined. The PAD with an elliptically polarized NOPA pulse is shown in C, where the
quarter waveplate is rotated by 15 degrees with respect to the linear laser polarization.
This yields a retardation angle ξ of 30 degrees, which is defined by the unit vector for the
instantaneous laser field

ε = x̂ cos (ξ/2) cos (kz − ωt) + ŷ sin (ξ/2) sin (kz − ωt) (10.4)

The helicity η is 0.5 and related to the angle ξ by η= sin ξ. The angular distribution
of Fig. 10.4C seems to be rotated by 30 degrees with respect to the initial linear laser
polarization, because a symmetry axis(30-210 degrees) exists at this angle. However, the
connection between the rotation and retardation angle is likely to be accidental. The

Figure 10.4: Photoelectron angular distributions for different polarization states of the NOPA.
The polarization of the NOPA is linear and horizontal in A, while it is circular in B and D. The
NOPA is elliptically polarized with a retardation of ξ = 30◦ or a helicity η of 0.5.

obtained angular distributions do not all show detailed structure as in Fig. 10.4A, B and
C. For example, the distribution of D is smoothed and this is attributed to a distorted
ellipticity due to the entrance window of the vacuum apparatus. The exact birefringence
of the window is not known and could vary over the surface.
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Finally, the results of xenon and krypton at identical ellipticity of the NOPA pulse
are shown in Fig. 10.5. The photoelectron images are shown in A and B, where the
wavevectors of both laser pulses are perpendicular to the image plane. The extracted
kinetic energy distributions are shown in C and D, where four peaks (I-IV) are indicated
in each. These peaks correspond to different photon processes, where peak I originates
from a (4+1’) and (5+1’) photon process for xenon and krypton, respectively. Both Xe+

and Kr+ ions are formed in the spin-orbit ground 2P3/2 state. For xenon, peaks II and
IV are due to single-color NOPA ionization to both spin-orbit states of the ion and are
separated by the spin-orbit energy of 1.31 eV. Peak III originates from a (3+2’) photon
process to the ionic ground state. For krypton, peaks II and III correspond to single-color
NOPA ionization forming both spin-orbit states of the ion. Peak II could also be attributed
to a (4+2’) yielding ions in the 2P3/2 state. These ions are also formed in a (6+1’) photon
process yielding electrons with approximately 3 eV, peak IV.

The photon processes corresponding to peak I of both xenon (4+1’) and krypton (5+1’)
involve multiple photons of the NOPA pulse and one photon of the second harmonic. As
a consequence, the angular distributions of xenon and krypton are given in E and F and
show similar asymmetry. However, the angular distributions are not identical as they
originate from different atoms and thus different phase shifts of the outgoing partial waves
of the electron are involved.

10.4 Conclusion

Deviations from linear polarization result in strongly asymmetric PADs, which can eas-
ily be observed by use of three dimensional data acquisition. The asymmetry effect is
most likely enhanced by the requirement of multiple photon absorption for the ionization
process. Also, clear observation of the asymmetry can be made by employing an addi-
tional laser pulse with a laser polarization orthogonal to the principle axis of the elliptical
polarized pulse.

The asymmetry effect can be explained by use of lowest order perturbation theory14,
although intensities up to 1×1013 W/cm2 have been employed and observation of ATI
peaks would favor the strong field approach8. In case of intense fields, the first ATI peak
would have approximately equal intensities compared to the peaks corresponding to the
lowest ionization process. In these experiment, the ATI peaks have much less intensity and
also little ponderomotive shift is observed. Therefore, perturbation theory seems sufficient
to describe the data.
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Figure 10.5: Photoelectron data for xenon and krypton. See text for more explanation.
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Summary

The study of isolated atoms and molecules in the gas phase and their interaction with
light constantly requires advanced techniques to obtain a more detailed understanding of
the properties of these particles. After the absorption of a photon, also called excitation,
the atoms and molecules are in a energetically higher state. This research focusses on
the understanding of what is happening to these excited particles. For example, atoms
can only lose their excess energy by emitting a photon, while molecules can dissociate
if the energy of the absorbed photon is above the binding energy. By use of ultrashort
femtosecond laser pulses in the excitation, the various processes can be investigated in a
time-resolved manner. In such an experiment, the particles absorb one or more photons
from a first laser pulse and subsequently the state of the particle is investigated or probed
by the second laser pulse. The time between the pulses can be varied and, in this way,
the dissociation and relaxation processes which are longer than the pulse duration can be
studied. The second pulse causes an electron to be liberated in a process called ionization.
An ion is formed as well and both the ion and electron can easily be detected.

In this thesis, the development of a new technique is described in which one electron
and one ion are detected in coincidence on two different position sensitive detectors. The
apparatus is extensively discussed in chapters 2, 3 and 4 of this thesis. The construction
and optimization of the equipment have taken most of the time of my PhD period. In the
remaining time, measurements on various atoms and molecules have been performed. The
results of these measurements are described in the rest of the chapters.

Various aspects of the coincidence machine have been developed. Electric lenses which
can be switched are implemented to accelerate the electrons first and subsequently the
ions towards the two different detectors. Moreover, the lenses are made such that the
initial velocity of the electrons and ions is projected onto the position sensitive detectors.
This technique is called velocity map imaging and has not been previously employed in a
coincidence measurement. Also, the flight time of the electrons can be determined with a
very high temporal resolution of 50 ps, which was not obtained with such detectors before.
The new apparatus and the developed technique allow for the determination of both the
magnitude of the velocity and direction with high precision of the recoiling fragment ions
and their partner electrons.

With the coincidence imaging technique, it is possible to determine how the energy
of the absorbed photons is used. Besides the energy required for the dissociation and
ionization, the electrons and fragment ions can obtain kinetic energy after the excitation.
The velocity or kinetic energy of both the electron and ions can be determined by use of
coincidence imaging. In general, the various ions can be distinguished by their difference



in masses, which affect the flight times of these particles. The flight time is the same for
all the electrons and these electrons can only be distinguished by coincidence detection
with the corresponding ion. In a coincidence measurement, the kinetic energy distribution
can be obtained for each ion independently.

One of the results, which can only be obtained by use of the coincidence imaging
technique, is the correlation between the kinetic energy of the electron and the kinetic
energy of the ion. With this correlation, it is possible to determine the total kinetic energy
due to the excitation process and to distinguish the different dissociation and ionization
processes. The total kinetic energy is limited by the total energy of the absorbed photons
and the number of absorbed photons can be deduced with knowledge of the total kinetic
energy. This is important because femtosecond laser pulses have high peak intensities
and simultaneous absorption of multiple photons is easily achieved. The interpretation
of results from time-resolved experiments in combination with other techniques can be
complicated, because the number of absorbed photons has to be determined first. This is
relatively easy in a coincidence measurement and subsequently, conclusions can be drawn
about which excited states are involved in the dissociation of a molecule.

Chapters 5, 6 and 7 describe the use of coincidence imaging in the study of the dis-
sociation of molecules after the excitation by one or two laser pulses. In chapter 5, an
experiment on the nitrogendioxide molecule, NO2, is discussed, which is a frequently stud-
ied molecule due to its complicated electronic structure. The electrons are observed in
coincidence with the parent ion, NO+

2 , or with the only fragment ion, NO+, where one
oxygen atom is split off. Various dissociation mechanisms have been observed and un-
ambiguously assigned. The dissociation can take place after or before ionization. The
ionization and dissociation are two processes induced by the excitation, which can occur
in different order. That is, the ionization occurs first and the ion subsequently dissociates
or the neutral molecule dissociates and the fragment is ionized. The distinction between
the processes can be made by use of time-resolved coincidence imaging, but might be
complicated in case of ionization and dissociation after excitation by a single laser pulse.

Chapter 6 describes an experiment in which a single pulse is used to excite the CF3I
molecule and both ionization as well as dissociation occurs. The results show that the
ionization precedes the dissociation after absorption of four photons. The molecular parent
CF3I+ ion is formed, and it can dissociate to form the CF+

3 ion plus the iodine atom.
Moreover, an additional fifth photon can be absorbed by the parent ion and dissociation
can occur from the excited state of the parent ion. Via this process, also I+ plus the
neutral CF3 fragment can be formed. Similar to the CF3I molecule, ionization is the
first process to occur for the CF2Br2 molecule. This molecule is investigated, which is
described in chapter 7. The CF2Br2 molecule has many dissociation mechanisms and six
different fragment ions are observed. These fragment ions are formed after absorption of
one or more photons by the parent ion, similar to CF3I. In a time-resolved experiment,
a dominant channel is observed where a dissociative excited state of the neutral parent
molecule results in the formation of a bromine atom and the CF2Br fragment.

Besides the velocity of the electrons and ions, also the direction of the electrons and
ions can be determined. Moreover, the coincidence imaging technique allows for the cor-
relation between the direction of the electron and the ion. This correlation is discussed for
nitromethane, CH3NO2, in chapter 8. After excitation, ionization occurs and the resulting
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parent ion subsequently dissociates at the central C-N bond. Two different fragmentation
processes are observed. The first process is the formation of the CH+

3 ion together with the
NO2 fragment and the second process corresponds to the formation of the NO+

2 ion and
a CH3 fragment. In both cases, the emission direction of the electron is predominantly in
the same direction as the CH3 fragment. Calculations of the electron charge distribution
of the ground state of the molecule show that the electrons are located on the CH3 moiety
of the molecule. This makes a correlation between the electron charge distribution and
the experimental results possible.

In the last two chapters, 9 and 10, describe the investigations of the ionization of rare
gas atoms krypton and xenon, where multiple photons are absorbed by these atoms. The
emission direction of the electrons is determined by the properties of the (excited) atoms
and the polarization direction of the laser light. The polarization is easily adjusted in
an experiment and the effects of varying the polarization on the angular distribution of
the emitted photoelectron is investigated for various excitation schemes. For example,
asymmetric angular distribution in the laboratory frame are observed in case of elliptical
laser polarization. The manipulation of the laser polarization can be used in experiments
to optimize particular atomic or molecular processes, like the dissociation of a particular
bond in a molecule. The combination of coincidence imaging with the optimization of the
laser polarization will provide new insights into the mechanism of selective dissociation.

This thesis describes the development of the coincidence imaging technique and the
possibilities it provides for the interpretation of experiments on atoms and molecules with
ultrashort laser pulses. From the various experiments discussed in this thesis, it is clear
that this technique will improve the understanding of the interaction of atoms and mole-
cules with light.
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Samenvatting

De studie van gëısoleerde atomen en moleculen in de gasfase en hun interactie met licht
vereist steeds geavanceerdere technieken om een gedetailleerder begrip te krijgen van de
eigenschappen van deze deeltjes. Na de absorptie van een foton, ofwel excitatie, bevinden
de atomen of moleculen zich in een hogere energietoestand en dit onderzoek richt zich
op het uitzoeken wat er vervolgens met deze aangeslagen deeltjes gebeurt. Bijvoorbeeld,
atomen kunnen de overtollige energie alleen kwijt door een foton weer uit te zenden, terwijl
moleculen ook uit elkaar kunnen vallen, ofwel dissociëren, als de energie van het foton
boven de bindingsenergie uit komt. Door in de excitatie gebruik te maken van ultrakorte
femtoseconde laserpulsen kunnen de verschillende processen in de tijd worden gevolgd.
Hierbij absorbeert het deeltje een of meer fotonen van een eerste laserpuls en vervolgens
wordt met een tweede laserpuls de toestand van het deeltje onderzocht. De tijd tussen de
twee pulsen kan gevarieerd worden en daarmee kunnen dissociatie en relaxatie processen,
mits die langer zijn dan de pulsduur, worden bestudeerd. De tweede puls zorgt ervoor dat
er een elektron wordt vrijgemaakt, ook wel ionisatie genoemd, en levert daarbij een ion
op, die net als het elektron eenvoudig gedetecteerd kan worden.

In dit proefschrift is de ontwikkeling beschreven van een nieuwe techniek, waarbij
één elektron en één ion in cöıncidentie gedetecteerd worden op twee verschillende plaats-
gevoelige detectoren. De machine wordt uitgebreid besproken in hoofdstukken 2 tot en
met 4 van dit proefschrift. De bouw en optimalisatie van deze apparatuur hebben het
grootste gedeelte van de promotietijd in beslag genomen. In de resterende tijd zijn metin-
gen gedaan aan diverse atomen en moleculen. De resultaten van deze metingen worden
beschreven in de overige hoofdstukken.

Verschillende eigenschappen van de cöıncidentie machine zijn speciaal ontwikkeld.
Geschakelde elektrische lenzen zijn gëımplementeerd om eerst de elektronen en vervolgens
de ionen richting de twee verschillende detectoren te versnellen. Daarnaast zijn deze elek-
trische lenzen zo gemaakt dat de snelheid van de elektronen en ionen wordt geprojecteerd
op de plaatsgevoelige detectoren. Dit is de zogenaamde velocity map imaging techniek
en was tot nog toe niet eerder in cöıncidentie metingen toegepast. Bovendien kan ook de
vluchttijd van de elektronen bepaald worden, waarbij een zeer hoge tijdsresolutie van 50
picoseconde voor de elektronen behaald is, wat nog niet eerder met dit type detectoren
bereikt was. Deze nieuwe machine en de ontwikkelde techniek maken het mogelijk om
zowel de grootte als de richting van de snelheid van het fragmention en zijn bijbehorende
elektron zeer nauwkeurig te kunnen bepalen.

Met behulp van de cöıncidentie imaging techniek kan worden bepaald waar de energie
van de geabsorbeerde fotonen voor gebruikt wordt. Naast de energie die nodig is voor



de dissociatie en ionisatie van een molecuul kan deze energie ook gebruikt worden om
elektronen en fragmentionen een kinetische energie mee te geven na de excitatie. De
snelheid en daarmee de kinetische energie van zowel de elektronen als de ionen kan bepaald
worden met behulp van cöıncidentie imaging. In het algemeen kunnen de verschillende
gëıoniseerde molecuulfragmenten vrij eenvoudig van elkaar gescheiden worden doordat ze
in massa verschillen en daardoor verschillende vluchttijden hebben. Echter verschillen de
elektronen niet in massa en kunnen daardoor niet aan de hand van de vluchttijden van
elkaar onderscheiden worden, terwijl het proces waarmee ze gevormd zijn kan verschillen.
In een cöıncidentie meting kan wel onderscheid gemaakt worden, doordat de elektronen in
cöıncidentie gemeten worden met de bijbehorende fragmentionen. De snelheidsverdeling
van het elektron kan op die manier voor ieder gemeten ion apart bepaald worden.

Een van de resultaten die alleen met de cöıncidentie imaging techniek verkregen kan
worden is de correlatie tussen de kinetische energie van het elektron en de kinetische
energie van het ion. Daarmee kan de totale kinetische energie als gevolg van de excitatie
bepaald worden en verschillende dissociatie en ionisatie processen van elkaar onderscheiden
worden. De totale kinetische energie is gelimiteerd door de totale energie van het aantal
geabsorbeerde fotonen en daaruit kan bovendien worden afgeleid hoeveel fotonen zijn geab-
sorbeerd. Dit is belangrijk omdat femtoseconde laserpulsen hoge piekvermogens bezitten
en daardoor kunnen simultaan meerdere fotonen geabsorbeerd worden. Dit maakt de in-
terpretatie van de resultaten van tijdsopgeloste femtoseconde experimenten in combinatie
met andere technieken ingewikkeld, omdat eerst achterhaald moet worden hoeveel fotonen
geabsorbeerd zijn. In de cöıncidentie metingen kan dit echter vrij eenvoudig bepaald wor-
den en daarmee kunnen conclusies getrokken worden over welke hogere energietoestanden
betrokken zijn bij de dissociatie van een molecuul.

In hoofdstuk 5 tot en met 7 wordt beschreven hoe met behulp van de cöıncidentie
imaging techniek kan worden onderzocht hoe moleculen dissocieren na excitatie door één
of twee laserpulsen. In hoofdstuk 5 wordt een experiment beschreven met het stikstof-
dioxide molecuul, NO2, dat veel bestudeerd is en een complexe elektronische structuur
heeft. De elektronen worden waargenomen in cöıncidentie met het moleculaire ion, NO+

2 ,
of met het enige fragmention, NO+, waarbij een zuurstof atoom is afgesplitst. Verschil-
lende dissociatie mechanismen zijn waargenomen en eenduidig toegekend, waarbij het NO2

molecuul in de aangeslagen toestand, maar ook als ion, kan dissociëren. De ionisatie en
dissociatie van moleculen zijn twee processen die door de excitatie worden gëınduceerd.
Deze twee processen kunnen echter in verschillende volgorden voorkomen, dat wil zeggen
eerst ionisatie en vervolgens dissociatie van het gevormde moleculaire ion of dissociatie
gevolgd door ionisatie van het fragment. Dit onderscheid kan met behulp van de tijds-
opgeloste cöıncidentie metingen meestal eenvoudig gemaakt worden, maar kan moeilijker
zijn in het geval dat maar één laserpuls wordt gebruikt voor zowel de dissociatie als de
ionisatie.

Hoofdstuk 6 beschrijft een experiment, waarbij met een enkele laserpuls zowel ionisatie
als dissociatie wordt waargenomen voor het CF3I molecuul. Hieruit is gebleken dat de
ionisatie eerst plaatsvindt na de absorptie van vier fotonen. Dit proces vormt het mole-
culaire CF3I+ ion dat ook kan dissociëren waarbij het CF+

3 ion en het I atoom gevormd
worden. Hiernaast kan het moleculaire CF3I+ ion echter ook nog een vijfde foton ab-
sorberen en daardoor dissociëren, waarvoor verschillende kanalen beschikbaar zijn. Via
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dit proces kan het I+ ion samen met het CF3 fragment gevormd worden. Vergelijkbaar
aan het CF3I molecuul blijkt bij CF2Br2 ionisatie als eerste plaats te vinden. Het CF2Br2

molecuul is uitgebreid onderzocht en het onderzoek wordt beschreven in hoofdstuk 7. Het
molecuul bezit veel dissociatie mechanismen en er worden zes verschillende fragment ionen
waargenomen. Deze ionen blijken te worden gevormd door de dissociatie na absorptie van
een of meerdere fotonen door het gevormde moleculaire ion, vergelijkbaar aan CF3I. In
een tijdsopgelost experiment is een dominante hogere energietoestand gevonden waarin
het molecuul dissocieert en er een broom atoom wordt afgesplitst.

Naast de snelheid van de elektronen en ionen kan de uitstootrichting van deze deeltjes
worden bepaald. Bovendien stelt de cöıncidentie techniek ook in staat om de richting van
het elektron te correleren aan die van het ion. Dit wordt besproken voor nitromethaan,
CH3NO2, in hoofdstuk 8. Als gevolg van de excitatie vindt eerst ionisatie plaats en vervol-
gens breekt de centrale C-N binding van het nitromethaan ion, waarbij er twee verschil-
lende fragmentatieprocessen worden waargenomen. Het eerste proces is de vorming van
het CH+

3 ion samen met het NO2 fragment en bij het tweede proces worden het NO+
2 ion en

het CH3 fragment gevormd. In beide gevallen wordt waargenomen dat het elektron in de
richting van het CH3 fragment uit het nitromethaan molecuul is gekomen. Uit berekenin-
gen van de elektronenverdeling in het nitromethaan molecuul volgt dat de elektronen voor
de excitatie zich ook hoofdzakelijk aan de CH3 zijde van het molecuul bevinden. Hierdoor
lijkt er een verband te zijn tussen de elektronenverdeling in het molecuul en de gevonden
experimentele resultaten.

In de laatste twee hoofdstukken wordt de ionisatie van de edelgasatomen krypton (Kr)
en xenon (Xe) nader onderzocht, waarbij meerdere fotonen door de atomen worden geab-
sorbeerd. De uitstootrichting van de afgesplitste elektronen wordt bepaald door de eigen-
schappen van de (aangeslagen) atomen en door de polarisatierichting van het laserlicht.
De polarisatie van het laserlicht kan experimenteel vrij eenvoudig veranderd worden. De
effecten op de richting ofwel hoekverdeling van de elektronen voor de verschillende excitatie
processen zijn onderzocht. Bijvoorbeeld, in het geval van elliptische laserpolarisatie wor-
den asymmetrische hoekverdelingen waargenomen. De manipulatie van de polarisatie van
het laserlicht kan ook gebruikt worden om bepaalde atomaire of moleculaire processen te
optimaliseren, zoals selectieve dissociatie van een binding in een molecuul. De combinatie
van polarisatie optimalisatie met de cöıncidentie techniek geeft nieuwe inzichten in het
mechanisme over hoe en waarom een selectieve dissociatie verkregen kan worden.

Dit proefschrift beschrijft de ontwikkeling van de cöıncidentie techniek en de mogelijk-
heden die dit biedt bij het interpreteren van experimenten aan atomen en moleculen met
behulp van ultrakorte laserpulsen. Uit de verschillende experimenten beschreven in dit
proefschrift is gebleken dat deze techniek zeker zal bijdragen tot een beter begrip van de
interactie van atomen en moleculen met licht.
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