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Zusammenfassung

Aufgrund ihrer kleinen De-Broglie-Wellenlänge sind Elektronen sehr gut für die
Strukturanalyse mit einer Auflösung im atomaren Bereich geeignet. Die Synchroni-
sation von ultrakurzen Elektronenpulsen mit ultrakurzen Laserpulsen bietet weiter-
hin die Möglichkeit, Vorgänge wie Konformationsänderungen von Molekülen oder
Phasenübergänge in Festkörpern mit präziser Orts- und Zeitauflösung zu unter-
suchen. Zusätzlich reagieren Elektronen aufgrund ihrer Ladung hochsensitiv auf
elektrische und magnetische Felder.
In den in dieser Arbeit vorgestellten Experimenten werden beide Eigenschaften

ausgenutzt. Ihre Eigenschaft, auf äußere Felder zu reagieren, wird zur Untersuchung
ultraschneller Plasmadynamik verwendet. Diese Art der Untersuchung ermöglicht
es, Plasmaeigenschaften zu beleuchten, die anderen Methoden nicht zugänglich sind.
Die extrem hohe räumliche Auflösung, kombiniert mit einer Zeitauflösung von

einigen Pikosekunden, ermöglicht die erste Demonstration zeitaufgelöster Elektro-
nenbeugung von transient ausgerichteten Molekülen. Dabei wird der ultraschnelle
Zerfall des erzeugten Rotationswellenpakets gemessen. Zeitaufgelöste Elektronen-
beugung an ausgerichteten Molekülen stellt einen bedeutenden Schritt auf demWeg
hin zu dreidimensionaler Strukturaufklärung hochkomplexer Moleküle dar.
Die Raumladung innerhalb der Elektronenpulse führt zur schnellen zeitlichen

Verbreiterung der Pulse, typischerweise in den Pikosekundenbereich. Um diese
Einschränkung zu überwinden, wurde eine Einzelelektronenquelle konstruiert. Er-
ste zeitaufgelöste Experimente zum Photoemissionsprozess zeigen eine verbesserte
Zeitauflösung von einigen hundert Femtosekunden.
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Abstract

Ultrashort electron pulses are very attractive for the investigation of dynamics with
ultrahigh spatial and temporal resolution. Due to their small de Broglie wavelength
they allow for atomic-scale resolution in diffraction experiments. Synchronized with
ultrashort laser pulses, they can probe ultrafast processes such as conformational
changes in molecules or phase transitions in solids. In addition, being charged par-
ticles, they are a very sensitive probe for electric and magnetic fields.
In this thesis, both features are used. Taking advantage of the ability to probe

electric and magnetic fields, the ultrafast dynamics of optical-field-ionized (OFI)
plasmas are investigated with picosecond resolution. New features of OFI-plasmas
are observed which are not accessible to other methods such as a cloud of electrons
separating from the plasma core far beyond the Debye length.
Using the ultrahigh spatial resolution combined with picosecond temporal resolu-

tion, transient molecular alignment is observed for the first time using time-resolved
electron diffraction. Diiodotetrafluoroethane (C2F4I2) molecules are aligned selec-
tively using an optically induced dissociation reaction. The ultrafast dephasing
of the alignment is measured with few-picosecond resolution. Electron diffraction
from aligned molecules opens a way for three dimensional structure determination
of complex molecules.
Due to the Coulomb-repulsion electron pulses broaden in time and therefore pro-

ducing femtosecond pulses remains a challenge. To overcome this limitation, an
electron-source using single-electron pulses was constructed. Experiments captu-
ring images of an electron cloud photo-emitted from a surface are presented. The
achieved femtosecond resolution allows to study the development of cloud expansion
and velocity spread within dense electron packets from surfaces.
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1. Introduction

Due to the short de Broglie wavelength of electrons, electron diffraction is a very
successful technique for the determination of static structures ranging from the
structures of isolated molecules to structures of solids. However, for a full de-
scription of dynamical processes such as chemical reactions or phase transitions,
real-time investigation of the underlying elementary processes is necessary.
The microscopic steps of chemical or biological transformations are on the fem-

tosecond (1 fs = 10−15 s) time-scale and above. Tens to hundreds of femtoseconds
are the time-scale of molecular vibrations which is the natural scale for making
or breaking of chemical bonds. This is consistent with the millielectronvolt-scale
spacing of molecular vibrational energy levels. The typical time-scale for electronic
motion is the attosecond (1 as = 10−18 s) regime, while faster processes in the zep-
tosecond (1 zs = 10−21 s) regime are predicted to occur within nuclei [1].
With the development of femtosecond laser systems in the past decades (for a

review see [2]) ultrashort laser pulses enabled the time-resolved study of ultrafast
molecular dynamics on the natural time scale of their vibrations. In 1999 Ahmed
H. Zewail was awarded the nobel prize in Chemistry for pioneering this field called
“Femtochemistry” [3].
The advance of attosecond physics [1] improved the time-resolution to the time

regime of electronic dynamics. Pulses shorter then 100 attoseconds have been
demonstrated [4]. Attosecond time resolution enabled the real-time observation of
electronic processes, e.g. in atoms [5] and solids [6]. With attosecond pulses it
was possible to directly measure the light-field of a few-cycle laser pulse [7] and to
reconstruct the charge distribution in a diatomic molecule [8].
However, the relation between the spectroscopic observables and structure is only

easily understood for small systems of not more than a few atoms, but it becomes
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more difficult or even unsolvable for more complex systems. By replacing the in-
terrogating laser pulse with an ultrashort electron pulse, the sub-Angstrom spatial
resolution of electron diffraction can be combined with ultrahigh time-resolution.
Ultrafast electron diffraction, crystallography and microscopy have been very suc-
cessful in the investigation of the time-resolved structures of isolated molecules,
materials and biological systems [9].
The investigation of isolated molecules in the gas phase with gas electron diffrac-

tion (GED) is, however, still hampered by the random orientation of the molecules.
This leads to diffraction rings as opposed to the Bragg-spots which are obtained by
diffraction from single crystals. Because of this “smearing”, only one-dimensional
information can be retrieved from such diffraction patterns, i.e. the bond distances
of the molecules of interest. The bond angles cannot directly be extracted from the
experimental diffraction patterns. A further complication comes from the fact that
lighter atoms scatter less then heavier atoms. This can lead to incomplete structures
being obtained because of the uncertainty in the positions of the light atoms such as
hydrogen. Also, molecular vibration adds a complication: The average interatomic
distances can depend on the vibrational amplitudes. Due to bending the distances
may appear smaller; this is known as the shrinkage effect [10]. The effect gets more
severe if the molecules are bigger and have low-frequency/large-amplitude torsion
angles. Molecular structure analysis with electron diffraction in the gas phase usu-
ally is a combination of theoretical modeling and experiment. An example is the
SARACEN-method (Structure Analysis Restrained by Ab initio Calculations for
Electron diffractioN, [11]): Ab initio calculations are used to generate a theoretical
model for the molecule in question, which is refined by the experimental diffraction
pattern. This combination of theory and experiment becomes more difficult with
growing molecular size. Structure determination using GED is therefore limited to
rather small molecules up to a few tens of atoms. The structure determination of
the phosphinyl radical ṖR2 [R = CH(SiMe3)2] (57 atoms) [12] is an example of one
of the biggest structures determined with GED.
In the case of ultrafast electron diffraction (UED [9]) the situation is even more

challenging. Because of the Coulomb repulsion of the electrons within the electron
pulse (“space-charge”) the number of electrons per pulse has to be kept small to
achieve short pulses which are required for a high temporal resolution. With ∼1000
electrons per pulse, the electron pulse duration is ∼ 1 ps [9]. Therefore, the electron
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flux is lower as compared to the continuous GED machines. This limitation of the
electron flux reduces the range of accessible scattering angles in the diffraction
experiment which again limits the spatial resolution.
The limitations of electron diffraction in the gas phase due to the random molec-

ular orientations can be overcome by aligning the molecules. It has been shown
theoretically that electron diffraction from aligned molecules reveals not only the
interatomic distances but also the bond angles [13, 14]. Molecules can be aligned us-
ing ultrashort laser pulses actively [15] or selectively through a dissociation reaction
[13]. Both alignment techniques provide samples of transiently aligned molecules
which are free from external fields. The molecules can be observed free from exter-
nal perturbations.
Electron diffraction from transiently aligned molecules requires the electron pul-

ses to be short enough to capture the diffraction pattern while the molecules are
aligned. Due to the molecular rotations the alignment vanishes while the molecules
continue to rotate randomly. This rotational dephasing of the corresponding ro-
tational wavepacket happens in approximately one picosecond for heavy diatomic
molecules like I2 and in about 200 fs for light diatomic molecules like N2

1

Approaches to shorten electron pulses to the femtosecond regime include using
a very short electron source to reduce space-charge induced broadening [19] or
eliminating space-charge using single-electron pulses at MHz repetition rate [20].
However, femtosecond resolution has up to now only been achieved in solid state
experiments [21, 22], while gas phase experiments are still limited to the picosecond
regime [9]. With femtosecond temporal resolution electron diffraction from tran-
siently aligned molecules could allow for three dimensional structure reconstruction
even for molecules of high complexity. Additionally, photochemical reactions, as for
example the ring opening reaction of 1,3-cyclohexadiene, which has been studied
using UED with picosecond resolution [23], could be resolved in much more detail.
The electron charge is a challenge on the way to produce femtosecond electron

pulses. However, on the other hand it opens the way for a different use of ultrashort
electron pulses: Electrons are an ideal probe for electric and magnetic fields. An

1The dephasing in the case of selective alignment can be approximated by an exponential decay
[16]. Using the rotational constantB, the dephasing time td can be calculated according to td =
1/
√

36π kBτrot cB/h, where kB is the Boltzmann constant, τrot the rotational temperature
and c the speed of light. The rotational constants are B = 0.037 cm−1 for I2 [17] and B =
1.989 cm−1 for N2 [18].
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interesting subject to study with this tool are optical-field-ionized (OFI) plasmas.
OFI plasmas are just in the boundary area between atomic or molecular physics
where quantum effects play the major role and plasma physics where electrons
are free and quantum effects are less important [24]. With optical-field ionization,
atoms or molecules are ionized by a laser field, and the plasma electrons respond
nearly classically to the force exerted by the electric field [24]. Studying OFI-
plasmas in detail can provide knowledge to help improving the setting of parameters
for optimizing particular applications. Examples are X-ray lasers and soft X-ray
sources as well as plasma electron and ion accelerators.
In the course of this thesis a series of ultrafast experiments is presented which

make use of the short electron wavelength as well as of the electron charge. Tak-
ing advantage of the sensitivity of electrons to electromagnetic fields, OFI-plasmas
are investigated with picosecond temporal resolution. Originally these experiments
were aimed at finding the spatio-temporal overlap of electron and laser pulses in
UED-experiments. However, they turned out to be a new method, viz. deflec-
tometry, which is capable of capturing images of the ultrafast evolution of the
OFI-plasmas. For this purpose, a kHz electron source was constructed based on a
commercial kHz fs-laser system. Using this kHz-electron source an expanding cloud
of hot plasma electrons is observed leaving the positive core of ions traveling far
beyond the Debye length. Time-varying magnetic fields deflect electrons creating
moving lobes along the laser line. The method can have important implications
being applied to improve parameters for many applications of OFI-plasmas.
Based on this kHz-electron source, an ultrafast electron diffraction (UED) appa-

ratus was developed which allows for the time-resolved investigation of photochem-
ical reactions with Angstrom spatial and picosecond temporal resolution. Using
this UED-system the two-step dissociation reaction of 1,2-diiodotetrafluoroethane
(C2F4I2) was investigated. The main success of this experiment is the first demon-
stration of transient molecular alignment with UED. The alignment decay was fol-
lowed with picosecond temporal resolution. These experiments may open a route
for a new way of structure determination of complex isolated molecules.
The main limitation of the UED-experiment from aligned molecules is the tem-

poral resolution of picoseconds, which is comparable to state-of-the-art gas phase
studies [9]. Within a few picoseconds the alignment gets lost due to molecular ro-
tations. Shorter electron pulses are necessary to improve the temporal resolution
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and to observe the alignment closer to the optimum. To shorten the electron pulse
duration to the femtosecond regime, an ultrahigh vacuum chamber was designed
and constructed. The ultrahigh vacuum system allows to apply very high accel-
eration fields which are required to produce short electron pulses (see chapter 5
for more detail). The electron source housed in this chamber is based on a long
cavity MHz oscillator [25]. In this system it is possible to overcome space-charge
limitations by using single-electron pulses allowing for a significant improvement in
time-resolution.
To measure the duration of these ultrashort electron pulses and prove the fem-

tosecond resolution, a very general method for pulse duration measurement is pre-
sented theoretically. The experiments making use of the MHz electron source are
aimed to demonstrate this method experimentally. First experiments are carried
out which already show femtosecond resolution. In these experiments the high tem-
poral resolution allows to investigate the photo emission process of electrons from
a copper surface. The cloud expansion of the photo-emitted electrons is followed
with a temporal resolution below 400 fs. In addition, these experiments constitute
a feasible method to establish the spatio-temporal overlap of the electron and laser
pulses in pump-probe experiments even for laser pulses of pulse energy below 100
nJ.

1.1. Summary
The thesis is structured according to the following scheme:

Chapter 2: This chapter gives an overview summarizing experimental techniques
for the study of molecular structure and dynamics. Important spec-
troscopic methods are addressed. The chapter discusses the differ-
ences between spectroscopic and diffractive methods and emphasizes
the wide applicability of ultrashort electron pulses.

Chapter 3: This chapter focuses on the application of ultrashort electron pulses in
deflectometry. Even though the experiments where first aimed only
to find the temporal and spatial overlap of the fundamental laser
pulses and the electron pulses they turned out to be additionally a
new method to visualize and follow the evolution of OFI-plasmas.
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Images of the plasma evolution are taken with picosecond time steps.
By this method new features of OFI-plasmas have been discovered,
which have not been seen before. The results of this chapter are
published in [26, 27]. These experiments where carried out at the
Max-Planck-Institut für Quantenoptik. The use of the laser system
was kindly provided by the group of Prof. Dr. Kompa. It is a
commercial kHz titanium-sapphire laser system which allowed for
the construction of a picosecond electron source.

Chapter 4: The goal of the experiments presented in this chapter is to carry out
time-resolved diffraction experiments which for the first time show
transient molecular alignment using the method of selective align-
ment. The results of this chapter are published in [28]. The exper-
iments were carried out using the same apparatus as used for the
OFI-plasma experiments. However, the setup had to be substan-
tially modified: To establish a gas jet containing rotationally cool
molecules a seeding setup was built. To be able to study photoin-
duced molecular reactions the fundamental pulses were converted into
the 3rd-harmonic. To record diffraction patterns the main electron
beam has to be blocked and for this purpose a movable beam block
had to be constructed.

Chapter 5: To record sufficient signal in time-resolved diffraction experiments
using kHz systems usually thousands of electrons per pulse have
to be used. Therefore time resolution is limited to the picosecond
regime due to repulsion of the pulse electrons. The theory and the
experiments presented in Chapter 5 are based on a MHz-laser sys-
tem allowing for single-electron experiments which promise to have
femtosecond time-resolution. In the first part of this chapter a very
general method for the measurement of electron pulse durations is
proposed and analyzed theoretically. In the second part, first exper-
imental results are presented. These experiments were carried out
at the physics department of the Ludwig-Maximilians-Universität in
Garching, making use of a MHz-laser system built by S. Naumov [25].
With these femtosecond electron pulses it is possible to visualize pho-
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toemission of electrons from a surface with femtosecond resolution
even with the relatively weak laser pulses. The theoretical results
are published in [29] and the experimental results are summarized in
[30].

Chapter 6: The last chapter is a summary of the results presented in this thesis
and contains an outlook on future prospects.
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Figure 1.1.: Artist’s view into the vacuum chamber housing the experiments on
time-resolved electron diffraction: Ultrashort electron pulses (electrons
symbolized as green balls) emerging from a small orifice to the left
impinge on a molecular gas jet. The jet streams out of a nozzle (gas
molecules symbolized as yellow balls). The electrons are scattered from
the gas molecules and generate a diffraction image on the detector
(schematically displayed in the right part of the picture, rotated to-
wards the observer for better visualization). In the region where the
electron pulses and gas jet overlap the UV laser (invisible in reality)
is illustrated as a red circular spot. (Photo: Thorsten Naeser; layout:
Christian Hackenberger; image taken from MPQ webpage.)



2. Molecular structure and dynamics

The understanding of molecular structure and dynamics is fundamental for the in-
vestigation of physical, chemical and biological processes. Molecular energy levels
can be determined by measuring absorption or emission of electromagnetic radia-
tion. The intensities of the absorption or emission lines give the probabilities of
the transitions and thus information about the symmetry of the energy states and
their couplings. The linewidths are correlated with the state lifetimes and with
time-resolved measurements molecular dynamics can be investigated.
Spectroscopic techniques cover a large range of the electromagnetic spectrum

from Microwave radiation to the hard X-ray regime [31]. Radiation with an en-
ergy of only a few meV can be used to induce nuclear spin transitions in Nuclear-
magnetic-resonance (NMR) spectroscopy. NMR-spectroscopy is a powerful tool
for the determination of large molecular structures of biological interest such as
proteins [32] and for medical imaging [33, 34]. Increasing the frequency to the mi-
crowave and IR range allows for excitation of molecular rotations and vibrations.
To be directly excited by electromagnetic radiation, these transitions require the
molecules to have a dipole moment. In the case of missing dipole moments the com-
plementary Raman scattering techniques are used to study rotations and vibrations.
The spectroscopic resolution is limited by the width of the absorption or emission
lines. At room temperature the line width is usually dominated by the Doppler
effect. Several nonlinear methods exist to improve the spectroscopic resolution to
the natural width of the lines e.g. Doppler-free cw two-photon spectroscopy [35].
In the visible and the ultra violet range the photon energy is high enough for

electronic excitation. When molecules absorb photons with wavelengths ranging
from the visible to the ultraviolet, they may undergo electronic transitions redis-
tributing the valence electrons and turning them into excited state molecules. The
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excited states are unstable. The redistribution of the energy in the molecule can
lead to conformational changes and dissociation.
Increasing the photon energy further, molecules can be ionized (e.g. for water in

gas phase if the photon energy exceeds 13 eV [36]). At keV photon energies in the
hard X-ray regime, ionization of the inner shell electrons is possible and the excited
ions relax through fluorescence or Auger decays to ionic states.
A spectroscopic method using X-rays, is X-ray absorption spectroscopy (XAS).

For reviews see [37, 38]. Plotting the X-ray absorption coefficient as a function of
the energy, the dominant features are the absorption edges. At certain energies the
absorption increases in a step-like manner. These features are unique to a given
atom and reflect the excitation energy of inner-shell electrons. Just above the edges,
the absorption is modulated by oscillatory structures. Within the first 30 eV - 50 eV
the spectrum is dominated by multiple scattering of the ionized photoelectron by
its nearest neighbors. This region is termed XANES (X-ray absorption near-edge
structure). It contains information about both the electronic and the geometrical
structure including bond distances and angles. For higher energies mainly single
scattering events dominate, resulting in a weaker oscillatory modulation of the ab-
sorption. This region is called EXAFS (extended X-ray absorption fine structure).
The EXAFS-region provides information about internuclear distances of the nearest
neighbors from the absorbing central atom.
For X-ray radiation elastic scattering enables the use of diffraction techniques

to directly probe the atom positions. X-ray diffraction from molecular crystals is
the dominant method for the structure determination of large molecules relevant in
biology. Famous examples are the determination of the DNA structure [39, 40], the
Myoglobin molecule [41] and the Haemoglobin molecule [42]. Today, the majority
of the small fraction of those protein structures which are known, is determined by
X-ray diffraction. At the end of July 2009 the number is 50864 out of 59227 known
protein structures [43]. Due to the large scattering cross section of electrons and
atoms and the more favorable ratio of elastic to inelastic scattering cross sections as
compared to X-rays [44], electron diffraction has been very successful in determining
the structures of isolated molecules in the gas phase [45].
Molecular dynamics can be investigated with ultrashort laser pulses. In the

pump-probe scheme, a femtosecond laser pulse (pump-pulse) excites a coherent
wavepacket. A weaker pulse (probe-pulse) probes the optical response as a function
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of the delay between pump-pulses and probe-pulses. The coherence in the excited
levels leads to dynamics which can be directly associated with classical motion [46].
The excited system can be probed e.g. by spectroscopy or mass spectroscopy.
To actually follow a chemical reaction detecting also the intermediate states,

femtosecond resolution is required [3]. Observing the passage through the molecular
transition state was for the first time demonstrated for the dissociation reaction of
ICN [47]. This experiment was one of the first in the field of “Femtochemistry”
[48]. Time resolved experiments with femtosecond resolution have been performed
within the spectral range from the far infrared to the deep ultraviolet. The recent
developments in the field of attosecond physics [1] give the tools to study electronic
processes in molecules with sub-femtosecond resolution.
For complex molecular systems, structural information about all nuclear coor-

dinates at a given time can be only revealed by diffraction methods using X-rays
or electrons. High flux X-Ray pulses (103 to 106 photons) have been used with a
time resolution of about 100 ps, while the now available femtosecond sources offer
significantly lower numbers of photons per pulse (10 to 100 photons) [49]. There-
fore, to date most X-Ray diffraction studies have been on solids investigating lattice
dynamics, phase transitions and melting [49].
In contrast, in the gas phase, ultrafast electron diffraction (UED) has been very

successful in following chemical reactions on a picosecond time-scale [9]. Unlike
spectroscopic probe-pulses, the electron pulses are sensitive to all species in their
pass and can see structures which are not accessible to spectroscopy. An example
which demonstrates the ability of electron pulses to capture the structure of inter-
mediates during a chemical reaction is the two-step dissociation reaction of C2F4I2
forming tetrafluoroethylene C2F4. With UED it has been possible to determine the
structure of the intermediate C2F4I-radical [23, 50].
A new approach for structure determination has been proposed which relies on

ultrashort X-ray pulses originating from free-electron X-ray lasers (FEL) [51]. This
method aims at three dimensional imaging of large biomolecules. The idea is to take
a diffraction image of the single molecule in a single shot making use of the large
number of X-ray photons in an FEL-pulse. The pulse is required to be short enough
to capture the diffraction image before the molecule is destroyed by Coulomb ex-
plosion. Images of molecules which are accidentally aligned are selected by means
of a specialized algorithm [52]. Evaluation of images for different angles allows for
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the three dimensional reconstruction of the molecule.
In summary, X-ray and electron diffraction offer direct access to structure of

physical systems with atomic resolution. Time-resolved electron diffraction is a
very powerful technique to study ultrafast molecular processes in the gas phase.
The main limitations of ultrafast gas-electron diffraction, the random molecular
orientation and the temporal resolution are subjects of this thesis.



3. Real-time observation of
optical-field-ionized plasmas

The experiments presented in this chapter are dedicated to the time-resolved in-
vestigation of optical-field-ionized (OFI) plasmas. Due to their charge, electrons
are sensitive to the electric and magnetic plasma fields. With pump-probe exper-
iments the ultrafast evolution of the plasma fields is investigated with picosecond
resolution. This method has been called “electron deflectometry” [26]. The results
comprise information which is not accessible to other techniques. Images of a posi-
tively charged core of ions and a cloud of electrons expanding farther then expected
are recorded.

3.1. Introduction
OFI plasmas are of great interest owing to their unique properties and suit many ap-
plications such as the study of nuclear fusion [53], generation of energetic electrons
[54, 55, 56, 57] and ions [58, 59], X-ray emission [60, 61], X-ray lasers [62, 63, 64]
and XUV attosecond pulse generation [65]. A detailed knowledge of the plasma
dynamics can be crucial for optimizing a given application.
The parameters of an OFI plasma can be varied over a wide range: The maxi-

mum ionization stage can be set by the intensity of the laser pulse generating the
plasma [66], the electron temperature can be controlled by applying linear or cir-
cular polarization [67], and by appropriately choosing the backing pressure of the
nozzle one can generate cluster plasmas [68]. Various methods have been applied
to investigate the parameters of OFI plasmas. The electron temperature has been
measured by Thomson scattering [69]. The ionization stage has been determined by
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ion spectrometry [70] and by recording the emission of X-rays from the plasma [63].
The time-resolved plasma density profile has been measured by optical interferom-
etry and holography [71, 72]. Moiré deflectometry has been used to determine the
density profile in the plasma channel and its lateral expansion [73]. Spectrometry
of ions emitted from the plasma has yielded information on the ion velocity and
temperature [74]. Radiography using energetic (MeV) protons has been used to
diagnose density perturbations and transient fields in high-density plasmas with a
temporal resolution of 100 ps [75, 76, 77].
Electron deflectometry makes use of the deflection of charged electrons by the

plasma fields. Monoenergetic electrons with an energy of 20 keV are directed onto
an OFI nitrogen plasma generated by a 50 fs titanium-sapphire laser pulse. The
electrons are deflected by the fields resulting from charge separation, and the re-
sulting distortion of the electron beam yields time-resolved images of the plasma.
Pump-probe experiments of the plasma evolution capture changes within a few pi-
coseconds with a spatial resolution of 30 µm. This direct time-resolved imaging
of plasma fields reveals features which cannot be observed using methods. Such
knowledge can help improving parameters for optimizing particular applications.
As an example, X-ray lasers and soft X-ray sources may greatly benefit from a bet-
ter understanding of the dynamics of laser-generated plasmas. The new technique
has the potential to lead to better control of plasma electron- and ion accelerators
and improve their features. The high sensitivity of electron deflectometry is due to
the fact that even small charge imbalances within the plasma are observable as dis-
tortions in the spatial profile of the electron beam. The narrow energy spread and
low emittance (ε = 1.5 mRad mm) of the electron beam allows for the detection of
plasma fields below 106V/m.

3.2. OFI-plasma in gas jets

3.2.1. Experimental setup

The experimental setup is sketched in fig. 3.1. The vacuum system consists of two
chambers, the acceleration chamber and the experiment chamber. Without the gas
jet the pressure is typically on the order of 10−5 mbar. The linearly polarized laser
pulses have a central wavelength of 800 nm, a temporal full-width-half-maximum
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Figure 3.1.: a) Experimental setup: BS: beam splitter; L1: lens (f = 300 mm); C:
copper cathode; A: copper anode; Vacc: acceleration voltage (20 kV);
SP: steering plates; N: gas nozzle; Detector: see part c); M: dielectric
mirrors reflective for 800 nm; L2: defocusing lens (f = -100 mm;); L3:
focusing lens (f = 400 mm); L4: focusing lens (f= 300 mm). b) Side
view of the experimental geometry. c) Detector: 1: aluminium coating
(100 nm); 2: phosphor layer; 3: fiber disk; 4: fiber tube; 5: CCD-chip.

(FWHM) of 50 fs, a repetition rate of 1 kHz and an energy of 1.8 mJ. A small
fraction of the laser light is split from the main beam and focused onto the surface
of a copper cathode inside the acceleration chamber. Electron pulses are created
from the surface via a three-photon photoelectric effect (the photon energy of 1.55
eV is below the work function of copper). The resulting electron pulses are then
accelerated by a static voltage of 20 kV over a distance of 11 mm. The direction
of the electron pulses is controlled using two pairs of steering plates. The steer-
ing plates deflect the electron beam by an adjustable static electric voltage (few
hundreds of volts) in the two directions perpendicular to the electron beam path.
Traversing a nitrogen gas jet the electron pulses are directed onto the detector (fig.
3.1 b)).

The electron beam is detected by means of a phosphor-coated fiber plate which is
fiber coupled to a CCD chip (fig. 3.1 c)). Residual laser light (mainly scattered from
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the anode or from the gas nozzle) is rejected by a 100 nm aluminium layer on the
phosphor coating. The divergence of the electron beam results in a magnification
factor of 1.6. By evaluating the shadow of a sharp edge, the spatial resolution of
the imaging system is estimated to be 30 µm.
The electron pulse duration depends on the number of electrons per pulse and

the initial energy spread of the electrons at the instant of emission from the photo
cathode. In the present experiment the pulse duration is mainly determined by
the number of electrons per pulse (this can be confirmed using the GPT-code
[78], a well-established simulation tool for particle propagation). To determine
this number, the electron beam current is measured by means of a Faraday cup
coupled to a pico-amperemeter. With this current the number of counts on the
detector is calibrated to the number of electrons per pulse. The electron current
can be controlled by adjusting the intensity of the laser beam on the cathode.
The main part of the laser beam is expanded and then focused with a 300 mm

lens into a nitrogen gas jet to a spot 20 µm in diameter, resulting in a peak intensity
of 4×1015 W/cm2. At the point of plasma generation the gas jet has a density of
2.4 × 1017 /cm3 as measured by evaluating the reduction in electron beam intensity
after traversing the jet. The distance between the photocathode and the gas jet
is 250 mm and the distance between gas jet and phosphor screen is 60 mm. The
temporal delay between the pump laser and electron pulses is adjusted by means
of a motorized delay stage.

3.2.2. Experimental results

Figure 3.2 shows pump-probe images of the plasma evolution of a nitrogen OFI-
plasma. The images show a global time-scan ranging over about 170 ps. For each
image, 1000 electron pulses containing 65000 electrons per pulse are acquired. The
corresponding pulse duration is calculated with the GPT-code [78] to 15 ps. An
image of the electron beam without the laser beam is used to correct a gradient in
the intensity of the electron beam. A background image without the electron beam
was used to subtract the residual scattered laser light (mainly light penetrating
defects in the aluminium coating).
Initially, a small depleted region appears in the electron beam in the area of the

laser focus. This “hole” expands for approximately 80 ps. Then a spot develops
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Figure 3.2.: Pump-probe images of the plasma evolution. a)-f) Changes in the
electron beam due to the charge distribution in the plasma as a function
of the time delay T between the electron and laser pulses. The x- and
y- scales of the panels are those of the detector. The dark area in the
left part of the images is the shadow of the gas nozzle. The geometry
is included as an overlay in part a). The laser is incident from below
with a polarization perpendicular to the image plane. The width of the
black and white dashed line in panel a) corresponds to the maximum
width of the laser beam while traversing the electron beam, and the
position of the line corresponds to the path of the laser. The color
mapping represents the number of electron counts normalized to the
maximum.

in the center (fig. 3.2 e)-f)). The spot becomes brighter than the initial electron
beam for a time delay T > 100 ps, and its intensity increases up to 200 ps. For
later times (not shown in the figure) the brightness of the spot slowly decreases.
Simultaneously with the depleted region, two bright “lobes” appear on each side
of the plasma region, along the line of laser propagation (vertical in fig. 3.2 and
fig. 3.3). These lobes then move away from the focal region in opposite directions.
The side-lobes reach the boundary of the electron beam after approximately 100 ps
(fig. 3.2 e)) and then remain static. The pattern remained qualitatively unchanged
until the maximum delay time in the experiment (T = 300 ps), with only a slight
decrease in the brightness of the main features.
Figure 3.3 focuses on the initial stages of the plasma expansion. Here the duration

of the electron pulses was decreased by reducing the number of electrons per pulse.
For the images 3000 electron pulses with 2300 electrons each are recorded. The
corresponding pulse duration is calculated using the GPT-code to 2.6 ps. fig. 3.3
a)-d) shows the plasma evolution with a time step of 2.7 ps. The formation of
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Figure 3.3.: a)-i) Pump-probe images of the plasma evolution with increasing tem-
poral resolution. j), Image for the same time delay (T = 34.7 ps) as in
i), with the color corresponding to the lowest number of counts (dark
blue) removed to highlight the pattern of deflected electrons. The ge-
ometry is the same as shown in fig. 3.2 a). The x- and y- scales of
the panels are those of the detector. The color mapping represents the
number of electron counts normalized to the maximum.

an expanding feature is clearly visible after the first time step. After only 5.3 ps
(fig. 3.3c)) there is already a well-defined boundary and deflected electrons appear
in the shadow of the nozzle. For T > 5.3 ps (fig. 3.3 d)-i)) the hole expands
and the number of electrons deflected out of the focal region increases. The side-
lobes at the boundary of the plasma appear at 5.3 ps (fig. 3.3 c)), then increase in
brightness and move away from the center. At T = 24 ps (fig. 3.3 g)) the fraction of
electrons deflected reaches its maximum of 80 % and additional deflected electrons
are observed in the shadow of the nozzle, with a maximum deflection angle of 8
mrad. Figure 3.3 j) shows the pattern at 34.7 ps with the background color (dark
blue) removed to highlight the deflected electrons. Note the sharp boundary on the
right side of the plasma, which at 24 ps (fig. 3.3 g)) has a width of about 0.2 mm.
For T > 70 ps (not shown in fig. 3.3) a bright spot appears in the center of the
focal region and the sharp boundary of the expanding region slowly diffuses. The
velocity of the expanding feature (moving to the right) calculated from the data is
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v = 4.9 × 106 m/s. The velocity remained constant from T = 10 ps to T = 70 ps.
Then the boundary is no longer well defined.
The observed features can be interpreted as follows: The depleted region in the

electron beam is an effect of strong deflection of the beam electrons by electric fields
created between positive charges in the central region and an expanding cloud of
hot plasma electrons. The beam electrons are deflected towards the center and go
through a focus before reaching the detector. Within the cloud of plasma electrons
the field rapidly decreases with increasing radius and vanishes in the region where
the electrons fully screen the positive charge (seen as the edge of the depleted region
on the detector).
The electron cloud radius is two orders of magnitude larger than the Debye

length of the plasma (see below), far beyond what is expected from a simple model
of charge separation. Generation of such a charge distribution is only possible if a
small fraction of the electrons acquires a significantly higher energy than the bulk
of the plasma electrons. Several mechanisms exist through which a small fraction of
the electrons may acquire an energy close to or even exceeding the ponderomotive
potential of the laser at the focus (250 eV in the experiments). The most important
of these are heating of electrons through recollisions [79] and sequential multi-
electron emission [80]. For the explanation of the moving side lobes deflection due
to a combination of magnetic fields and ionization of the background gas has to be
taken into account. This is confirmed by numerical simulations (see below).

3.2.3. Theoretical description

In the following section a theoretical approach is described, which explains the main
features observed in the experiments.

The expanding hole

The usual charge separation expected in an OFI-plasma does not result in any
fields observable by the experiment. This can be estimated by calculating the
Debye length of the plasma given by

ΛD = 527.5
√
τe
n

(cm), (3.1)
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where τe is the electron temperature in eV and n the electron density in cm−3.
For typical electron temperatures (tens of eV) and densities around 1017 cm−3 this
results in submicron charge separation lengths. The electron deflection generating
the images has thus to be explained by a fraction of electrons with much higher
temperature escaping from the main plasma.

The main experimental feature, viz. the expanding region of electron beam
depletion, can be explained by a simple model. Assume a spherical slowly expanding
plasma generated with an initial diameter equal to the laser focus. A number Z of
“hot” electrons escape the plasma in radial direction. The plasma is thus left with
a charge Z · e and generates a radial electric field given by

Er = Z · e
4πε0r2 (3.2)

where e is the elementary charge, ε0 is the vacuum permeability and r is the distance
from center. Within the electron cloud the field rapidly decreases with increasing
radius and vanishes in the region where the electrons fully screen the positive charge.
The deflection of the beam electrons can be calculated using the Rutherford scat-
tering formula, which predicts deflection towards the plasma by an angle θ given
by

tan
(
θ

2

)
= Z e2

8πε0rUb
, (3.3)

where Ub is the energy of the electron pulse in electronvolts. For small distances
r from the plasma the beam electrons are strongly deflected towards the axis,
resulting in their apparent depletion at early times (“overfocusing”). The charge
Z · e can be determined from the radius r1 of the expanding electron “hole” for
which the central focus appears at first time. For this distance from the plasma the
beam electrons are focused onto the axis at the detector, i.e.

tan (θ) = r1

L
, (3.4)

where L is the distance from the plasma to the detector. Inserting this condition
into eq. 3.3 and using the small-angle approximation one obtains for the number
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of charges

Z = r2
1

4πε0Ub
eL

. (3.5)

Inserting the experimental result from the data (r1 = 500µm for the radius of
the hole at which the focus first appears), a number of charges given by Z =
5.8 × 107 is obtained. The model also yields an estimate for the energy Uel of the
“hot” electrons leaving the plasma. However, here the model is too simple and the
resulting energies are unrealistically high. This is due to the fact that the model
ignores more complicated mechanisms such as the reflux of electrons being pulled
back by the positive ions.

The model outlined above explains the hole in the electron beam at early times as
well as the electron focus which appears later. However, to explain the origin of the
moving lobes observed on either side of the plasma, ionization of the background
gas and the effect of time-dependent magnetic fields have to be taken into account.

The moving side-lobes

This section now concentrates on the moving lobes of higher electron intensity,
which are visible first in fig. 3.2 b) on the top and bottom edge of the depleted
region. The lobes can be explained by a combination of ionization of the back-
ground gas and time-dependent magnetic fields which can be calculated in a quasi-
cylindrical symmetry. Beyond the edges of the gas jet the laser intensity is still high
enough to ionize the background gas and leave a cylindrical plasma (see section 3.3
below for more detail). Due to the fields created by charge separation the beam
electrons are focused creating the lobes on the detector. In the experimental data,
the lobes in the lower parts of the panels are brighter than the lobes seen in the
corresponding upper parts. This can be explained by the absorption of the laser
energy as the laser propagates through the gas jet.

However, to fully explain the lobes including their movement away from the
center, the effect of magnetic fields has to be taken into account. According to
Maxwell’s equations the temporal variation of the magnetic field B is the curl of
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the electric field E:

− ∂ ~B

∂ t
= ~∇× ~E. (3.6)

Because of the given experimental parameters a cylindrical geometry along the line
of laser propagation (y-direction, compare fig. 3.4) is chosen. Writing the curl
operator in cylindrical coordinates, the only non zero contribution in the present
experimental configuration reads

~∇× ~E =
[
∂ Er
∂ y
− ∂ Ey

∂ r

]
~eφ. (3.7)

The dominant component of the E-field in this cylindrical plasma wire is radial
(r-direction, see fig. 3.4). Therefore, to a good approximation, eq. 3.7 simplifies to

~∇× ~E ≈ ∂ Er
∂ y

~eφ. (3.8)

Inserting eq. 3.8 into eq. 3.6 yields the expression

∂ ~B

∂ t
≈ −∂ Er

∂ y
~eφ. (3.9)

A variation of the radial electric field along the line of laser propagation results in a
time-dependent magnetic field “curled” around the direction of laser propagation.
This is the situation on the edges of the gas jet: A steep gradient in the gas density
leads to a steep gradient in charge density after ionization and thus to different
radial electric field strength. The resulting magnitude of the B-field can thus be
calculated according to

B(t) =
∫ t

0

∂ Er(t̃)
∂ y

dt̃. (3.10)

The effect of this time-dependent B-field grows with time. Close to time-zero it is
negligible and only for later times it can be observed. This becomes evident in the
results of numerical simulations (see below).

In the following chapter numerical simulations are presented which connect the
above described theory with the experimental results and allow for the extraction
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of the relevant physical parameters such as fields, number of charges and electron
temperature.

y

r

E

B

Figure 3.4.: Schematic illustration of the theoretical concepts. The figure shows a
2D-slice through the cylindrically symmetric plasma wire. Along the
line of laser propagation a cylindrical plasma wire is created focusing
the electron beam. The edges of the gas jet lead to time-dependent
magnetic fields which are responsible for the “movement” of the lobes
away from the center.

3.2.4. Numerical simulation

For the quantitative analysis of the patterns, the equation of motion for the ex-
panding electrons in their self-generated electric field E was numerically solved in
a Lagrangian coordinate system [81]. A quasi-2D cylindrical model is used where
the electrons expand only radially, while the number and initial temperature of
electrons depends on the axial position y (distance from the focus along the propa-
gation direction of the laser). The corresponding magnetic field B is calculated by
the time integral of the curl of the E-field.
The pattern on the detector for a given time-delay was then simulated by prop-

agating a 20 keV electron beam of 5000 electrons through the fields generated by
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Figure 3.5.: Calculated plasma fields and simulated beam. The x- and y- scale of
the panels correspond to the detector. a) ,b) Contours of the radial
E-field in a cylindrical geometry for delays of 10 ps in a) and 50 ps in
b). The color scale denotes log10 of the field in units of Vm−1. c),d),
Azimuthal B-field, in units of tesla for delays of 10 ps in c) and 50 ps in
d). e), Input electron beam (diameter 2 mm) used for the simulations.
f)-i), Simulated beam pattern at the detector for delays of 10 ps in f),
25 ps in g), 50 ps in h) and 100 ps in i) with a cylindrical symmetry. j),
Beam pattern at 100 ps delay applying the simulation with a spherical
symmetry.

the simulations of the expanding electron cloud using the GPT-code [78]. To take
the nozzle properly into account, a scatterplate was inserted obscuring the beam
at 100 µm to the left of the center.
The cylindrical geometry is motivated by the experimental parameters: the laser

beam (focus diameter 20 µm Rayleigh length 600 µm) generates a thin plasma
wire through the gas jet (150 µm radius). A background gas density of 5% is also
included in the calculations. The initial plasma density and electron temperature
are proportional to the gas density and laser intensity, respectively, both of which
depend on the position along the y-axis (see fig. 3.2 a)).
The best agreement between experiment and simulation was achieved for 5 ×

107 charges. The hot electrons have an exponential energy distribution with a
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temperature of 250 eV. The number corresponds to a fraction of 5× 10−4 of the total
number of electrons in the plasma. The number of charges is in good agreement with
the result from the simple model (section 3.2.3). Figure 3.5 a)-b) shows contour
plots of the calculated radial E-field for T = 10 ps and T = 50 ps, in log10 scale.
The expanding E-field leads to the expanding depleted region in the electron beam
pattern, as more electrons are deflected. The field reaches a value of 108 V/m at
the center of the gas jet (y = 0) where the density is highest and decreases with
radial distance from the positive charges. The corresponding B-field (fig. 3.5 c)-d))
is azimuthal due to the cylindrical symmetry, and appears initially in the regions
of high density gradient. There is a partial canceling of the deflection due to the
azimuthal B-field, with a net deflection along y, away from the regions of high
B-field.
Figure 3.5 e)-j) shows the simulated patterns. The left side of the electron beam

is blocked to simulate the effect of the nozzle, which allows to see the deflected elec-
trons. Electrons are initially deflected out of the central region by the E-field, with
a maximum deflection angle of 9 mrad, in good agreement with the measured value.
A weak line is visible along the laser trajectory, which corresponds to expansion of
electrons from plasma generated in the background gas.
For T > 10 ps (fig. 3.5 g)-j)), the B-field also contributes to the depletion by

deflecting electrons along y, which generates the side-lobes. As the fields evolve in
time, the side-lobes move away from the center due to the B-field, and the depleted
region grows due to the combined effect of the electric and magnetic fields, again
in good agreement with experiment. The asymmetry on the brightness of the side-
lobes, with the one on the side of the outgoing laser being weaker is possibly due
to absorption of the laser across the gas jet. In the simulations the absorption
of the laser is not included, thus the asymmetry does not appear. For T ≥ 100
ps, the expansion is no longer cylindrical, as the electrons have expanded well
beyond the initial length of the plasma wire (the diameter of the gas jet), and the
experimental pattern (fig. 3.2) shows a combination of cylindrical and spherical
features. A full 3D model would be necessary to fully reproduce the experiment
in this case. However, the main features are captured by two separate simulations,
with cylindrical and spherical symmetry (fig. 3.5 i)-j)). The side-lobes and depleted
region are reproduced in the cylindrical case, while the round focused spot in the
center appears in the spherical case. The pattern in the case of spherical symmetry
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remains relatively unchanged up to 200 ps. The focused spot can best be explained
by a positively charged core and a spherical cloud of expanding electrons.
In summary, the simulations capture the main features of the experiment, with

good agreement for the early stages and qualitative agreement for the later stages
and allow for calculation of the fields, total charge and electron temperature. They
confirm the interpretation of the images given at the end of section 3.2.2. The
laser separates a positive core of ions and an expanding cloud of electrons. The
fraction of the probe electron beam traversing this region is focused towards the
beam axis. Initially, this results in an electron beam focus before the detector
and a depleted region in the images is observed. As the electron cloud expands
the focusing becomes weaker until the focus reaches the detector. A bright spot
develops in the center of the depleted region. The expanding lobes on both sides
of the depleted region are explained taking into account the magnetic fields and
ionization of the background gas along the line of laser propagation. The magnetic
fields are due to the variation of the radial electric field along the line of laser
propagation.

3.3. Low density OFI-plasma

The above described experiments were performed using a gas jet. However, to
explain all experimental features, ionization of the background gas had to be taken
into account. In the following section the situation of ionization in the background
gas is examined in more detail. Studies of low density OFI-plasmas without a
gas jet are presented. The experimental setup is basically the same as described
above. The nozzle is moved far away from laser and electron beams and used only
to control the pressure of the homogeneous background gas.

3.3.1. Experimental results

Figure 3.6 shows the distortion of the electron beam due to the plasma, at a relative
delay of 100 ps between electron and laser pulses. Figures 3.6 a) and 3.6 b) show
the electron beam as recorded on the CCD without and with the plasma, for a
background gas pressure of 2.6 × 10−4 mbar. The path of the laser beam is visible
as a narrow line with increased electron flux, surrounded by a depleted region.
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Figure 3.6.: Deflection of electrons owing to plasma fields at a time delay of 100
ps. a), b) Electron-beam pattern recorded on the CCD without plasma
and with plasma for a gas pressure of 2.6 10−4 mbar. The scale is the
same for both images, and the color bar denotes the number of counts
per pixel on the CCD.

Figures 3.7 a)-d) show cross sections of the electron beam (along the dotted line in
fig. 3.6 b) for increasing gas pressure (8.6 × 10−5 mbar, 2.6 × 10−4 mbar, 1.1×10−3

mbar and 5.3 × 10−3 mbar, respectively). The line can be explained being the effect
of focusing of the beam electrons by a positively charged plasma cylinder: The laser
ionizes a cylindrical volume as it propagates through the gas. The positive charge
at the center is screened by an expanding cloud of electrons, thus only a fraction
of the probe electrons are deflected (fig. 3.8). For higher gas density the charge at
the center increases, leading to overfocusing of the electron beam (the beam goes
through a focus before reaching the CCD). The pattern becomes weaker for lower
pressures and is only barely visible for pressures below 5 × 10−5 mbar (not shown).

At an intensity of 4 × 1015 W/cm2 the classical over the barrier model [70]
predicts 4 electrons being ionized from each nitrogen molecule. The electron energy
generated by a linearly polarized laser is relatively low [67] but electrons will still
be able to leave the central plasma core and generate electric fields. The effect of
the outgoing electrons as a function of time is displayed in fig. 3.9 for a nitrogen
pressure of 6.5 ×10−5 mbar. Each vertical line in the figure corresponds to a
cross section (same as for fig. 3.7 a)-d)) for a specific time delay. The red line
along the center represents increased counts on the detector, while the blue area
corresponds to the depleted region (decreased counts) around the focus as seen also
in fig. 3.7 a)-d). The boundary of the dark blue expanding region corresponds to
the maximum distance from which electrons are deflected towards the center. This
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Figure 3.7.: Deflection of electrons owing to plasma fields at a time delay of 100 ps.
a)-d) Cross sections of the electron-beam pattern (along the dotted line
in fig. 3.6 b)) for gas pressures of 8.6 10−5 mbar, 2.6 10−4 mbar, 1.1
10−3 mbar, and 5.3 10−3 mbar, respectively, normalized to the number
of counts on the undisturbed electron beam.

boundary expands with a velocity of 1.1 × 106 m/s, corresponding to an electron
energy of 3.4 eV. Therefore, plasma electrons with energy ≥ 3.4 eV can escape from
the plasma core.

3.3.2. Theoretical description

Below, a theoretical model of this experiment is presented. From this model the
temperature of the plasma electrons is determined. The analysis is carried out
in cylindrical geometry. Experimentally, the laser pulses ionize the nitrogen in a
cylindrical volume with diameter of 20 µm and length on the order of 1 mm. A
central charge with a line density of Z̃ ions per meter generates a radial electric
field deflecting beam electrons towards the center by an angle

θ = eZ̃

4Ubε0
, (3.11)

where Ub is the electron energy in electronvolts, e is the elementary electric charge,
and ε0 the vacuum permittivity. The deflection angle is independent of the distance
from the center, similar to a cylindrical biprism [82]. This simple analytical treat-
ment, however, does not take into account that plasma electrons partially screen
the central charge. At early times all plasma electrons are still close to the cen-
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CCD

 

Figure 3.8.: Sketch of a few representative trajectories of the probe beam electrons
traversing a plasma with cylindrical symmetry. The red circle in the
center represents a positively charged core, and the green ring repre-
sents a cloud of electrons escaping from the plasma core. The area out-
side of the green ring is completely screened from the positive charges;
i.e., it is field free. The trajectories shown, generate on the detector a
focused line surrounded by a depleted region.

ter and most of the surrounding volume is screened, thus the probe electron beam
is depleted only in a region close to the plasma core. The positive ions remain
fixed inside the plasma cylinder throughout the duration of the experiment, due to
their large mass. As the plasma electrons move away from the center the screening
decreases, resulting in the expansion of the depleted region in the probe electron
beam and an increase in the intensity of the focused line.

3.3.3. Numerical simulation

On the basis of this model, numerical simulations are carried out coupling the result
of a hydrodynamic plasma code [83] (which solves the equations of motion of the
electrons in Lagrangian coordinates) to the GPT-code [78] for calculating electron
beam propagation. The temporal evolution of the peak intensity of the focused line
resulting from the simulation is presented in fig. 3.10. The experimental values are
compared with simulations using different electron temperatures of 20 eV, 30 eV
and 40 eV. An exponential electron energy distribution with a temperature of 30 eV
gave best agreement with experiment. The local minimum in the experimental data
around 150 ps is an artefact due to the limited number of pixels that sample the
peak. Figure 3.11 shows cross sections of the experimental and simulated electron
beam profiles. The simulations accurately reproduce the experimental curves, both
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Figure 3.9.: Evolution of the plasma fields. The vertical axis corresponds to a cross
section through the plasma line, as shown in Fig 3.6 b). The horizon-
tal axis is the pump-probe delay. The color scale corresponds to the
number of counts per pixel on the CCD, normalized to the number of
counts on the undisturbed electron beam.

in the temporal evolution and the amplitude of the peaks. The only adjustable
parameter in the simulations is the electron temperature. From the simulations it
follows that roughly 90% of the ionized electrons escape leaving behind a highly-
charged plasma.

3.4. Limitations

The high sensitivity of electron deflectometry is based on the fact that even small
charge imbalances within the plasma are observable as distortions in the spatial
profile of the electron beam. The main parameter limiting the sensitivity as well
as the spatial resolution of the method is the emittance of the electron beam. The
minimum field that can be measured in a particular experiment can be estimated
by comparing the angular spread

∆φε = ε

rb
(3.12)

of electron trajectories due to the emittance to the deflection angle

∆φE = Elp
2Ub

(3.13)

of an electron in an electric field E created by the plasma. In these equations, rb
denotes the radius of the electron beam, lp the length of the plasma (in direction of
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Figure 3.10.: Peak intensity as a function of delay time. The intensity is normalized
to the intensity of the undisturbed electron beam. The initial electron
density is 1013 cm−3. The figure compares experimental data with
simulations assuming three different electron temperatures.

the electron beam) and Ub the energy of the beam electrons in eV. The emittance
of the electron beam can be determined by evaluating the blurring of the shadow
of a sharp aperture, resulting in ε = 1.5 mrad mm. Taking lp = 50 µm, 20 kV
electrons allow fields down to 6.7 × 105 V/m to be measured. Such a field occurs
at a distance of 100µm from a charged core with a charge of about a pC.

The spatial resolution is also limited ultimately by the emittance of the electron
beam. The blurring of a sharp spatial structure by the beam emittance yields a
minimum resolvable distance between two spots ∆x = εL/rb, where L is the dis-
tance between the plasma and the detector. The resolution can be improved by
using an expanding beam. If M is the magnification achieved at the detector the
corresponding relation is ∆x = εL/Mrb. Note the tradeoff between spatial resolu-
tion and detectable field: While the spatial resolution increases with decreasing L ,
the field sensitivity suffers because ∆φEL decreases and may even become smaller
than the minimum resolvable structure on the detector.

The temporal resolution of the experiment may be improved by using a shorter
electron pulse, which can be accomplished by using fewer electrons per pulse and
reducing the propagation distance to the target. Additionally, the resolution is
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Figure 3.11.: Cross sections through the center of the focused line on the CCD
for different time delays. a) Experimental results, with parameters
as in Fig. 3.9. b) Results from the simulation. The intensity is
normalized to the intensity of the undisturbed electron beam. The
plots for different delay times are displaced vertically for visual clarity.

also limited by the velocity mismatch between the laser pulse and the subrelativis-
tic electron pulse. For 20 kV electrons and a 100 µm plasma the time difference
amounts to 900 fs. By increasing the electron energy this mismatch can be elimi-
nated, however at the cost of field sensitivity.

3.5. Conclusions

In conclusion deflectometry is a new method of imaging OFI-plasmas with picosec-
ond temporal resolution. New features of OFI plasma were observed using this
method, such as a cloud of electrons separating from the plasma core far beyond
the Debye length in the case presented in section 3.2.1. Additionally the effect of
both electric and magnetic fields on the probe electron beam was observed. The
relevant physical parameters, such as the fields, number of charges and electron
temperature, were calculated numerically and compared with the images resulting
from the experiments.
The sensitivity of subrelativistic electrons to relatively small fields makes this
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method applicable even to investigate the dynamics of low-density plasmas. In the
regime of low density plasmas very different features are measured, most notably,
the minimum electron energy required to escape the plasma is much lower, resulting
in most of the electrons escaping and leaving behind a positively charged plasma
core. As much 90% of the electrons escape for an initial plasma density of 7 × 1012

cm−3 as opposed to the small fraction (5 × 10−4) of the electrons which are able to
escape the plasma in the gas jet. From the experiments a minimum electron escape
energy of 3.4 eV was directly measured, and an electron temperature of 30 eV was
obtained by comparing the experimental results with simulations.



4. Time-resolved electron diffraction
from selectively aligned molecules

In this chapter, electron pulses are used for ultrafast-electron-diffraction (UED, [9]).
Since the famous experiments of Davisson in 1927 and Thomson in 1933 [84, 85],
who received the Nobel Price in Physics in the year 1937 for their work on electron
diffraction, this method has developed into a powerful tool for structure determi-
nation. Advanced into a pump-probe method, namely UED, time-resolved electron
diffraction opened the way for studying structural dynamics with picosecond [23] or
femtosecond [21] temporal and sub-Angstrom spatial resolution. In the gas phase,
however, structure determination is still hampered by the fact that molecules are
randomly oriented. Molecular alignment would allow for the retrieval of three di-
mensional structures of complicated molecules. The experiments presented in this
chapter aim to show for the first time the possibility of recording diffraction patterns
from transiently aligned molecules.

4.1. Introduction
Determination of structure and dynamics using isolated molecules is important
for obtaining accurate information, with the molecules free of external forces and
intermolecular interactions. The reason for electron diffraction being very successful
in structure determination of gas phase molecules, is the large cross-section of
electrons to scatter from atoms [44]. However, due to the random orientation of
the molecules in the gas phase only 1D information (the interatomic distances)
can be extracted from the diffraction patterns, which limits the size of molecular
structures that can be studied.
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The technique of X-ray crystallography has been successful in studying larger
molecules. For example, the majority of the known protein structures has been de-
termined by X-ray diffraction from crystallized samples [43]. This technique, how-
ever, is limited to the fraction of molecules that can be crystallized. Additionally,
crystallized molecules are subject to strong fields that constrain their conformation
and hamper the study of dynamics. Recently, a strategy was proposed in which a
single molecule is exposed to a large enough number of photons within an X-ray
laser pulse short enough to capture a diffraction pattern before the molecule is
destroyed [51]. Diffraction images of µm and nm-sized objects have been recorded
with femtosecond soft-X-ray pulses [86, 87]. However, this approach currently relies
on large-scale facilities.
An alternative approach consists in recording a diffraction pattern from an en-

semble of aligned molecules in the gas phase. It has been shown theoretically that
electron diffraction from aligned molecules in the gas phase reveals not only the in-
teratomic distances but also the corresponding angles [13, 14]. Aligning molecules
in helium droplets using powerful CW lasers has been proposed [88], and electron
diffraction from adiabatically aligned molecules has been demonstrated experimen-
tally [89]. However, the presence of strong alignment fields can affect the structure
and dynamics of the molecules under investigation and prevents the study of field-
free molecules. This problem can be overcome using a sample of non-adiabatically
aligned molecules in which the alignment field is no longer present at the time the
diffraction pattern is recorded.
Molecules can be aligned by means of femtosecond laser pulses either via active

laser alignment techniques [15] or selectively through a dissociation reaction [13].
In both cases ultrashort electron pulses are required to record the diffraction pat-
tern before the alignment vanishes due to molecular rotations. UED experiments
have been performed with picosecond resolution for gas phase experiments [23] and
femtosecond resolution in solid-state experiments [90, 91], but so far the possibility
of recording a diffraction pattern from field-free aligned molecules has not been
demonstrated experimentally.
The experiments in this chapter aim to show for the first time electron diffraction

patterns recorded from a sample of transiently aligned molecules. In the experi-
ments presented here, C2F4I2 (1,2-diiodotetrafluoroethane) molecules are aligned
selectively using a photoinduced dissociation reaction. The breaking of a molecular
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Figure 4.1.: Schematic drawing of a time-resolved gas electron diffraction experi-
ment; θ and φ are the scattering angle and the azimuthal detector an-
gle, respectively; ~ε is the laser polarization. The inset shows a C2F4I2-
molecule with colored atoms: light blue for C, red for F and yellow for
I; α is the angle between the laser polarization and the C-I-bond.

bond gives a clear signal in the time-resolved diffraction patterns, which simplifies
the investigation of the transient alignment effect. The molecules are dissociated
using a linearly polarized femtosecond laser pulse. The corresponding absorption
cross-section is proportional to cos2 (α), where α is the angle between the laser po-
larization and the direction of the transition dipole moment (fig. 4.1). For C2F4I2
the transition dipole moment of the most intense transition is parallel to the C-I
bond, along which the dissociation takes place [92]. Therefore, the C2F4I radicals
emerge preferentially with the dissociated C−I direction aligned along the laser po-
larization vector. Due to the rotations of the molecules the alignment decays on a
picosecond time scale (see below). Note that using circular polarization an aligned
ensemble of un-dissociated molecules is produced.
The time constants of the two-step dissociation reaction have been determined

using mass spectrometry [92]:

C2F4I2
200 fs−→ C2F4I + I 25 ps−→ C2F4 + 2I.

The first iodine atom breaks off within 200 fs, leading to the intermediate C2F4I
radical, which subsequently fragments within some 25 ps to yield C2F4. The struc-
ture determination of the intermediate C2F4I has been one of the first successes of
UED [23].
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4.2. Theoretical basics for static and time-resolved
electron diffraction

4.2.1. Static gas-electron-diffraction (GED)

This section summarizes the basic formulas needed for the theoretical description of
GED patterns. In the analysis of the diffraction patterns [45], the diffracted electron
intensity (Itot) is written as the sum of two contributions, the ensemble-averaged
atomic (Iat) and molecular (Imol) scattering intensities:

Itot(s, φ) = Iat(s, φ) + Imol(s, φ), (4.1)

where φ is the azimuthal detector angle (compare fig. 4.1). The variable s represents
the magnitude of the momentum transfer between incident and diffracted electrons

s = 4 π
λ

sin
(
θ

2

)
, (4.2)

where θ is the scattering angle and λ the electron wavelength:

λ = h√
2meUb + U2

b /c
2
. (4.3)

Here, h is the Planck constant, me the electron mass, c the speed of light and
Ub the kinetic energy of the electrons. Electrons with an energy of 20 keV have
a wavelength of λ = 0.086 Å and for electrons with an energy of 29 keV the
wavelength is λ = 0.07 Å.
If the gas molecules consist ofN atoms with elastic and inelastic scattering factors

f and S, respectively, the atomic scattering intensity Iat is written as:

Iat(s) = C
N∑
i=1

(
|fi(s)|2 + 4Si(s)

a2
0s

4

)
, (4.4)

with a0 being the Bohr radius and C a proportionality constant. It reflects the
electron scattering from individual constituent atoms. The atomic scattering in-
tensity is rotationally symmetric with respect to the axis of the electron beam (eq.
4.4 does not depend on the azimuthal detector angle φ). For the structural analysis
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only the molecular scattering intensity Imol is of interest. Due to the interference of
waves scattered from pairs of atoms with an interatomic distance rik the scattering
intensity contains a modulation according to:

Imol(s, φ) = C
N∑
i=1

N∑
k=1
k 6=i

|fi||fk| exp
(
−1

2 l
2
iks

2
)

cos(ηi − ηk)Fik(s, φ), (4.5)

where lik is the mean amplitude of vibration of atom pair i − k and ηi represents
the phase shift suffered by the respective scattered wave.

In the case of standard GED, the molecules in the gas jet are randomly oriented.
Thus, the molecular scattering intensity Imol is rotationally symmetric (about the
axis of beam propagation), and the factor Fik(s) depends only on s:

Fik(s) = sin (srik)
srik

. (4.6)

Theoretical one-dimensional functions Iat(s) and Imol(s) are shown in fig. 4.2 a)
for the case of the I2 molecule. (The distance between the iodine atoms is 2.67 Å
[14].) The scattering factors are taken from the literature [93].

The scattering factors fi decrease with the square of s−1, leading to a decrease of
the total scattering intensity with s−4 multiplied by an additional factor s−1 from
the Fik-factor. Thus, in total

Imol ∝ s−5. (4.7)

For revealing the fine details of the electron scattering pattern it is common usage
to present the scattering pattern in the form of the so-called modified molecular
scattering intensity sM(s, φ). To highlight the oscillatory behavior due to the
interferences, Imol is scaled by the atomic intensity Iat and multiplied by s, yielding:

sM(s, φ) = s
Imol(s, φ)
Iat(s)

. (4.8)

In the case of isotropic GED azimuthal averaging of the sM(s, φ)-patterns results
in the one-dimensional sM(s)-function. For a diatomic like I2 this sM(s)-function
is a simple sine-function (compare fig. 4.2 b)). The sine Fourier transform of sM(s)
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Figure 4.2.: a) Theoretical atomic intensity Iat and molecular intensity Imol calcu-
lated for the I2 molecules. The distance between the Iodine atoms is
2.67 Å in this molecule [14]. b) Theoretical sM(s)-curve for I2.

yields the radial distribution function f(r) which peaks at the interatomic distances
[45]:

f(r) =
∫ smax

0
sM(s) exp (−kds2) sin (sr) ds. (4.9)

Because of the finite s-range in the experiment, the integral is truncated at smax

and an exponential damping factor has to be introduced to suppress artificial high
frequency oscillations. The damping constant kd has to be determined empirically.

In the general case of anisotropic samples, the diffraction patterns are not rota-
tionally symmetric but depend on the azimuthal detector angle φ, which leads to
a φ-dependence of the Fik-factor in the expression for Imol (eq. 4.5). Particularly,
in the case of selective alignment through photodissociation, the molecules in the
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gas jet are no longer randomly oriented and Fik reads [14]

Fik(s, φ) =j1(srik)
srik

+

−
[
sin2 (Ωik) + (2− 3 sin2 (Ωik)) cos2

(
θ

2

)
cos2 (φ)

]
j2(srik)

2 ,

(4.10)

where jl is the spherical Bessel function of order l, and Ωik is the angle between rik
and the laser polarization. Equation 4.10 shows how the cosine-square-dependence
of dissociation translates into an azimuthal cosine-square dependence of the diffrac-
tion pattern.

4.2.2. Time-resolved gas-electron-diffraction

In order to study the reaction dynamics the Diffraction-Difference method is ap-
plied [50]. To follow the structural changes two-dimensional diffraction images are
recoded for different delays, T , between the laser and electron pulses. Each of these
images thus reflects the transient behavior of the molecular structures at the corre-
sponding temporal delay following laser excitation. In contrast to the ground state
diffraction pattern, the scattering intensity at time delays following the laser exci-
tation contains contributions not only from one molecular species but as well from
the reaction intermediates and products. However, in most cases, the majority of
the diffracting molecules still are the parent molecules. Additionally, the molecular
scattering intensity from reaction intermediates or products is usually weaker than
the corresponding intensity from a parent molecule because it has fewer internuclear
pairs. To bring out the diffraction signal originating from the structural changes
during the reaction, difference patterns ∆[sM(s, φ, T )] are calculated according to

∆ [sM(s, φ, T )] = sM(s, φ, T )− sM(s, φ, t = T̃ ). (4.11)

The sM(s, φ, T )-patterns are recorded at a certain time T while a ground state
pattern sM(s, φ, t = T̃ ) is taken at a time step T̃ before the laser arrival. Now,
the ∆ [sM(s, φ, T )] reflects comparable contributions from the parent and product
or intermediate structures in contrast to the original raw data, where the major-
ity of the signal originates from the parent molecules. Additionally, the atomic
background, which is unaffected by the reaction is essentially removed by the sub-
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traction. Figure 4.3 shows two calculated examples of ∆ [sM(s, φ)]-patterns, where
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Figure 4.3.: Theoretical ∆ [sM(s, φ)]-patterns. For the calculation it is assumed
that from a sample of C2F4I2-molecules one third is dissociated to
C2F4I. The molecular intensities in pattern a) are calculated using
eqs. 4.5 and 4.6, while the molecular intensities for pattern b) are cal-
culated using eqs. 4.5 and 4.10. In part b) a white arrow indicates the
direction of the polarization of the dissociation laser.

from a sample of C2F4I2-molecules one third is dissociated into C2F4I. Part a) is
calculated assuming no anisotropy. Both species are randomly oriented. In part
b) the product C2F4I is assumed to be created with its dissociated C-I-bond in a
perfect cos2-distribution parallel to the polarization of the dissociating laser. The
direction of laser polarization is indicated as a white arrow in part b). The co-
sine square dependence of the dissociation translates into a clear anisotropy in the
diffraction pattern.

4.3. Experimental methods

4.3.1. Experimental setup

The experimental geometry of the diffraction experiments is shown in fig. 4.4.
C2F4I2 molecules at a pressure of 30 mbar are seeded in helium at 270 mbar for
rotational cooling. Before each experimental run, the gases are mixed for 40 to
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Figure 4.4.: a) Experimental setup: LP: 800 nm, 50 fs laser pulses at 1kHz repeti-
tion rate; BS: dielectric beam splitter; M800: 800 nm dielectric mirror;
DS: motorized delay stage; THG: two 1 mm BBO crytals for third har-
monic generation; M266: 266 nm dielectric mirror; L1: focusing lens (f
= 300 mm); L2: focusing lens (f = 300 mm); C: copper photocathode;
A: copper anode with 200 µm hole; Vacc: static acceleration voltage (29
kV); SP: steering plates; ML: magnetic solenoid lens; N: gas nozzle; BB:
copper stripe to block transmitted electron beam; Detector: phosphor
screen fiber coupled to CCD camera with 16-bit dynamic range. b)
Schematic drawing of the detector geometry: The round area repre-
sents the usable area which is fiber connected o the phosphor coating
(compare fig. 3.1 c)). The dark stripe (BB) represents the dark area
behind the beam stop. The arrow (P) indicates the direction of the
laser polarization. c) Gas mixing scheme: Before expanding through
the nozzle the C2F4I2-molecules are mixed at 30 mbar with helium at
270 mbar. N: gas nozzle; PH: 200 µm pinhole.

60 minutes. After the mixing, the gases are introduced into the vacuum chamber
using a de Lavale nozzle of 50 µm inner and 150 µm opening diameter. The mean
backing pressure during the experiments is P0 = 175 mbar. Using P0, the rotational
temperature of the molecules is calculated using an empirical formula [94]:

τrot = p · (P0 d)q, (4.12)
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where p = 1525 and q = −1.17 are empirical constants and d the inner nozzle
diameter in mm and P0 the backing pressure in Torr. With the experimental
parameters the rotational temperature is calculated to be 168 K.
The laser system and the vacuum apparatus are the same as those used for the

experiments described in chapter 3, however, modified for the diffraction experi-
ments. For the dissociation reaction of the C2F4I2-molecules UV-laser pulses are
required. Therefore, the fundamental pulses are frequency tripled to 267 nm using
two 1 mm BBO crystals. To optimize the conversion efficiency, the laser pulses
are stretched to 100 - 150 fs before the crystals. The resulting UV pulses with an
energy of 100 µJ are focused to a 200-µm diameter inside the gas jet.
Before the frequency conversion a weak laser beam is split from the main part

to create electron pulses as described in chapter 3. The electron beam is aligned
onto the gas jet through a 200µm pinhole situated 1 mm before the gas jet (see the
bottom of fig. 4.4 b)). Using a solenoid lens the electrons are focused such that a
small spot on the detector is achieved while still a good fraction (≈ 1/3) of electrons
passes the pinhole. The diffraction patterns are recorded using a phosphor screen
fiber-coupled to a cooled CCD camera with 16-bit dynamic range (see fig. 3.1
c)). The electron beam current is determined using a Faraday cup to calibrate the
detector as described in chapter 3. During the experiments the number of electrons
per pulse was kept on average at 12000. The duration of the pulses on target was
calculated to be 2.3 ps using the GPT-code [78]. Note that here a shorter electron
pulse duration is achieved for a larger number of electrons per pulse as compared
to the short pulses in chapter 3 (2300 electrons per pulse resulted in 2.6 ps pulse
duration). This is an effect of the higher voltage which is applied in the diffraction
experiment. The electron pulses are faster and have less time for the broadening.
Including geometrical effects and the pulse duration the temporal resolution of

the diffraction experiment is calculated to be effectively 3 ps. The electron beam,
laser beam and gas jet are mutually orthogonal. To avoid saturation, the directly
transmitted electron beam is blocked using a 2 mm thick copper stripe. The beam
stop is oriented diagonally (compare fig. 4.4 b)) because this gives equal weight
to the detector directions perpendicularly and parallel with respect to the laser
polarization. In this geometry it is possible to compare the two directions and
investigate a possible anisotropy due to molecular alignment.



44 Experimental results

4.3.2. Calculation of the alignment decay time

The transient molecular alignment due to dissociation results in anisotropic diffrac-
tion patterns (compare section 4.2). Approximating the decay of this anisotropy
exponentially [16] it is possible to estimate how long the transient alignment can
be observed in the experiment. The decay time td can be calculated according to

td =
[2π

9
I

kBτrot

] 1
2
. (4.13)

Here, kB is the Boltzmann constant, τrot the rotational temperature of the molecules
and I the moment of inertia of the molecule. The moment of inertia for C2F4I2 is
calculated to be approximately 1500 amu Å2 using the computer program Hyper-
Chem. From the calculations, a decay time td = 2.7 ps is expected.

4.4. Experimental results

4.4.1. Static electron diffraction

C F I2 4 2

anti gauche

Figure 4.5.: C2F4I2-Molecule. The constituent atoms are color coded, with yellow
for iodine, light blue for carbon, and red for fluorine. a) Anti-rotamer;
The torsion angle about the C−C-bond is 180◦. b) Gauche-rotamer;
The torsion angle about the C−C-bond is ≈ 70◦. [95]

The molecule is shown schematically in fig.4.5. It exists as an anti and a gauche
rotamer [95]. The two forms differ in the rotation angle of the two CF2I-groups
about the C−C axis, with respect to each other. In the anti-form this angle is 180◦,
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while in the gauche-form the angle is ≈ 70◦ [95]. In the calculations a fraction of
19 % gauche is used.
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Figure 4.6.: Experimental and theoretical sM for C2F4I2. The upper left half of
the image displays the experimental data while the lower right half
shows the calculated image. The dark region splitting the image is the
shadow of the beam stop.

Figure 4.6 shows the two dimensional experimental and theoretical sM(s, φ)-
patterns for C2F4I2 (eq. 4.8). The acquisition time to record the experimental
pattern was 200 min. The dark area in the experimental part is the shadow of the
beam stop (compare fig. 4.4 b)). The experimental part is folded along the image
diagonal (left) to be comparable to the theoretical pattern (right). The theoretical
part is calculated using the theory presented in section 4.2 with the expression
for the isotropic molecular intensity (eq. 4.6). Structural parameters are taken
from the literature [95]. As expected, the diffraction pattern is isotropic due to
the random orientation of the molecules in the gas jet. To be converted into a
one dimensional curve the two dimensional molecular intensity can therefore be
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azimuthally averaged according to

Imol(s) = 1
2π s

∫ 2π

0
Imol(s, φ) dφ. (4.14)
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Figure 4.7.: a) Azimuthally averaged sM functions for C2F4I2, experimental (blue
line) and theoretical (red line). b) Corresponding radial distribution
functions f(r), experimental (blue line) and theoretical (red line). The
dominant contributions to the peaks are labeled for the theoretical
curve.

Figure 4.7 a) shows the azimuthally averaged sM(s) curves. The experimental
sM(s) agrees very well with the theoretical prediction (calculated as in fig. 4.6)
and results published previously [23, 95] up to a value of s ≈ 11 Å−1. For larger
scattering angles the signal is too weak and drops below the noise level. A higher
s-range could be accessed by increasing the sensitivity of the detector.
Figure 4.7 b) shows the radial distribution curve f(r) obtained from the theoret-

ical curve in fig. 4.7 a) using eq. 4.9. For the calculation, the damping constant
kd was set to kd = 0.12 Å2. Some of the inter-atomic distances which contribute
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dominantly to the peaks are indicated, see for example the peak at 5 Å, which
corresponds to the I−I distance in the anti-conformer. Due to the finite s-range
accessible some of the peaks corresponding to different internuclear distances over-
lap. These results demonstrate very clearly, that due to the random orientation of
the molecules in the gas jet, only 1D information about the molecular structure is
accessible. From the reconstructed f(r) function only the inter-atomic distances
can be recovered, not the bond angles. This information is sufficient to fully recon-
struct simple molecules, but the reconstruction gets more and more difficult with
increasing complexity of the molecules.

4.4.2. Time-resolved electron diffraction
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Figure 4.8.: Time resolved azimuthally averaged ∆[sM(s, T )]-curves. The black
curves represent measurements for different time delays. The curve
displayed in the back (magenta) is the theoretical ∆[sM(T = ∞)].
Inset: Signal amplitude A(T ) versus time. The error bars represent
the statistical fluctuations between the different images corresponding
to each time step.
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In this section the results of the time-resolved diffraction experiments are pre-
sented. In the time-resolved experiments diffraction patterns ∆ [sM(s, φ, T )] for
different time delays between the laser and electron pulses are recorded. According
to eq. 4.11 a diffraction pattern which is taken before the laser interacted with the
molecules is subtracted from the diffraction patterns at certain time delays. For
each time-delay 12 to 16 diffraction patterns are recorded with an integration time
of 5 minutes each.
To remove the experimental background, background images are recorded inter-

spaced with the diffraction images. These background images are taken under the
same conditions as the diffraction images but without the gas jet. The background
image is then subtracted from each diffraction image. Unusable pixels are removed
from each image, i.e. the area behind the beam stop, the area outside of the fiber
taper connected to the CCD-chip and pixels with very high absolute value (pixels
that are defective or are hit by background radiation). The resulting images are
denoised using a Wiener filter [96].
The two dimensional diffraction patterns (∆ [sM(s, φ, T )]) can be converted to

one dimensional curves (∆ [sM(s, T )]) by azimuthally averaging the whole image
according to eq. 4.14. The resulting curves are shown in fig. 4.8. The zero of time
is defined as the first time step where changes are observed.
For a quantitative analysis of the temporal evolution the time-dependent az-

imuthally averaged ∆ [sM(s, T )]-curves are approximated as

∆[sM(s, T )] = A(T )×∆[sMTheory(s)]. (4.15)

This approximation is used to fit the experimental data for the signal amplitude
A(T ). The fitting is restricted to a limited range of s (2.2 < s < 6.2), where
the changes due to the loss of the first and the second iodine atom result in very
similar patterns. It is thus a good approximation to capture the temporal evolution
with A(T ). The inset in fig. 4.8 shows A(T ) as a function of time. The error bars
show the statistical fluctuations between the different images corresponding to each
time step. From the growth of the dissociation signal in the experimental results
a time constant of 4 ps is measured for the first step of the reaction, which agrees
well with previous UED results [50]. This value is limited by the response time
of the instrument, and is close to the calculated value of 3 ps (see section 4.3.1).
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The fraction of dissociated molecules in the experiments was found to be 1/3 from
best agreement between experiment and theory. The magenta curve in fig. 4.8 is
the theoretical ∆[sM ] after the reaction is completed (it is assumed that all the
intermediates have been fragmented to C2F4). The curve is calculated using eq.
4.11 and the isotropic molecular intensity (using eq. 4.6).

4.4.3. Time-resolved observation of transient alignment
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Figure 4.9.: 2D time-resolved diffraction patterns. a) ∆[sM(s, φ, T )] close to zero
delay of probe: the pattern is the result of averaging patterns recorded
within the delay range of T = 0 ps and T = 1.7 ps. The white arrow
indicates the direction of the laser polarization. The upper left half
of the image displays the experimental data, while the lower right half
shows the theoretical prediction. The dark region splitting the image
is the shadow of the beam stop. b) ∆[sM(s, φ, T )] averaged between
T = 3.3 ps and T = 5 ps. c) ∆[sM(s, φ, T )] averaged between T =
8.3 ps and T = 28.3 ps. (For larger images see appendix B.)

The following section concentrates on the investigation of the transient molecular
alignment which is present in the early steps of the dissociation reaction. Figure 4.9
a) shows the two-dimensional ∆[sM(s, φ, T )] close to T = 0. At this early time step
the difference diffraction signal is small due to the instrument response time; how-
ever, the pattern shows significant anisotropy. The intensity of the image is higher
along the direction of laser polarization, indicating that the dissociated molecules
are aligned, with the missing C−I bond along the direction of laser polarization.
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The theoretical part of this figure (calculated with eqs. (4.6) and (4.10) assuming
that one-third of the molecules are dissociated to C2F4I) shows a similar pattern.
Figure 4.9 b) shows results at a later time when the anisotropy is weaker but

still clearly visible. The corresponding theoretical pattern was calculated using a
weighted average between the anisotropic pattern and the isotropic theory, assum-
ing that 2/3 of the molecular orientations have randomized. Figure 4.9 c) shows
∆[sM(s, φ, T )] for later time steps. The pattern is now isotropic, i.e. the alignment
is lost due to the molecular rotations. The theoretical pattern shown in fig. 4.9
c) is generated using the isotropic theory similar to the calculation of the theory
curve shown in magenta in fig. 4.8.
To analyze the data quantitatively, the two-dimensional diffraction patterns are

again converted into one-dimensional curves. For the investigation of the anisotropy
however, the radial averaging (eq. 4.14) has now to be restricted to narrow pairs of
cones aligned parallel and perpendicularly to the laser polarization. The averaging
is performed in two pairs of cones according to

Imol,||(s) = 1
2π s

∫ 2π

0
Imol(s, φ) cos12 (φ) dφ. (4.16)

The perpendicular case Imol,⊥(s) is calculated similarly, replacing the cosine func-
tion in eq. 4.16 by a sine function. The cos12(φ) and sin12(φ) terms in the integral
define the angular aperture and orientation of the cones and correspond to cones
with an angular aperture of 38◦. This value is chosen such that sufficient data for
a good signal to noise ratio is included, while there is still a significant difference
for different orientations. The cone-restricted molecular intensities Imol,||(s) and
Imol,⊥(s) yield corresponding ∆[sM||(s, T )], and ∆[sM⊥(s, T )] functions. The re-
sults are shown in fig. 4.10. To display the noise level of the data the figure contains
time steps before the dissociation (T < 0) which show no significant difference in
the signal diffracted parallel and perpendicular to the laser polarization. The plots
recorded within less than 2 ps following excitation clearly reveal a significant dif-
ference, indicating the anisotropy. The difference vanishes completely at T > 8 ps.
The theory curves displayed in 4.10 are calculated from the two dimensional theory
patterns shown in fig. 4.9 by the same procedure as the experimental curves.
Now, ∆[sM||(s, T )], and ∆[sM⊥(s, T )] are used to determine the temporal evo-

lution of the anisotropy. As an approximation corresponding scattering signal am-
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Figure 4.10.: Experiment: ∆[sM||(s)] and ∆[sM⊥(s)] before time zero (averaged
between T = -5 ps and T = - 1.7 ps), ∆[sM||(s)] and ∆[sM⊥(s)] close
to time zero (averaged between T = 0 ps and T = 1.7 ps) and for late
time steps (averaged between T = 8.3 ps and T = 28.3 ps). For visual
clarity the curves for T= -5 ps, -1.7 ps, and for T = 0 ps, 1.7 ps are
multiplied by a factor of 2.8. The curve at negative times shows the
noise level of the data. Theory: corresponding theory curves

plitudes A||(T ) and A⊥(T ) are defined within a limited s-range (2.2 < s < 6.2)
where the s-dependencies of ∆[sM||(s, T )] and ∆[sM⊥(s, T )] are similar. The time
dependencies of A||(T ) and A⊥(T ) are shown in fig. 4.11. The error bars shown
in this figure display the statistical fluctuations between different images which are
recorded for each time step. While the rise time is similar for A||(T ) and A⊥(T ),
there is a clear delay between the two curves, with the signal along the laser po-
larization (A||(T )) appearing first. This is due to the fact that the C2F4I radicals
remain aligned immediately after the dissociation. Shortly thereafter, the align-
ment deteriorates due to the molecular rotation. Note that the delay between the
two signals can be measured with a resolution well beyond the instrumental re-
sponse time of 4 ps without deconvolution. After 8 ps, the orientations have fully
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Figure 4.11.: A|| and A⊥ measured parallel and perpendicular to the laser polariza-
tion respectively, as functions of delay time T . The error bars display
the statistical fluctuations between different images recorded for each
time step.

randomized and the difference between A||(T ) and A⊥(T ) vanishes.
The anisotropy present in the diffraction patterns for the early time-steps can be

additionally demonstrated by measuring the signal amplitude as a function of the
azimuthal detector angle φ. For this purpose a signal amplitude Aφ(t, φ) is defined
in a single cone. This amplitude is determined similarly as A||(T ) and A⊥(T ) but
now with defining Imol,φ(s, φ̃) according to

Imol,φ(s, φ̃) =


1

2π s
∫ 2π

0 Imol(s, φ) cos19 (φ− φ̃) dφ, if cos19 (φ− φ̃) > 0
0, else.

(4.17)

The odd power of 19 defines a positive and a negative cone with apertures of 31◦. By
ignoring the negative contribution, the curve Imol,φ(s, φ̃) is the result from averaging
the diffraction pattern in a single cone (which can be rotated around the diffraction
pattern).
Figure 4.12 shows Aφ(T = 0−1.7 ps, φ) calculated from the 2D pattern shown in

fig. 4.9 a). Again, error bars included in the figure show the statistical fluctuations
between different images recorded for each time step. The data is in good agreement
with the theoretical cos2 (φ) dependence (shown by the black line). The minima of
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Figure 4.12.: Signal amplitude Aφ(T = 1−1.7 ps, φ) as function of the azimuthal de-
tector angle φ. The black line shows a theoretical cos (φ)2-dependence.
The gaps in the data are due to the beam block. The minima of Aφ
do not drop to zero because the orientatioins of some molecules has
already randomized.

Aφ do not drop to zero because the orientation of some of the molecules has already
randomized.
Finally, the anisotropy is quantified using the following definition (fig. 4.13)):

δ(T ) = A||(T )− A⊥(T )
A||(T ) + A⊥(T ) . (4.18)

The time decay of the anisotropy parameter δ is displayed in fig. 4.13. The errorbars
are determined as before. From an exponential fit to the data a dephasing time of
the alignment of 2.6± 1.2 ps is measured. This is in good agreement with the value
td = 2.7 ps calculated in section 4.3.2.

4.5. Conclusions
The results of the experiments discussed above demonstrate for the first time the
feasibility of recording an UED pattern from transiently aligned molecules. The
decay of the alignment was measured on a picosecond time scale. These results
are a first important step towards 3D imaging of complicated molecular structures
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Figure 4.13.: Anisotropy parameter δ as a function of delay time T ; the black line
shows an exponential fit to the data.

with electron diffraction or possibly using the new generation hard X-ray sources.
Increasing the degree of alignment, combined with diffraction patterns correspond-
ing to different projections of the molecule (using suitable algorithms [97]), will
allow full 3D reconstruction of the structure even for more complex molecules.
The method could also be applied to investigate ultrafast molecular dynamics in a
field-free environment. Improving transient molecular alignment may be pursued
by saturating the dissociation [98] or with active 1D [99] and even 3D alignment
techniques [100, 101]. The temporal resolution could be further improved by com-
pressing the electron pulses to few fs [102, 103]. This is necessary to make use of
the optimum alignment which is present only at the instant of dissociation. The
issue of shortening electron pulses is discussed in detail in the following chapter.



5. Single-electron source – from
picoseconds to femtoseconds

One of the experimental limitations in the experiments presented in chapter 4 is the
picosecond temporal resolution. With femtosecond resolution it would be possible
to resolve the structural changes of the two step dissociation reaction in more detail.
The molecular alignment which is strongest at the instant of dissociation could be
observed closer to the optimum.
However, thousands of electrons per pulse have to be used for the acquisition of

the diffraction patterns. At kHz repetition rate, this is the lower limit to achieve
realistic acquisition times. Because of the mutual repulsion (“space charge”) of the
electrons in each pulse, the electron pulse durations in these experiments is limited
to the ps-range.
The following chapter presents an approach reducing the electron pulse duration

by eliminating space charge. The idea is to use only a few electrons or single
electrons at MHz repetition rate instead of thousands of electrons at kHz repetition
rate [20]. For this purpose the standard kHz femtosecond laser system is replaced
by a high energy long cavity oscillator [25] operating at 2.7 MHz providing pulses
with an energy of roughly half a microjoule.
When space charge is eliminated the main factor leading to temporal pulse broad-

ening is the initial energy spread of the electrons at the moment of emission from
the cathode. Due to this initial energy spread the electron pulse duration is given
by [104]

τe = 2.34
√

∆Ui
Eacc

ps. (5.1)
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In this equation, ∆Ui is the initial energy spread of the electrons in eV and Eacc is
the acceleration field in kV/mm. The initial energy spread can be reduced by tuning
the laser photon energy to the bandgap of the photocathode material. Experiments
using three different laser wavelengths to create the electron pulses indicate that
femtosecond pulses are well achievable [105] using the third harmonic of a Ti:Sa laser
at 267 nm. Experiments investigating the energy dependence of the photoemission
continuously varying the laser wavelength are in preparation [106].
From eq. 5.1 it is seen that the electron pulse duration can be reduced by

increasing the acceleration field. Static acceleration fields as strong as 10 kV/mm
have been demonstrated [107]. However, to achieve very high acceleration fields
and to prevent vacuum breakdown, it is necessary to house the electron source in
an ultra-high vacuum system. For the experiments presented in this chapter, a
suitable system was designed and constructed (see appendix A).

5.1. Proposed method for measuring the duration of
electron pulses by attosecond streaking

A key problem is to measure the duration of ultrashort electron pulses. Several
methods have been investigated and applied for this purpose including streak cam-
eras [108], interferometry of coherent transition radiation [108, 109], radio-frequency
zero phasing [110], terahertz radiation diagnostics [111], electro-optic encoding [112]
and ponderomotive interaction of a laser with the electron pulse [113]. None of
these methods, however, has proved to be applicable in a wide range of parameters:
Streak cameras and radio-frequency zero phasing cannot be used for pulses shorter
than a few hundred fs. Coherent transition radiation, as well as terahertz radiation
and electro-optic methods require a large number of electrons per pulse to provide
sufficient signal, while the ponderomotive interaction requires high laser intensities
and is limited by the duration of intense laser pulses. In this chapter a new method
for measuring the duration of electron pulses is presented which holds promise for
being applicable to an unprecedentedly broad range of parameters: from femtosec-
onds to attoseconds, from electron volts to mega-electron volts, and from millions
of electrons per bunch to single-electron pulses. It is similar to that known as the
“attosecond-streak camera” [114, 115], an ingenious tool for investigating ultrafast
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processes. So far, attosecond streaking has been used for measurement of soft X-
ray pulses, characterizing laser fields and investigating ultrafast processes in atoms
[1, 116].

5.1.1. Theoretical basics

The underlying idea is based on the fact that an electron pulse impinging on a
solid target will generate, through impact ionization, a pulse of Auger electrons
with duration equal to that of the incident pulse convolved with the duration of
the Auger decay. As discussed below, Auger decay can be much faster than the
duration of the pulses and is easily accounted for. The energy of an Auger electron
created in the presence of a laser field is altered by the field. The energy shift ∆U
depends on the phase φ of the electric field E = E0 sin (φ) at which the electron is
released and the initial energy U0 of the Auger electron, according to the classical
formula [114]

∆U =
√

8U0Up cos (φ) cos (Θ). (5.2)

In this equation, Θ is the angle between the velocity of the emitted electrons and
the laser polarization and Up = E2

0/4ω2
L is the ponderomotive potential (here given

in atomic units) of the laser field, where E0 is the maximum amplitude and ωL the
frequency of the laser field, respectively. Equation 5.2 applies to linearly polarized
laser pulses; it shows that even with relatively low laser intensity (corresponding
to a small ponderomotive potential) one can obtain quite appreciable energy shifts,
which for U0 > Up can be much larger than the laser ponderomotive potential.
Calculation of the spectra following a quantum-mechanical approach yields side
bands spaced by the laser photon energy, with a maximal energy shift given by eq.
5.2. Such spectra have been seen in the so-called laser-assisted Auger decay [117].
The expected spectrum can be calculated within a quantum mechanical model
similar to the one describing laser-assisted Auger decay initiated by the absorption
of an energetic photon [5, 118]. First, only those collisions of electrons with atoms
that occurred at a certain moment t are considered. Without the streaking field,
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the energy distribution of Auger electrons is given by [119, 81]

Ĩ(U, t) ∝ 1√
U

∣∣∣∣∣
∫ ∞
t

M
(√

2U
)

exp
[
−
∫ t′

t

(
Γ
2 + i(U − U0)

)
dτ
]

dt′
∣∣∣∣∣
2

, (5.3)

where Γ is the rate of the Auger decay and M(p) is the bound-continuum coupling
matrix element as a function of the free electron momentum p =

√
2U . This

model neglects the post-collision interactions, as well as the interaction of the Auger
electron with the field created by the electron pulse. Here it is also assumed that
the collision time t is well-defined, which is a valid assumption as long as the
interaction time between a projectile and an atom is much smaller than the Auger
decay time 1/Γ. Under these assumptions, the interaction of a free electron with a
homogeneous time-dependent streaking field can be described as [115]

Ĩ(U, t) ∝ 1√
U
|
∫ ∞
t

M
(√

2U + A(t′)
)

exp
[
−Γ

2 (t′ − t)− iU0t
′ + i

2

∫ t

0
[
√

2U + A(τ)]2 dτ
]

dt′|2. (5.4)

Here, A(τ) is defined as

A(τ) =
∫ ∞
τ

E(τ ′) dτ ′ (5.5)

and it is assumed that the interaction of the streaking field with bound electrons
does not affect Auger spectra. So far, a single electron hitting an atom at a moment t
has been considered. To evaluate the Auger spectrum formed by a pulse of electrons
with a finite duration, it is now assumed that the probability to initiate the Auger
decay in a given atom is proportional to the instantaneous flux in the electron pulse
Ie(t). Denoting the relative delay between the laser and the electron pulses as T ,
the final expression for Auger spectra dressed by the streaking field is obtained as

I(U, T ) ∝
∫ ∞
−∞

Ie(t− T )Ĩ(U, t) dt. (5.6)

Different atoms – hit by different electrons, emit Auger wave packets independently.
Therefore, deriving eq. 5.6, contributions from atoms that experienced collisions
at different moments are added incoherently.
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5.1.2. Proposed experiment

The above described change in the Auger line in the presence of the laser field can be
used for measuring electron pulse duration in an arrangement conceptually shown
in fig. 5.1: The ultrashort electron pulse impinges on a suitable material generating

Electron pulse 

P

To electron spectrometer

Laser pulse 

Auger target

Figure 5.1.: Basic arrangement of electron pulse duration measurement. P indicates
the direction of polarization of the laser pulse.

Auger electrons. A short laser pulse is then focused at grazing incidence on the
surface of the solid, its polarization direction being coincident with the direction in
which the Auger electrons escaping from the target are detected. An appropriate
choice of the angles of the electron and laser beams with respect to the surface
prevents a deterioration of the temporal resolution due to geometrical effects. The
angles must be chosen such that the relative delay between the pulses is constant
along the target surface; for example, for relativistic electrons, a collinear geometry
is optimal, while for 20 keV electrons the optimum angle is approximately 15◦ with
respect to the surface normal (for grazing incidence of the laser). A time-of-flight
electron spectrometer then records electron spectra for different time delays between
laser and electron pulses. Overlaying a sufficient number of spectra with different
delays generates a “streaked” spectrum from which the electron pulse duration can
be deduced.
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5.1.3. Numerical results

In the following, results of the calculations for two different cases, viz., relatively
long laser and electron pulses (of order 100 fs), and very short pulses, viz., a few-
cycle laser pulse with an as electron pulse are presented. These very different
parameter ranges illustrate the broad applicability of the method. In the long-pulse
case (electron pulse duration longer than the laser cycle), the electron spectrum
at any particular delay will be broadened, since the electron energies are swept
through a large number of laser cycles. In the short-pulse regime (electron pulse
duration shorter than laser cycle), the electron spectrum will be broadened and
shifted. Note that an Auger line with an appropriate decay time must be chosen
for optimum results in the two regimes. The spectrum is independent of the energy
of the incident electron pulse. The energy does, however, affect the cross section
for generating Auger electrons, as discussed below in more detail.

The following parameters were used for the calculation of the long-pulse case:
Electron pulse duration 100 fs, laser pulse duration 50 fs. Both pulses were assumed
to be Gaussian in time. For the Auger transition, the oxygen KLL line with an
energy of 500 eV is chosen. The natural width of this line is 0.15 eV corresponding
to a decay time of 4.4 fs. The laser intensity is assumed to be 1.6 × 1012 W/cm2

at a wavelength of 800 nm, corresponding to a ponderomotive potential Up = 0.1
eV. The maximum energy shift, calculated from eq. 5.2, is 20 eV. Figure 5.2 shows
the oxygen line and its broadening calculated using eq. 5.2 and eq. 5.6. The
electron spectrum is seen to be substantially altered during the period in which
the two pulses overlap: according to the quantum mechanical formula (5.6) the
intensity of the main Auger line is reduced to 14% and side bands spaced by the
photon energy appear on both sides, extending up to the maximum energy shift,
while the classical calculation predicts a decrease of the main peak to 5% along
with a continuous broadening of the line. Even though the main Auger line is still
quite prominent in the spectrum, measurement of the number of the energy-shifted
electrons should be readily feasible, yielding the cross-correlation signal between the
envelopes of the laser and the electron pulses. Apart from the expected side bands,
the quantum mechanical approach also shows a modulation in the amplitude of the
side bands. The modulation arises from interference between different components
of the electron wave packet emitted with the same energy at the rising and falling
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Figure 5.2.: Electron spectra for a long-pulse case at delay time T = 0, i.e., when
electron and laser pulse maxima coincide. The dashed blue curve (QM)
shows the result of a quantum mechanical calculation following eq.
5.6, while the red solid curve (Class) shows the spectrum calculated
(classically) using eq. 5.2. The inset shows the original line without
laser. The total number of electrons is the same for all curves.

part of the laser cycle. The streaked spectrum, generated by plotting the spectra
as functions of delay between laser and electron pulse, is shown in fig. 5.3 a). As
the overlap between the two pulses increases, more and more side bands appear
on both sides of the main Auger line. From such a correlation measurement, the
duration of the electron pulse can easily be retrieved if the laser pulse envelope is
known. 5.6.
The short-pulse case (fig. 5.3 b)) is calculated with the following parameters:

electron pulse duration 500 as, a few-cycle cosine-laser pulse with duration of 4 fs
at a wavelength of 800 nm. Again, a laser intensity of 1.6 × 1012 W/cm2, i.e. Up =
0.1 eV, was assumed. Note that the laser pulse must be carrier-envelope stabilized,
otherwise the temporal resolution would only be given by its pulse duration. For the
Auger transition, the titanium KLL Auger line at 4.06 keV with a natural width
of 0.94 eV and correspondingly a decay time of 702 as is chosen. Equation 5.2
predicts for the maximum energy shift of the electrons a value of 57 eV. Features
quite different from the long-pulse case are now observed: The main change in
the spectrum is an energy shift which occurs in synchronism with the laser vector
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Figure 5.3.: Calculated electron spectra. a) Spectrum for long-pulse conditions.
Electron pulse duration 100 fs; laser pulse duration 50 fs. Auger line
applied oxygen KLL at 500 eV. b) Spectrum for short-pulse conditions
as a function of time delay. Electron pulse duration 500 as; laser pulse
duration 5 fs. Auger line Ti KLL at 4.06 keV. Time zero is defined as
the temporal delay at which both pulse maxima coincide. The color
scale is normalized to the intensity of the original Auger line.

potential. Slight broadening results from the combined smearing of electron pulse
duration and Auger decay time over the laser cycle.

5.1.4. Experimental considerations

For successful realization of the experiment, the number of Auger electrons gener-
ated must be high enough to produce a spectrum in an appreciable amount of time.
The electron yield ηel, defined as the number of Auger electrons per pulse electron
can be calculated by the expression

ηel = (1− ηf )σKN0 desc (5.7)

where ηf is the fluorescence yield of the Auger line, σK is the cross-section for K-
hole generation by the incoming electrons, N0 is the number density of the solid
and desc is the escape depth of the Auger electrons from the solid. The fluorescence
yields for oxygen and titanium are given by 0.0083 and 0.214, respectively [120].
For nonrelativistic electrons, the calculated cross-section for generating a K hole
are 2.6 × 10−20 cm2 and 1.06 × 10−21 cm2 for oxygen and titanium respectively
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[121]. The escape depth can be taken from the universal mean-free-path curve for
solids (see, for example, [122]), and is 0.9 nm at 500 eV and about 3 nm at 4
keV. Using these parameters we obtain ηel,O = 1.7 × 10−4 and ηel,Ti = 1.4 × 10−5.
For the calculation of ηel,O, the number density of oxygen in sapphire was used.
These numbers show that with an electron source running at 1,000 electrons per
pulse at a kHz repetition rate or with 1 electron per pulse at a MHz repetition
rate, and an electron spectrometer with an acceptance angle of about 1 sterad, a
complete spectrum covering a range of U0 ± ∆U can be recorded in less than an
hour (although for cross-correlation experiment a smaller range could be sufficient).
In order for the method to work over a wide range of electron energies, the

cross-section for generating a K hole must be sufficiently large. In the energy
range between keV and GeV, the cross-section has a minimum around MeV energies
[123, 124]. Even at the lowest value the cross-section is comparable to the value
used in the above example, thus the method is expected to work from keV to
GeV energies. The minimum energy for the electron pulse is given by the energy
necessary to create the K hole (just slightly above the energy of he chosen Auger
line). For the limits of temporl resolution also the effect of the finite escape depth
has been considered, but is not expected to be significant, given that the escape
time (over 1 mean free path) will be below 100 as.

5.2. The MHz-electron source

In order to implement the measurement scheme described in the previous section,
an ultra-high vacuum chamber was designed and constructed (appendix A). The
ultra-high vacuum (typically ≈ 10−9 mbar in the present chamber) is required to
reach the maximum possible static field strength to accelerate the electron bunches
(see eq. 5.1). Additionally, to allow for more stable operation under high field
conditions, a special design for the cathode is used: Instead of a flat quartz window
a quartz lens is coated with a 40 nm gold layer. In this configuration only a small
area is subject to the highest field strength and especially the edges of the cathode
are farther away from the anode preventing vacuum breakdown. In the present
system it was already possible to achieve a field strength of 8 kV/mm. This is
already close to the maximum value of 10 kV/mm which has been demonstrated
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[107].
To perform the pulse duration measurement it is important to find a feasible

experimental method to overlap laser and electron pulses spatially and temporally.
This is more difficult for the MHz-laser system as compared to the kHz-laser system
used in chapters 3 and 4 because of the low laser pulse energy in the case of the MHz-
laser system (Umax

Pulse ≈ 400 nJ). The difference in the velocities of light and electron
pulses adds another complication. In the experiments presented below, a moderate
acceleration voltage of 8 kV is used, resulting in a factor ≈ 6 in pulse velocities.
The following section addresses the experimental alignment of the spatio-temporal
pulse overlap of the electron and laser pulses.

5.3. Time-resolved visualization of photoemission
from a solid

In this section a method is demonstrated to experimentally establish the spatial
and temporal overlap of electron and laser pulses. The presented method is based
on the deflection of the beam electrons by fields generated by a cloud of electrons
photo-emitted from a copper surface. Additionally these experiments allow to study
the photoemission process itself. Images of the photoemitted electron cloud can be
recorded in pump-probe experiments with a resolution of only a few hundreds of
femtoseconds.
Intense generation of photoelectrons can occur in 1-, 2- or multiphoton photoe-

mission [125]. The study of these effects allows extending the knowledge of ultrafast
changes of surface states and gaining new insight in the dynamics of electron motion.
Quite a number of studies have already addressed various aspects of photoemission
with fs laser pulses. The propagation dynamics of femtosecond electron packets
has been studied theoretically [126, 127] and experimentally [128]. Above thresh-
old photoemission in solids has been demonstrated [129]. Light phase sensitive
photoemission has been reported [130] and this effect has been predicted to make
possible the determination of the carrier-envelope phase of few-fs laser pulses [131].
Moreover the emission of sub-keV electron pulses mediated by surface plasmons
has been reported and control of this effect by the carrier envelope phase has been
predicted [132, 133]. Electrons emitted from nanoparticles have been used as a tool
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for the investigation of optical near fields [134]. The laser-assisted photoelectric
effect has been demonstrated [135] and used to study ultrafast electronic processes
at surfaces [136, 137]. Finally, using soft X-rays, photoemission from inner shells
has been studied on an attosecond time scale [6].
The main technique used in all of the above studies has been electron spec-

troscopy. The experiments presented in this section constitute a new method of
investigation, capable of directly visualizing the dynamics of electrons emitted from
a solid by their effect on a high-energy electron pulse.
A beam of 8 keV electrons in a pulse with a duration of about 300 fs is passed over

the electron cloud photoemitted by a 50 fs laser pulse. The electric fields generated
by this charge deflect electrons in the beam and thus project the distribution of
charge on the detector. The short laser and electron pulse durations allow observing
the emission of the electrons and their subsequent motion on a fs time scale.
The technique is similar to the investigation of the OFI-plasmas of chapter 3.

However, the present study utilizes laser energies which are about an order of mag-
nitude below the threshold for plasma formation. The temporal evolution of pho-
toelectrons is seen to occur on a sub-ps time scale in contrast to plasma dynamics
which involves a time scale of a few ps.

5.3.1. Experimental setup

The experimental setup is shown in fig. 5.4. The laser pulses are generated using
a long cavity oscillator [25]. They have a central wavelength of 800 nm, duration
of 100 fs, an energy of 260 nJ at a repetition rate of 2.7 MHz. A dielectric beam
splitter is used to separate a weaker beam from the main laser path. This beam
is converted into the third harmonic centered at 266 nm. The resulting UV-beam
passes a motorized delay stage, after which it is expanded and then focused into a
vacuum chamber at the surface of a gold photocathode. The cathode consists of a
40 nm gold layer coated on a 1 mm thick quartz lens (f=100 mm, plano-convex).
Electron pulses are created via the photoelectric effect and accelerated by a static
voltage (Uacc = 8 kV over 2 mm) towards a grounded copper anode with a 200 µm
hole. By means of a magnetic solenoid lens they are focused to a 20 µm spot before
the target. To facilitate locating the region of photoemission a thin copper foil with
a 100 µm hole was used as the target. After expanding through the hole the pulses
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Figure 5.4.: Experimental setup: BS: beam splitter; M800: dielectric mirror for 800
nm; THG: third harmonic generation; L1: lens (f = 100 mm); SHG:
second harmonic generation (residual fundamental light is suppressed
with a 1 mm BG39 color filter); L2 lens (f = 400 mm); L3 lens (f = 300
mm); M266: dielectric mirror for 266 nm; DS: motorized delay stage;
L4: lens (f = 50 mm); L5: lens (f = 200 mm); L6: lens (f = 500 mm); C:
gold photocathode; Vacc: acceleration voltage (8 kV); A: copper anode
with 100 µm hole; ML: magnetic lens; PH: copper pinhole (100 µm);
Detector: multi channel plate detector (MCP) fiber coupled to CCD
chip.

propagate by 23.9 cm to the detector. The detector is a multi channel plate (MCP)
detector, which is fiber coupled to a CCD chip. Due to the expanding electron
beam the image of the hole is magnified by a factor of 60 on the detector. This
magnification is a key feature of the experiment because it allows for the detection
of spatially small effects.

Because of the high sensitivity of the MCP-detector it is possible to detect single-
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electrons. Therefore the MCP-detector can be calibrated directly to the number of
electrons per pulse (at an energy of 8 keV, an electron generates on average ≈ 580
counts on the detector).

0.02 0.06 0.1 0.14
0

100

200

300

400

500

600

700
F

W
H

M
 [
fs

]

no SC
20 e-

25 e
-

60 e-

Propagation Distance [m]

Figure 5.5.: GPT [78] calculations for the current experiment: An initial energy
spread of 0.1 eV is assumed. The acceleration field is 4 kV/mm. The
laser pulse duration is 100 fs and the spot on the cathode is 10 µm.
The magnetic lens was included in the calculation. The abrupt change
in the graphs just before 0.1 m is a temporal broadening caused by
path differences which are introduced by the magnetic lens.

Figure 5.5 shows results of GPT-simulations of the electron pulse duration as a
function of the propagation distance. The simulation is based on the experimental
parameters of the present experimental system. An initial energy of the electrons
emitted from the photocathode of 0.1 eV was taken into account. This energy is in
good agreement with results of previous experiments [105, 108]. The acceleration
field was included as 4 kV/mm, the laser pulse duration on the photocathode is
100 fs and the laser spot on the cathode is 10 µm. The solenoid lens to focus the
electrons onto the target is taken into account as well. Due to different pathes which
are introduced by the magnetic lens the pulse duration broadens more strongly.
This is seen as an abrupt change in the graphs just before 0.1 m. The simulations
show that even for the present quite relaxed experimental conditions, such as a
relatively weak acceleration field and few tens of electrons per pulse, the pulse
duration is well in the femtosecond regime.
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Figure 5.6.: Pump-probe images tracking the photoelectrons expanding from the
surface. a)-h): Changes in the probe-electron beam due to changing
photoelectron distribution as a function of the time delay T between
the electron and laser pulses. The geometry is shown as an overlay in a).
The laser is incident from the right with a polarization perpendicular to
the image plane. The color mapping represents the number of electron
counts in arbitrary units. The pump-laser wavelength is 400 nm.

The laser pulses traversing the beam splitter are converted into the second har-
monic centered at 400 nm. They are expanded by a telescope and then focused
onto the edge of the hole in the copper frame (see fig. 5.6a)). The calculated diam-
eter of the beam on the target surface is 10 µm. During the experiments the laser
pulse energy is varied using neutral density filters and the polarization is rotated
by means of a half wave plate. In part of the experiments the fundamental laser
wavelength is used (see fig. 5.7)
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Figure 5.7.: Pump-probe images tracking the photoelectrons expanding from the
surface for a pump wavelength of 800 m. The pump-laser polarization
is linear, perpendicular to the plane of the detector. The pump-laser
wavelength is 800 nm.

5.3.2. Experimental results

Figure 5.6 shows images for different time delays T between electron and laser
pulses. For these runs the laser pulse energy is 37 nJ, and the pulses were linearly
polarized with the polarization direction perpendicular to the plane of the detector.
The pump-laser wavelength is 400 nm. Figure 5.6 a) displays the geometry of the
experiment. The edge of the copper hole is shown as a dashed line. The laser is
incident from the right of the image and focused onto the edge. The delay T = 0
between laser and electron pulses is defined as the delay where first small changes
become visible. Figures 5.6 a)-d) show results for a time step of 660 fs.
Figure 5.6 e)-h) shows results for bigger time steps of 2 ps. All images are

difference images using recordings at negative time delay T (i.e. electron pulse
ahead of the laser pulse) as a reference. The exposure time for each time step is 10
s.
The photoemitted electron cloud has the effect of generating a hole in the inter-

rogating beam. This is due to the deflection of the beam electrons by the fields of
the cloud. It is seen that for short time delay the hole in the electron beam rapidly
develops indicating the fast expansion of the photoemitted electron cloud. With
increasing delay the hole generated by the cloud is seen to become more shallow.
The fraction of deflected electrons increases to a maximum of 36 % around T =
3.5 ps and then decreases again while the depleted region keeps expanding. The
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expansion velocity can be measured from the images. It is 9 × 105 m/s.
Figure 5.7 shows results with the fundamental laser pulses at 800 nm focused on

the copper frame. The laser intensity is 4.4 × 1011 W/cm2. The laser polarization
is the same as in fig. 5.6, i.e. perpendicular to the plane of the detector. In this case
significant changes where observed for time steps as small as 330 fs. The number
of beam electrons per pulse in this experiment is 30. Using the GPT-code [78], the
electron pulse duration is calculated to be 390 fs. The measured expansion velocity
of the edge is 8 × 105 m/s and the maximum electron depletion of 33.4 % is reached
after 3.5 ps.

92

a) b) c)

Figure 5.8.: Schematic illustration of the experimental results.

Figure 5.8 illustrates an interpretation of the experimental results. At a time
delay T = 0 the laser impinges the target (the copper frame). Photoelectrons are
emitted either via a three-photon process in the case of the fundamental laser (fig.
5.7) or a two-photon process in the case of the second harmonic (fig. 5.6). The
photoelectrons expand away from the copper frame and the beam electrons are
deflected in the resulting fields.
A question of fundamental interest to be addressed is if the image charge of

the expanding electron cloud has to be taken into account to describe the features
observed in the experiments. Ongoing numerical simulations address this question
[30].

5.4. Conclusions

The experiments presented in the previous section are the first important step
towards implementation of the pulse duration measurement using the streaking
of the Auger line as presented in section 5.1. Additionally they have interesting
physical implications. With the deflection of the probe electron beam it is possible



Conclusions 71

to directly visualize the process of photoemission. From the data it is possible
to directly infer properties as the expansion velocity and the electron energy. By
comparing the data to numerical simulations the underlying physical processes can
be investigated quantitatively [30].
The presented experiments have a time-resolution well in the femtosecond range.

Within steps smaller then 400 fs significant changes in the data are visible. This
temporal resolution is in good agreement with an electron pulse duration calculated
using the GPT-code [78]. The simulations (fig. 5.5) show that in the current
experimental system an electron pulse duration of about 150 fs can be reached by
using single-electron pulses even applying a moderate acceleration field of only 4
kV/mm.
Formula 5.1 and the simulations (see fig. 5.5) show that by increasing the accel-

eration voltage and using singe electron-pulses in the present system experiments
with 100 fs electron pulses are possible.
Ongoing experiments aim at decreasing the pulse duration to the few femtosec-

ond regime. Tuning the laser wavelength precisely to the cathode work function
can reduce the initial energy spread of the photoemitted electrons [106]. By intro-
ducing a radio frequency cavity [102, 138] it is possible to compress the electron
pulses further (“temporal lens”). In this approach jitter problems between the laser
oscillator and the radio frequency cavity become severe [103] and limit the achiev-
able time-resolution. However, synchronizing two oscillators better then 10 fs has
been demonstrated [139].



6. Conclusions and outlook

Electron diffraction is a very powerful technique for the determination of the struc-
tures of various systems ranging from isolated molecules to solids. Due to their short
de Broglie wavelength electrons allow investigation of physical systems with atomic
resolution. Advanced to a time-resolved pump-probe method, namely UED, this
atomic spatial resolution can be combined with ultrahigh time-resolution. In the
gas phase experiments have been performed with picosecond resolution [9], while
in solid-state experiments already femtosecond resolution has been demonstrated
[90, 21]. Electron pulses offer yet another attractive possibility. Due to their charge
they can respond very sensitively to electric and magnetic fields. This allows for
the real-time investigation of electric and magnetic fields in OFI-plasmas [26] or to
visualize photoemission process [30] using the method of electron deflectometry.
In the course of this thesis three experiments using picosecond and femtosecond

electron pulses have been presented. The first set of experiments uses the method of
electron deflectometry to investigate OFI-plasmas in gas jets and low-density OFI-
plasmas. Deflectometry is a new method of imaging OFI-plasmas with picosecond
temporal resolution. New features of OFI-plasma were observed using this method,
such as a cloud of electrons separating from the plasma core far beyond the De-
bye length. Additionally, the effect of both electric and magnetic fields on the
probe-electron beam has been investigated. The relevant physical quantities, such
as the fields, number of charges and electron temperature, were calculated numer-
ically. The sensitivity of subrelativistic electrons to relatively small fields makes
this method applicable to the investigation of the dynamics of low density plasmas.
In the case of low density plasmas, a cloud of electrons expanding away from

a positively charged plasma, with as much as 90% of the electrons escaping was
observed (for a plasma density of 7×1012 cm−3). In contrast, in the high density



Conclusions and outlook 73

case for plasma densities of 1018 cm−3 only a small fraction (5×10−4) of the electrons
can escape the plasma. From the experiments a minimum electron escape energy of
3.4 eV was directly measured, and an electron temperature of 30 eV was obtained
by comparing the experimental results with simulations.
In the second part, electron pulses were used as the probe-pulses in UED ex-

periments. Pump-probe diffraction experiments were carried out, following the
two-step dissociation reaction of C2F4I2. The dissociation of the C2F4I2-molecules
leads to transient selective alignment which could be clearly resolved in the diffrac-
tion patterns. The results demonstrate for the first time the feasibility of record-
ing a UED pattern from transiently aligned molecules. The decay of the align-
ment was measured on a picosecond time scale. However, the limitation due to
the picosecond-duration of the electron pulses becomes evident. Advanced to the
femtosecond-regime, the electron pulses could probe the molecules while they are
still close to the optimum alignment. In this case it would be possible to get access
to three dimensional structure information. In addition to the bond-distances, the
bond-angles could be retrieved [14]. The alignment could be further improved using
active alignment techniques [100, 101]. Taking diffraction patterns corresponding
to different projections of the molecule (using suitable algorithms [97]) will then
allow full 3D measurement of the molecular structure. This method could also
be applied to improve investigations of ultrafast molecular dynamics in a field-free
environment. The experiments are a first important step on the route towards 3D
imaging of complicated molecular structures with electron diffraction or possibly
using the new generation of X-ray sources.
The duration of electron pulses used in chapter 4 was limited to the picosecond

regime mainly by the mutual repulsion of the pulse electrons. To acquire diffraction
patterns at kHz repetition rate thousands of electrons in each pulse are required.
This limitation can be overcome by using single electron pulses at MHz repeti-
tion rate [20]. The last part of the thesis is dedicated to the development of a
femtosecond electron diffraction apparatus based on this idea.
For single-electron pulses the main factor broadening the duration is the initial

energy spread of the electrons in the moment of emission from the photocathode.
According to eq. 5.1, for 0.1 electronvolt (as approximately expected for gold and
266 nm laser wavelength [105]) and the maximum demonstrated static acceleration
field of 10 kV/mm [107], a duration below 100 fs is possible for single-electron
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pulses. The initial energy spread can be reduced by tuning the laser wavelength to
the bandgap of the photocathode [106].
To finally prove the short pulse duration a measurement method is required.

Within the last part of the thesis, a new very general method is proposed and ana-
lyzed theoretically. A new ultrahigh-vacuum chamber was designed and constructed
to allow for high static acceleration fields which are necessary to produce the short-
est electron pulses. Using a MHz long-cavity laser system [25] first pump-probe
experiments were carried out, which constitute a method to routinely establish the
spatiotemporal overlap of electron and laser pulses even for the case of very low
pulse energies (sub 100 nJ). Additionally, these experiments are a new method to
visualize photoemission from a solid. Magnified by an expanding electron beam,
a cloud of photoemitted electrons was observed. The pump-probe images show
significant differences with time-steps of only 300 fs. This is in agreement with
GPT-simulations of the electron pulse duration. Ongoing simulations address the
underlying physical parameters.
In conclusion the experiments show the wide applicability of ultrashort electron

pulses. The current limitation to the picosecond temporal regime in UED experi-
ments using molecules in the gas phase can be overcome using single-electron pulses.
To reduce the electron pulse duration further to the few femtosecond regime it has
been proposed to compress the electron pulses by means of a radiofrequency cavity
[102, 103].
In this approach the radio frequency cavity changes the electron energy inducing

an appropriate “chirp” on the pulse to establish a temporal focus where the pulse
duration is minimized. The main limitation to this approach is the jitter between
the laser and the radio frequency cavity because after entering the RF-cavity the
electron pulse is locked to the microwave oscillations rather than to the fs laser
pulse [103]. However, synchronization of passively mode-locked laser oscillators to
an RF-source has been demonstrated with a timing-jitter of less then 10 fs.
It has been proposed to generate even sub-femtosecond electron pulses by pon-

deromotive deflection and compression [140, 141, 142]. With such high time-
resolution ultrafast electronic motion could be resolved in real-time with atomic
resolution. Ultrafast electron diffraction combined with few femtosecond or even
sub femtosecond time-resolution will be an ideal table-top tool to investigate var-
ious physical systems with atomic spatial resolution and the necessary temporal
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resolution.



A. Chamber for MHz-experiments

Figure A.1.: Photograph of the ultra–high vacuum chamber. On the backside a
technical drawing of the UHV chamber is included which is printed
with the kind permission of VAb Vakuum-Anlagenbau GmbH.
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