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Abstract

In this work we have studied experimentally and theoretically hydrogen and
deuterium molecules in strong laser fields. We wanted to demonstrate that control
of dynamical processes on the time scale below a single laser cycle (2.7 fs) can be
achieved even without using attosecond pulses just by employing the advanced
experimental technique COLTRIMS. In order to do this, we have pursued two
goals:

1. To examine, whether laser steered electron wavepackets can be used for
laser induced electron diffraction (LIED) on molecules.

2. To demonstrate, that the double ionization of H2 can be followed with sub
laser cycle temporal resolution (the molecular clock).

Laser induced electron diffraction needs linearly polarized light since its mech-
anism relies on rescattering of the ionized electron in the molecular potential.
With rescattering occurring within a few hundred attoseconds, LIED is really a
process of attosecond physics. In principle, two extreme scattering geometries are
possible for a homonuclear diatomic molecule like H2: the perpendicular geome-
try, which corresponds to the classical double slit experiment where the electron
microbunch is steered transversely to the molecular axis, and the tangential ge-
ometry with the electron moving parallel to the molecular axis. Experimental
restrictions prevented us to investigate the perpendicular geometry.

The molecular clock, on the other hand, employs circularly polarized light
to map the absolute phase of the laser electric field onto the spatial direction
of the electron momentum. Thereby, a full laser cycle is mapped onto 360◦ in
momentum space. Thus, different electron ejection angles in the laboratory frame
correspond to different ejection times. Together with the correlated kinetic energy
release of the coulomb exploding molecules an unambiguous clock running from
0-8 fs with a few 100 as resolution can be envisioned.

In direct relation to this experiment, we studied the influence of the long
range potential of the parent ion on the final momentum. This effect is also
called Coulomb asymmetry. From the theoretical point of view this is also an
highly interesting question since the current models ignore the ion potential once
the electron is liberated and at most correct for it empirically. As during both



ionization steps the molecule has different charge states, we can expect Coulomb
asymmetry to vary accordingly. The results of this study have to be taken into
account when interpreting the relative electron emission angle in the molecular
clock.
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Chapter 1

Introduction

Es läßt sich ohne sonderlich viel Witz so schreiben,
daß ein anderer sehr vielen haben muß, es zu verstehen.

Georg C. Lichtenberg

In the year 1922 the nobel prize was given to a man, who was already world
famous at that time. The highest of all scientific honours was not given for the
work “Zur Elektrodynamik bewegter Körper” about the theory of special relativity
from 1905, which founded his fame, but for his work on the photoelectric effect.
This man was Albert Einstein. Nevertheless, his work “Über einen die Erzeu-
gung und Verwandlung des Lichtes betreffenden heuristischen Gesichtspunkt” ,
also from 1905, was of extraordinary importance, as it gave the proof that light
has a corpusculary structure. Through it, Einstein added new weight to Newton’s
viewpoint, claiming that light is made of small corpuscles, which was foundation
of geometrical optics. By the end of the nineteenth century, physicists mostly
had come to see light as an electromagnetic wave. This paradigm had become so
strong that even when Max Planck had to introduce a quantization of the energy
exchange between matter and radiation to explain the black body radiation, he
thought of this only as a mathematical Kunstgriff. Planck himself doubted the
particle character of light at least until the year 1913. When he praised Ein-
steins achievements for the Preussische Akademie, he called the light quantum
hypothesis “speculative” with which Einstein had overshoot the mark.

Einstein developed his ideas on the example of the photoelectrical effect. The
photoelectrical effect is, nowadays, basic knowledge that is being taught in high
school. In a classical setup from Hallwachs (1888), a metal plate connected to
a electrometer is charged negatively. Irradiating the plate with ultra violet light
lets the charge disappear slowly. The use of red or green light, however, does not
result in a discharge of the metal plate. Neither increasing the intensity, e.g. by
moving the light source closer to the plate, nor increasing the irradiation time
shows any influence on the charge of the metal plate. How come?
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Introduction

To discharge the negatively charged metal plate electrons must leave it. The
electrons in turn need to have some certain minimum energy to leave the metal
surface. This emission energy W0 is a material property. Would light be made of
waves this emission energy could be given to the electron by simply increasing the
amplitude, i.e. the intensity of the incident light. But as the experiment shows
this is not the case. Einstein now assumed light of a frequency ν to be quantized
into small packets, the photons, each carrying a well defined energy Eν

Eν = hν

where h is the quantization constant introduced by Planck. When an electron
absorbs a photon with an energy greater than the emission energy it will leave
the metal plate and thereby decrease the remaining charge of it. The electron
then has a kinetic energy which corresponds exactly to the difference between
photon and emission energy

Ekin = hν −W0 (1.1)

Through measurement of the kinetic energy one can determine the size of the
numerical constant h. The emission energy W0 is determined by thermal emission.
It turns out that the so determined h has the same value as the quantization
constant introduced by Planck when explaining the black body radiation. Since
then this constant is referred to as Planck’s constant and has the numerical value

h = 6.626 · 10−34 Js

Could it not be possible, one may ask, to absorb many low energy photons
to supply the electron with enough energy to leave the metal plate? This would
correspond to increasing intensity and irradiation time and experiment has shown
that this has no consequence. So apparently an electron can only absorb one
photon at a time. So far this is high school physics. But nature would be
of astonishing simplicity if this would be wisdoms last word. In fact, we will
see later that the simultaneous absorbtion of many photons is indeed possible,
although at low intensities extremely unlikely.

Despite the enormously successful conclusions of Einstein, all the diffraction
and interference experiments still needed the explanation through electromagnetic
waves. This apparent antagonism is a representation of the well know paradigm of
the particle-wave duality. Accordingly, light can be described in wave or particle
terms depending on the experimental conditions. With this background it seems
obvious to ask if an ionization of a neutral body is possible so that the wave
character of light would be the appropriate way to look at it. In fact, at first
glance is not clear why a sufficiently strong electrostatic field should not be able
to ionize an atom, since e.g. electron microscopes work with this effect called
field emission. There, electrons are emitted from a very sharply pointed cathode
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in a static field. For single atoms, however, the difficulty lies in the experimental
realization. To take one electron off an atom, one has to supply at least the field
strength that the electron feels in average from the nucleus. To get a feeling for
the inner atomic field strength we examine the hydrogen atom: there, an electron
has an average distance to the nucleus of 5.29 · 10−11 m, also known as the Bohr
radius r0 or one atomic unit (a.u.). The electric field ~E of an elementary charge
at this distance has the strength

| ~E| = e

4πε0r2
0

≈ 5 · 109 V

cm
.

A static electric field of five billion volts per centimeter is not realizable: an
electric arc would lead to the breakdown of the field long before this field strength
is reached. However, it is possible to realize this field strength in an electric field
that is independent of matter – in an electromagnetic wave.

Exactly this is possible nowadays: In laser pulses intensities are generated
that make a simultaneous absorbtion of many photons likely. At the same time,
the field strength in these pulses can exceed the atomic field of 5 · 109 V/cm.
To produce these intensities all photons of a pulse have to be squeezed into the
smallest possible space. Along the beam direction this is achieved by shortening
the pulse duration and transverse to it by focusing (section 3.2). Today it is
possible to generate pulses with the unimaginable short duration of only a few
femtoseconds (10−15 s). A femtosecond is to a second, what a second is to 32
million years! The light with its immense velocity of 300 000 km/s travels only a
10 000th millimeter during this time. This is also the spatial extension of such a
pulse. In the focal spot of ultrashort pulses intensities that exceed 1020 W/cm2

are produced. These intensities are greater than the all the sun light incident on
earth (2.7 · 1017 W) focused on a pinhead! Not without justification these pulses
are also called light bullets : At intensities and pulse durations used in this work
the miniscule momenta of the single photons are adding to an incredible pressure
of 1 MBar in the focus!

With such laser pulses it is possible to ionize atoms and molecules in a time
that is small on the timescale of molecular vibrations and rotations. The hydrogen
molecule H2 has the shortest vibrational period of all molecules with about 48 fs.
Through the rapid ionization the movement of the nuclei is practically frozen and
the resulting charged fragments fly apart. The state of the molecule at the time of
ionization can be reconstructed by measuring the fragments. In other words, the
laser works as an ultra high speed camera for the molecular vibration. But also
structural changes of molecules in chemical reactions can be followed this way. For
chemistry and molecular biology these so-called ultra fast processes are of great
interest and the nobel prize in chemistry was awarded in this field in 1999. The
basic physics of matter in such an ultra dense photon flux is highly interesting and
is used as an extraordinary test for the quantum theoretical models. Particularly
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interesting with respect to possible applications is the use of laser pulses to induce
nuclear fusion or as a cheap source for x-ray production up to the MeV range.

This thesis deals with the question of how laser pulses interact with the most
simple of all molecules – H2. Since we study the most fundamental problems of
this interaction the results cannot be expected to directly increase the public wel-
fare. However, the intimate understanding of the atomic and molecular response
in strong laser fields builds the grounds on which exciting ideas such as quantum
computing with vibrational states or time resolved electron diffraction can thrive.
For example, the generation of UV radiation in the laser focus cannot be under-
stood without considering atomistic dynamics. This understanding gave rise to
the prediction of and the subsequent quest for bursts of coherent UV-radiation
which are by a factor 100 shorter than the shortest pulses achievable today.

The core of this thesis is to be seen in the attempt to cross the border separat-
ing femtochemistry (10−15 s) and attophysics (10−18 s) without the explicit use of
attosecond laser pulses. In this context we study laser induced electron diffraction
(chapter 5) and the so-called “molecular clock” (chapter 7). Both ideas exploit the
correlation between simultaneously launched nuclear and electronic wavepackets.
Whereas in laser induced electron diffraction an ionized electronic wavepacket
is steered by the laser field to produce a time resolved diffraction image of the
molecular evolution in a chemical reaction, the molecular clock wants to directly
monitor the double ionization process with a time resolution of a fraction of a
laser cycle.

Another goal of this thesis is to test the existing quantum mechanical models
(chapter 6). Since the first attempts to theoretically describe the ionization of
an atom in a strong laser field back in the 1960s, the models would neglect the
influence of the long range coulomb potential of the parent ion. Later, correc-
tions were included to improve the agreement with experiments of the predicted
(macroscopic) ionization rate at higher intensities. Yet, as the overall model is
a static one it cannot account for the (microscopic) electron dynamics, in par-
ticular for the influence of the parent’s ion coulomb field on the motion of the
outgoing electron, known as coulomb asymmetry. With attophysics building on
the microscopic dynamics, we also have to test our models on the microscopic
scale.

To enhance our understanding of coulomb asymmetry we developed a purely
classical model of the ionization of H+

2 (chapter 4). As mentioned earlier the
laser field in these super intense pulses may be seen as a classical electromagnetic
wave. To give an impression what attophysics means in terms of computational
effort: to describe the motion of the electron numerically with sufficient precision
we had to introduce a time step of 0.03 as, yielding a total number of ∼3 million
discrete steps for a single trajectory in a 40 fs pulse!

Concluding this introduction, we hope to have raised the readers interest in
this field in general and for our work in particular, which tries to push the limits
of our knowledge a little further out at this exciting border line of the quantum
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realm and our classical world.
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Chapter 2

Background

Das Pergament, ist das der heilge Bronnen,
Woraus ein Trunk den Durst auf ewig stillt?

Erquickung hast du nicht gewonnen,
Wenn sie dir nicht aus eigner Seele quillt.

Faust
in “Faust, Der Tragödie erster Teil”

J.W. von Goethe

In her doctoral thesis, that was published in 1931 in the german journal
Annalen der Physik [115] under the title “Über Elementarakte mit zwei Quan-
tensprüngen”, the later Nobel laureate Maria Göppert-Mayer1 discussed the first
time the simultaneous absorbtion of two photons by an atom. In the perturba-
tive approach of the interaction between radiation field and atom the first order
perturbation yields the equation for emission and absorbtion of a single photon.
The second order of the perturbation theory explains the already then well known
effects as Raman scattering (1928) and dispersion. It was the accomplishment of
Göppert-Mayer to show that this approximation also already included the possi-
bility of simultaneous absorbtion (and emission) of two photons. Hence, for the
first time the transition probability of this lowest order nonlinear process was
calculated. However, it was not until 1950 that the first experimental evidence
of this phenomenon was found by Hughes and Grabner [137] in radio frequency
absorbtion spectra of molecular RbF.

In this chapter we provide the appropriate framework in which this thesis is
to be seen and understood. We will give an overview over the manifold strong
field phenomena and the state of the current research.

1Notably, the Nobel prize was awarded 1963 for her work concerning the shell structure of
the atomic nucleus and the related magic numbers.
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2.1 Atoms in Strong Laser Fields Background

2.1 Atoms in Strong Laser Fields
The discovery of masers in 1954 by Gordon et al. [113] and then lasers in 1960
by Maiman2 [184] stimulated experimental and theoretical interest in nonlinear
processes.3

In general, there are three qualitatively different single ionzation mechanisms
of atoms in strong external fields illustrated in fig. 2.1:

• Multiphoton Ionization

• Tunneling

• Over Barrier Ionization

In his pioneering work Keldysh [155] showed in 1965 that all three mechanisms
are just different aspects of the same universal process: nonlinear ionization.
While apparently the multiphoton ionization (MPI) is appropriately treated in
perturbation theory, the tunneling demands a classical treatment of the field.

To distinguish between both regimes Keldysh examined the time the electron
would need to freely pass a distance comparable to the potential barrier4

t =

√
2meIp

eE
= ω−1

t (2.1)

where Ip is the ionization potential and E the instantaneous electric field strength.
The famous Keldysh parameter sets this time in relation to the frequency of the
external electric field

γ =
ω

ωt

. (2.2)

One can now distinguish two cases: If the oscillation period of the external electric
field is large compared to the “tunneling time”, then tunneling can occur and is
obviously the appropriate picture in which to describe ionization, hence

γ � 1
tunneling

. (2.3)

On the other hand, if the oscillation period is small compared to the tunneling
time then this mechanism does not apply and ionization would have to be treated
perturbatively in the multiphoton picture and correspondingly

γ � 1
multiphoton ionization

. (2.4)

2The working principles of both, maser and laser, were discovered by Townes in 1951 (Nobel
prize 1964).

3See, e.g. the review from Burnett et al. (1993) [45], Protopapas et al. (1997) [239].
4The crudity of the approximations for the electron velocity of v =

√
Ip/me and the barrier

width l = Ip/(eE) stretching from the origin to the intersection of Ip with the electric field has
only one explanation: γ was identified after the calculations were made and only then ωt was
interpreted in terms of a tunneling time. Note the additional factor of

√
2 in eq. 2.1.

8



Background 2.1 Atoms in Strong Laser Fields

Fig. 2.1. Qualitative picture of light induced (direct) ionization mechanisms in atoms.

2.1.1 Multiphoton Ionization

At low intensities (<1013 W/cm2) lowest order perturbation theory can model
the experimental ionization rates via absorbtion of n photons very closely [86].
The ionization rate obeys the power law

wn = σn In (2.5)

where I is the intensity and σn is the generalized n-photon ionization cross section.
Relation 2.5 is difficult to test experimentally, because of the physical properties
of the laser beam involving an extended focal volume with a spatial distribution
of intensities. In general, the power law breaks down when the depletion of the
initial state is no longer negligible. This intensity is called saturation intensity.
Additionally, when the unperturbed energy levels become Stark shifted by the
laser field, intensity dependent corrections of the σn are necessary [171]. At
intensities above 1013 W/cm2 perturbation theory is no longer applicable and
other theories have to be developed.

Above Threshold Ionization

Perhaps the most striking consequence of MPI is a discreteness in the observed
photoelectron spectrum. While high energy electrons were observed earlier, it
was Agostini et al. [4] in 1979 who reported the first observations of a discrete
photoelectron spectrum produced by MPI where the spacing between the electron
energies was just the photon energy.

Here we have another phenomenon that, at first glance, seems to contradict
the physicists intuition: An electron that is already ionized (and therefore a
free electron) absorbs further photons. In principle, this process is forbidden by
angular momentum and parity conservation. However, as long as the electron is
still in the vicinity of the parent ion some coupling to the parent ion by their
coulomb fields still exists, allowing for the absorbtion of further photons from
the laser field and hence giving rise to discrete peaks in the photoelectron energy
spectrum.

9



2.1 Atoms in Strong Laser Fields Background

As the number of photons absorbed by the electron is larger than the mini-
mum required to overcome the ionization threshold this process was termed above
threshold ionization or ATI.5

Application of perturbation theory to ATI yields the simple extension of the
power law in eq. 2.5 to the absorbtion of additional s photons above the ionization
threshold

wn+s ∝ In+s . (2.6)

Accordingly, one would expect higher order ATI peaks to decrease very quickly.
However, very soon after the first experiments an intensity dependent discrepancy
from this relation was observed, signaling the limit of the perturbative approach.

In particular startling was the observation of the gradual disappearance of
the lowest order ATI peaks with increasing intensity, also termed channel closing
[218]. This effect was explained with the AC-Stark shift of the bound energy
levels that pertains differently to the lower and higher lying states and thereby
effectively increases the ionization threshold.

The increase of ionization potential can easily be estimated classically. We
examine a free electron in a laser field. Besides any translational motion it will
perform a quiver motion driven by the oscillating electric field. The time-averaged
energy associated with this quiver motion is the so-called ponderomotive energy
Up

Up =
e2E2

4meω2
=

Ie2

2ε0cmeω2
(2.7)

Up[eV ] = 9.33 · I[1014W/cm2] · λ[µm]

that depends on the frequency ω of the oscillating electric field and the amplitude
of the electric field E or the intensity I which are related as I = 1/2cε0E

2.6 To
the energy of the continuum states of the atom is therefore an amount added
exactly equal to Up. Correspondingly, the ionization threshold and, to almost
the same extend, the atomic rydberg series rise. The lowest bound states, on the
other hand, remain almost unaffected causing the effective ionization potential
to be increased by almost Up. The ionized electron will then posses the energy

E = (n + s) ~ω − (Ip + Up) , (2.8)

where Ip is the unperturbed ionization potential. Clearly, for Up ≥ ~ω the first
ATI peak will be suppressed. In experiments this suppression is not perfect, again
due to the unavoidable integration over a range of intensities.

5In addition to the previously mentioned review articles the reader may refer to the one on
ATI by Freeman and Bucksbaum (1991) [99].

6It is instructive to put numbers in eq. 2.7: At 1014 W/cm2 and a wavelength of 488 nm
(Ar ion laser) Up is 2.2 eV, at 800 nm (Ti:Sa laser) the quiver energy already nearly tripled to
6 eV and at 10 µm (CO laser) the ponderomotive potential is almost 1 keV!

10



Background 2.1 Atoms in Strong Laser Fields

In high resolution experiments ATI peaks exhibit a fine structure that can
be attributed to different excited bound states. They appear when the pondero-
motive potential of the pulse raises the energy levels of the rydberg series and
sweeps them into multiphoton resonance enhancing temporarily the ionization
probability. These are the so-called Freeman resonances that were first reported
by Freeman et al. [100] (see also [190, 191]). The role of the atomic structure in
ATI is supported by several experimental studies of the angular distributions of
ATI electrons (see, e.g. [101, 336] and the recent work of Helm et al. [329]).

A further increase in intensity finally makes perturbation approaches inap-
propriate - the tunneling regime is reached.

Fig. 2.2. ATI spectrum of Xenon in 100 ps pulses of linearly polarized, 1064 nm
(NdYAG) radiation. The peak intensity was 2 · 1013 W/cm2 (Up ≈ 2.1 eV,
~ω = 1.17 eV) yielding a γ ≈ 3.7 for the reaction Xe → Xe+. Clearly
visible is the suppression of the lowest order ATI peak due to the increase in
effective ionization potential by about Up. The relative strength of the higher
order ATI peaks signals the breakdown of the perturbative regime. Adapted
from Bucksbaum et al. [42].

2.1.2 Tunneling

In agreement with the correspondence principle [35], the laser field can be treated
classically when the number of involved photons is large. This is approximately
the case for γ � 1. We can therefore describe the laser field by a time varying
electric field. The sum of ion potential and laser field then forms a time dependent
potential barrier that can be penetrated by the bound electron via tunneling. The
ionization rate through the potential barrier in a static electric field increases
exponentially with the intensity and is of the form (in atomic units) [71]

wtunnel ∝ exp

[
−2

3

Ip√
I

√
2Ip

]
(2.9)

where Ip denotes the ionization potential and I the peak intensity. Recalling
that the tunneling barrier scales as Ip/E, i.e. Ip/

√
I, the form of eq. 2.9 can be
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2.1 Atoms in Strong Laser Fields Background

understood in terms of the exponential attenuation of a bound state wavefunction
below the barrier (see fig. 2.3).

This model is in excellent agreement with the experimental data for single
ionization, however, it fails completely in the case of atomic double ionization.
Aside from the difference in intensity dependence, MPI and tunneling also exhibit
different dependencies on the laser frequency as shown above. While MPI is
strongly enhanced when inneratomic resonances can be exploited, tunneling is
insensitive to the frequency whatsoever. In the tunneling regime the discrete
structure in the ATI photoelectron spectrum disappears and, in the case of linear
light, it is replaced by a continuous energy distribution that drops several orders
of magnitude at an electron energy of about 2 Up. Thereafter, a plateau region
is observed that abruptly ends at 10 Up (see fig. 2.4). For circular light a single
broad peak at Up is observed, considering that Up is the kinetic energy of the
electron averaged over one field cycle which is therefore twice as high in circular
compared with linear light at the same peak field strength.
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V(r) = - 1/|r| + E0 r

Fig. 2.3. Illustration of the tunneling process in the quasistatic approximation. The
bound wavefunction falls off exponentially under the barrier but if the width
of the barrier is sufficiently small, a measurable fraction can leak through
resulting in ionization. The actual width of the potential barrier easily cal-
culates to 2

√
I2
p/(2E0)2 − 1/E0.

Over Barrier Ionization

When the field strength further increases to the point that the top of the potential
barrier equals the binding energy, the transition from tunneling to field ionzation
is observed: The electronic wavepacket can now more or less freely escape. By
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Fig. 2.4. Photoelectron spectrum of D2 single ionization in 800 nm, 50 fs, linearly
polarized laser pulses at a peak intensity of about 0.8 ·1014 W/cm2 (γ = 1.3).
The inset magnifies the low energy range. Here, surviving ATI structure can
clearly be observed (photon energy 1.55 eV). At higher intensities this feature
disappears.

simple classical considerations equating the top of the combined laser-ion poten-
tial

V = − Ze2

4πε0r
− eE · r

with the binding energy Ip one can easily determine the threshold intensity when
over barrier ionization (OBI) sets in

IOBI =
c π2 ε3

0 I4
p

2 Z2 e6
. (2.10)

Or, for the experimentalists daily use:

IOBI [W/cm2] = 4 · 109 (Ip[eV ])4

Z2
(2.11)

where Ip denotes the ionization potential and Z the charge state of the residual
ion. Despite the appealing simplicity of this expression, one should be aware
of the following three points when determining the OBI intensity regime in a
particular experiment:

• Basic quantum mechanical treatment shows that a partial reflection of the
outgoing electron wave occurs even on the suppressed barrier. The proba-
bility of penetration only achieves unity at an intensity well above IOBI .

• In order to obtain the correct value of IOBI , the AC-Stark shift would have
to be taken into account. Following the considerations in the section on ATI
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2.1 Atoms in Strong Laser Fields Background

we would expect an increase of the ionization potential Ip by approximately
Up.

• Finally, tunneling ionization during each laser cycle and on the edges of
the pulse envelope will always contribute to the measured ionization signal.
This contribution is particularly strong if not dominant at the intensity
given by eq. 2.10.

Fig. 2.5. Neon double ionization by 800 nm, 25 fs laser pulses. Left panel: Rate of
single and double ionization as a function of the laser power (from [173]).
The full line shows the rate calculated in an independent event model. Right
panel: Recoil ion momentum distributions at intensities marked in the left
panel. Horizontal axis: Momentum component parallel to the electric field.
Vertical axis: momentum component perpendicular to the field (from [197]).

Nonsequential Double Ionization

At lower intensities the atomic double ionization yield exhibits a characteristic
“knee”-structure which corresponds to an ionization probability several orders of
magnitude higher than predicted by tunneling theory (see fig.2.5) [93, 312].

However, this disagreement comes to no surprise: The theory treats each
ionization step independently - or sequentially. Hence, the increase in double
ionization yield was termed nonsequential double ionization (NSDI). The ori-
gin of this knee structure was the focus of many years intense research. Three
potentially responsible mechanisms were discussed:7

7Also see the review from Dörner et al. (2002) [82] on multiple ionization.
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1. Shake-Off:8 If one electron is removed rapidly from an atom such that the
sudden approximation [216] is valid, the wave function of the remaining
electron has to relax to the new eigenstates of the altered potential. The
remaining electron wavefunction has at least partial overlap with the contin-
uum states of the newly created ion. Hence, with a measurable probability
the electron is shaken off the ion, creating a low energy electron. Shake-Off
plays an important role in double ionization by single photon absorbtion,
Compton scattering and charged particle impact (e.g. [186]).

2. Two-Step-One (TS1): For single photon absorbtion at lower photon ener-
gies (hω < 100 eV [157]) TS1 is known to clearly dominate the Shake-Off
contribution [159]. In a simplified picture of TS1, one electron absorbs the
photon and knocks out the second electron on its way out of the atom. Con-
sequently, one could expect more a less asymmetric energy sharing between
the electrons as compared to the Shake-Off.

3. Recollision: Originally suggested by Corkum [61] and Kulander and Schafer
[169, 263] recollision is a two step process: In a first step the electron tunnels
through the potential barrier. It then propagates in the laser field. Upon
return to the parent ion a second electron can be liberated by concerted
field and electron impact action.9

4. Collective Tunneling Ionization (CTI): Eichmann et al. [84] considered
the simultaneous tunneling of two or more electrons as the cause of the
“knee”-structure. It turned out that the calculated doubly charged-ion yield
through CTI at the commonly used pulse lengths is only slightly larger
than the calculated yield through a sequential tunneling ionization process.
Thus, CTI cannot account for the observed enhanced NSDI. However, at
very short pulse durations (single cycle regime) the contribution of CTI to
double ionization is expected to become a dominant process.

While Shake-Off was originally thought to be the main source of the enhanced
double ionization yield [93], it became very soon clear that the experimental re-
sults could only be explained in the recollision picture: When employing circularly
polarized light the “knee” disappeared [94] and High Harmonic Generation (see
next section) was suppressed [75]. The ellipticity dependence of recollision can
be very intuitively understood in the Simple Man’s Model, detailed in sec. 2.1.3
on p. 17. In contrast, no ellipticity dependence is expected for the other two
mechanisms.

8Shake-Off and TS1 have been also termed SU1 and SU2, where SU stands for shakeup
[182]. Aside from ionization shakeup also includes the transition to excited levels that can field
ionize.

9Although the “antenna” model formulated by Kuchiev [167] has certain parallels to Corkums
recollision model, it does not make the step to the classical level and therefore misses the beauty
of the “simple man’s” model.
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2.1 Atoms in Strong Laser Fields Background

The breakthrough of the recollision picture was promoted by the introduction
of ion and electron momentum imaging techniques (COLTRIMS) in 2000 simul-
taneously by our group [321–323] and the group of J.Ullrih [92, 197]. Besides the
direct ionization another process can be imagined whereby only excitation of the
parent ion happens. The idea of the so-called recollision excitation with subse-
quent field ionization (RESI) was developed by Feuerstein et al. [91] to explain
the difference in the momentum distributions of Ne2+ on one side and He2+ and
Ar2+ on the other [69, 85].

Nonetheless, the idea of identifying Shake-Off in the NSDI was never com-
pletely abandoned. Very recent experimental work by Litvinyuk et al. [182]
examined the shakeup of the remaining electron into the excited 2pσu state of
the D+

2 molecule. Its contribution to the production of ground state D+
2 was

quantified to 10−5 at an intensity of 1015 W/cm2.

High Harmonic Generation

Since its first observation in 1992 by Farkas and Toth [89] and Harris et al. [127],
high harmonic generation (HHG) grew into one of the most rapidly developing
fields in atomic physics that can impossibly be covered here. We will content
ourselves with a short overview and introduction of the fundamental concepts.10

When an intense laser is focused into a jet of noble gases, high order harmonics
are generated. The harmonic spectrum falls off for the first harmonics, followed
by a plateau of almost constant conversion efficiency ending up in a sharp cutoff.
Apart from the first and last harmonics, the harmonic spectrum resembles a comb
of frequencies with constant amplitude, each harmonic being an odd multiple of
the fundamental frequency. The high harmonic cutoff is empirically found to be
around the energy

E ≈ Ip + 3.2Up . (2.12)

There is an intimate connection between HHG and the recollision model al-
though HHG also exists in the MPI regime. Certainly in the case of intra atomic
HHG perturbation theory and therefore the multiphoton picture applies.

The released electron can pick up further energy from the laser field and upon
returning to parent ion it recombines instead to scatter (in)elastically. Recombi-
nation is accompanied by the emission of a single photon.11 In the MPI picture
it is clear that the emitted photon has to be an odd multiple of the fundamen-
tal wavelength due to parity conservation. In the tunneling limit this can be

10A quasiclassical treatment of HHG can be found in the work of Lewenstein et al.[179, 180].
11Of course, the inverse MPI process - multiphoton emission - does also exist and is equally

unlikely, but the asymmetry in the available final states for ionization compared to recombi-
nation makes single photon recombination much more likely than multiphoton recombination.
Apparently, this is true even in the presence of a strong stimulating field of the fundamental
wavelength.
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explained in terms of interfering quantum paths from different laser cycles. Ac-
cordingly, the harmonic spectrum blurs when the pulse duration is shortened to
only a few cycles (∼10 fs).

Finally, we have to point out that, today, the most efficient methods to pro-
duce low order high harmonics do not use the free plasma but upconversion is
done in crystals, although the achievable high harmonic order is only about 4
[265].

Stabilization

Two categories of stabilization can be separated. In dynamical stabilization quan-
tum interference between coherently excited electron wavepackets is responsible
for a suppression of the ionization rate below the one predicted by Fermi’s golden
rule [214]. The idea behind it can be understood in terms of the raised ioniza-
tion potential due to the AC Stark shift. This explains why in particular highly
excited rydberg states play the dominant role in this kind of stabilization. It
is clear that for super strong fields the coherence between the rydberg states is
destroyed and therefore no further stabilization is expected. The original idea
was introduced 1990 by Fedorov et al. [90] and experimental evidence of the
mechanism was provided shortly afterwards [133, 150, 208].

In the limit of asymptotically high laser frequency, an atom stabilizes with
respect to ionization and its electron localizes near the nucleus [105]. This stabi-
lization was termed adiabatic stabilization. Stabilization of atomic hydrogen was
discussed by means of quantum mechanical calculations (see, e.g. [147, 168, 228]).
Remarkably, also classical trajectory Monte Carlo simulations were shown to ex-
hibit stabilization [118, 119, 188, 253]. Experiments in support of this mechanism
were performed, e.g. by De Boer et al. [33, 34].

2.1.3 Simple Man’s Model

Before moving on to quantitative models we want to detail the classical picture
proposed by Corkum that came to be known as the “simple man’s model”. For
the initial ionization step Corkum assumed the tunneling regime and calculated
the electron’s momentum and position with the ADK theory which is discussed
in detail in the next section. Ignoring the magnetic field component the laser
electric field can be written as

~E(t) = E0(t) ·

 0
ε cos(ωt + φ0)
sin(ωt + φ0)

 (2.13)

where ω is the laser frequency, φ0 the carrier-envelope-offset (CEO) phase, ε
the ellipticity (ε = ±1 circular, ε = 0 linear polarization) and E0(t) the pulse
envelope. Apparently, we can reduce the problem to two dimensions. Without
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2.1 Atoms in Strong Laser Fields Background

loss of generality we set φ0 = 0. Once the electron is ionized the parent’s ion
coulomb field is ignored, leading to the simple equation of motion me~a(t) =

−e ~E(t) that has to be integrated

v1∫
v0

d~v = − e

me

t1∫
t0

~E(t)dt (2.14)

to yield

~v(t0, t1) = vosc ·

 0
ε(sin ωt1 − sin ωt0)
− cos ωt1 + cos ωt0

 + ~v0 (2.15)

where we have substituted

vosc =
−eE0(t0)

meω
= 2

√
Up/me , (2.16)

assuming that the envelope E0 does not change in the integration interval. Sim-
ilarly, the electron’s position at the time t1 after ionization is found:

~r(t0, t1) = rosc ·

 0
ε(cos ωt0 − cos ωt1 + ω∆t sin ωt0)
sin ωt0 − sin ωt1 + ω∆t cos ωt0

 + ~v0∆t + ~r0 (2.17)

with the substitutions

rosc =
−eE0(t0)

meω2
and ∆t = t1 − t0 . (2.18)

In a frequent approximation the initial velocity ~v(t0) = ~v0 after tunneling is
neglected as well as the distance ~r(t0) = ~r0 from the parent ion where the tunneled
electron comes into existence:

~r0 ≡ 0 ~v0 ≡ 0 . (2.19)

As illustrated in fig. 2.3, the tunneling distance obviously depends strongly on
the instantaneous field strength, i.e. the phase of the laser field and the peak
intensity. The approximation of a zero initial velocity seems more conceivable:
the place of birth on the outer tunneling barrier corresponds, in a static picture,
to the turning point of the free electron wavepacket.

The question when the electron returns to the parent ion is equivalent to
solving ~r(t) = 0 for t. Inspection of eq. 2.17 reveals that, in the classical picture,
the electron will not return to the origin when the laser field exhibits ellipticity, i.e.
ε 6= 0. In the real world the electron wavepacket has a transverse spread allowing

18



Background 2.1 Atoms in Strong Laser Fields

for rescattering even at an ellipticity |ε| > 0.12 However, the requirement of linear
polarized light only leads to a welcome simplification of eq. 2.17:

0 ≡ sin ωt0 − sin ωtr + ω∆t cos ωt0 (2.20)

Apparently, the transcendental eq. 2.20 cannot be solved analytically. Numer-
ically, one finds that ionization at the absolute phase of φ0 = ωt0 = 17◦ will
result in the maximum recollision energy of 3.17Up (~v0 = 0). This is in perfect
agreement with the empirical cutoff law from HHG.

The model now even provides a simple explanation for the features of the
photoelectron spectrum in the tunneling regime. When the pulse has faded away
then so has the electronic quiver motion. Observable is only the drift momentum
depending solely on the laser phase at the time of birth. In comparison with
eq. 2.15 it becomes clear that the maximum drift momentum of a direct electron
born at the zero crossing of the electric field t0 = nπ

ω
with n = 0, 1, 2, 3 . . . is given

by13

pdir
max = mevosc = 2

√
meUp (2.21)

Edir
kin,max = 2Up . (2.22)

When the returning electron is elastically scattered, it can be reflected and
pick up further drift momentum. Coincidentally, the return phase of the 3.17Up

electrons is just around the next zero crossing after their birth (birth 17◦ - return
≈ 270◦). If those electrons are elastically scattered under 180◦ (back reflection)
they pick up an additional pmax. Since not the energies add, but the momenta,
the maximum observable electron energy will be

pscat
max = mevosc(1 + 1.26) (2.23)

Escat
kin,max =

(√
2Up +

√
3.17Up

)2

≈ 10Up . (2.24)

Due to the low scattering probability the direct electrons are dominating the
lower energy spectrum until an energy of 2Up. There the spectrum falls off over
several orders of magnitude (2-3) and forms a plateau region for higher electron
energies which solely result from elastic scattering. At an energy of 10Up the
plateau ends with a cutoff. Despite the simplicity of the model, even full quan-
tum mechanical calculations of the photoelectron spectrum show this dependence
[18]. Experimental spectra are always obscured by contributions from varying in-
tensities within the extended focal volume. Careful experiments devoted to the
electron energy spectrum were performed e.g. by Walker et al. [313].

12In fact, the ellipticity dependence of the NSDI can be used to measure the lateral width of
the electron wavepacket [204].

13We realize that the argument is not flawless, since the applicability of eq. 2.15 requires a
constant envelope over the integration interval. Strictly speaking, integration over the actual
envelope is necessary. However, no simple analytic expressions of eq. 2.14 are existent to our
knowledge for any realistic analytic pulse shape. In appendix E we address this issue numerically
and find our reasoning supported.
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Fig. 2.6. Phase dependence of two quantities in the simple time-dependent laser field
E(t) = E0 cos ωt (dotted line). Solid line: Kinetic energy of the classical
electron at the first reencounter with the parent ion as defined by eq. 2.20.
Dashed line: The ADK ionization probability for the hydrogen atom calcu-
lated according to eq. 2.29. As expected, ionization takes place around the
field maximum. However, only about 50% of the ionized electrons do return
to the parent ion. The return energy is zero for the ionization at the field
maximum but quickly grows to about 3.2 Up at a phase of 17◦ relative to the
field maximum.

2.1.4 Quantitative Models

ADK Formula. Keldyshs original work was continued by Nikishov and Ritus
[207] and Perelomov, Popov and Terent’ev [222–224] and Smirnov and Chibisov
[273] which extended and refined the work in the quasiclassical picture, i.e. the
tunneling limit. In 1986 Ammosov, Delone and Krainov [9] derived from the
tunneling formula for the hydrogen atom a general expression applicable to any
atom.14 It became the most widely accepted tunneling formula and is known as
the ADK formula. Following the notation of Krainov [162], for tunneling from
an s orbital in circular light it takes the simple form (atomic units are used
throughout this section)

wcirc
ADK =

E0D
2

8πZ
exp

[
− 2Z3

3n∗3E0

]
(2.25)

14The reviews from Delone and Krainov (1998) [71] and Popov (2004) [229] are highly rec-
ommended for further reading.
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where E0 is the external electric field, D an abbreviation for

D =

(
4eZ3

n∗4E0

)n∗

, (2.26)

and n∗ the effective principle quantum number defined as

n∗ =
Z√
2Ip

. (2.27)

The case of linear light is obtained by multiplication of the tunneling rate in
circular light with another factor

wlin
ADK =

√
3n∗3E0

πZ3
wcirc

ADK . (2.28)

The transition from the static field tunneling rate in eq. 2.25 to the experimental
reality is simply made by exchanging E0 with E(t) = E0 cos ωt and integrating
over the period T of the laser field. The ionization probability P (t) during the
time interval dt is then [61]

P (t) = wADK(E(t))dt . (2.29)

The theory also provides an expression for the rate of tunneling depending on the
final electron momentum ~p. As this formula is used in experiments to determine
the peak intensity from the singly charged ion momentum distribution we quote
it here. Restricting ourselves to the case of linear light the ionization rate was
found to be [62, 70]

wlin
ADK(p‖, p⊥) = w(0) exp

[
−

p2
‖ω

2(2Ip)
3/2

3E3
0

− p2
⊥(2Ip)

1/2

E0

]
(2.30)

where p‖ and p⊥ are the photoelectron momentum components parallel and per-
pendicular to the laser polarization, respectively, that are actually observed and
not the momentum distribution of the tunneled wavepacket itself. The pre-
exponential factor in eq. 2.30 was derived by Krainov [162]

w(0) =
pω2D2

8π3n∗E0

exp

[
−2(2Ip)

3/2

3E0

]
. (2.31)

In circularly polarized light the energy spectrum of the photoelectrons be-
comes (compare with eqs. (19-22) in ref. [71])

wcirc
ADK(p) = wmax

∑
N

exp

[
−

ω4
√

2Ip

E3
0

(
Ip + Ekin

ω
− E2

0

2ω3

)2
]

(2.32)
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Fig. 2.7. Momentum distribution along the z-axis of the H-atom at varying intensity
and ellipticity. Top panel: linear polarization (eq. 2.30), bottom panel:
circular polarization (eq. 2.32). Intensities plotted: 0.5, 1.0, 2.0, 4.0, 8.0 ·
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where N is the number of absorbed photons that is related to the kinetic energy
via

Nω = Ip + Ekin +
E2

0

2ω2
. (2.33)

The maximum ionization rate wmax needs to be determined separately and was
derived in ref. [162]

wmax =
ω2D2

8
√

π3n∗ZF
exp

[
−2(2Ip)

3/2

3E0

(
1− 1

15
γ2

)]
. (2.34)

Concluding this section, we have to draw the readers attention again to the
fact, that the given tunneling formulas only apply for ionization from a s state,
i.e. without initial angular momentum. Thus, strictly speaking, eqs. 2.30-2.32
cannot be used to fit the momentum distribution of e.g. Ar+ to infer a peak
intensity. The more general formulas can be found in the references given above.

KFR Theory. In contrast to the work mentioned in the preceding section Reiss
[243] and, separately, Faisal [87, 88] developed a somewhat different approach to
derive the transition amplitude and the electron spectrum.
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The so-called KFR models calculate the differential ionization probability in
the S-matrix formalism of scattering theory (see, e.g. [189]) that is well known
in collision physics.

The transition amplitude for an electron from the initial bound state i to an
ionized continuum state with momentum p is given by the matrix element

Aip = −i

∫
〈Ψ(V )

p |V̂ |Ψ(0)
i 〉dt (2.35)

where Ψ
(V )
p is the Volkov state for electron momentum p

Ψ(V )
p (r, t) = exp

[
ipr− i

2

∫
(p + A/c)2 dt′

]
. (2.36)

A is the vector potential in the radiation or velocity gauge15 and V̂ the electron-
field interaction Hamiltonian

V̂ = pA/c + A2/2 . (2.37)

All KFR models have in common that the long range coulomb potential is ap-
proximated by a finite range potential. This is done in order to be able to describe
the outgoing electron wave in terms of analytic Volkov states [307], i.e. solutions
of the Schrödinger equation of a free electron in a plane electromagnetic wave.
The neglect of the long range potential is not specific to KFR but rather common
to all of the above mentioned models including the ADK tunneling formula. As
a consequence the ionization probability of these models is systematically over-
estimated when the field strength approaches the OBI intensity. This behavior
can be qualitatively understood when realizing that tunneling creates the ionized
electron at some distance from the parent ion where its influence is small. This
distance decreases as the intensity increases and then the tunneling barrier be-
comes smaller. Consequently, the electron experiences a stronger attractive force
of its parent ion that is not accounted for in the classical KFR models.16

IMST. In the 90s Becker and Faisal have taken the S-matrix approach to a more
general formulation [22]. Their particular model became known as the intense-
field many-body S-matrix theory (IMST).17 The strength of IMST is to be seen
in the fact that the terms in the S-matrix expansion series can be identified with

15As opposed to the electric field or length gauge where the Hamiltonian becomes −e ~E · ~r.
Keldysh and Göppert-Mayer used this gauge that has inherent disadvantages. See Reiss for a
discussion on the choice of the vector potential gauge [242, 243].

16Recently (2005) Tong and Lin have published empirical tunneling formulas that yield the
correct ionization rate even in the OBI intensity regime [294].

17For an extensive introduction see the recent (2005) review article from Becker and Faisal
[27].
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Feynman diagrams and thereby with actual physical processes. Physical intuition
can then help to rearrange the series such that only the important contributions
to the process need to be considered simplifying the calculations considerably.
The Feynman representation of the physical processes also helps to clarify which
interactions are actually included in the theory such as the final state correlation
between the electrons [23, 24], for example. The capability of predicting the final
momentum space makes the direct comparison with fully differential state-of-the-
art experiments possible [25, 26, 326] (see fig. 2.5). Although the first discussions
of the coulombic tail go back to Perelomov and Popov [222] only recently (2001)
a correction for the long range potential was included in IMST [28].

It should be clear, however, that such a correction factor cannot account for
the influence of the long range potential on the differential cross sections, but
rather only increases the agreement of the total ion rates. Therefore, a dynamic
effect as Coulomb asymmetry (see chapter 6) is not reproduced by theory.

Floquet theory. Besides IMST two more ab initio techniques have been em-
ployed in strong field physics. One builds on the Floquet theorem, that al-
lows the explicitly time-dependent Hamiltonian to be transformed into a time-
independent, but infinite Hamiltonian. The extension to many electrons is known
as R-matrix theory [148]. Floquet theory gives a particularly good insight in
laser-molecule interactions which is why we will return to it when discussing the
hydrogen molecule.

Direct integration. Finally, the direct integration of the full three dimen-
sional Schrödinger equation can be done, although it is a very demanding task
and becomes practically impossible for many electron atoms. In this case the
single active electron approximation (SAE) is introduced, and therefore interest-
ing correlation effects are missed [165, 210]. The most advanced work in this
field is currently done by the group of Ken Taylor in the simulation of He double
ionization (e.g. [215]).

2.1.5 Magnetic and Relativistic Effects

Finally, we come to say a few words on the so far gently neglected magnetic com-
ponent of the laser field. In the standard strong field regime of 1013−1015 W/cm2

the magnetic field does not play a role. A simple evaluation shows that: consider a
peak intensity I0 = 1014 W/cm2. The intensity is related to the field components
of the electromagnetic wave as I0 = 1/2E0H0 or I0 = 1/2cε0E

2
0 with the substi-

tution H0 =
√

ε0/µ0E0. Thus, the electric field reaches 2.7 · 1010 V/m and the
magnetic field B = µ0H = E0/c = 91 T. Considering the velocity vosc = 0.94 a.u.
(eq. 2.16), which defines the typical magnitude of the velocity for a given inten-
sity, we can estimate the Lorentz force to FL = eE0 + e voscB: under the given
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conditions the magnetic force experienced by the electron is more than two or-
ders of magnitude smaller than the electric field. With regard to the rescattering
model we might add that, with a return time of about a quarter laser cycle, the
electron accumulates an offset from its origin by x ≈ px/meTlas/4 of less than
0.05 a.u.. This is far less than the dimension of the initial bound state. Here,
we have made use of the numerically confirmed approximation for the effective
momentum px ≈ Up/c imparted by the magnetic field [316].18

At intensities above ∼ 1016 W/cm2 relativistic effects have to be considered.
This is long before the quiver energy of the electron reaches its rest mass energy
Up ≈ mec

2. This condition is fulfilled for 800 nm light at a peak intensity of
8 ·1018 W/cm2. With the onset of relativistic effects the influence of the magnetic
component can no longer be ignored. In particular in the context of multiple
ionization, the increasing Lorentz drift perpendicular to the electric field leads
to a reduced nonsequential ionization probability simply due to the fact that
the rescattered electron misses the core [65, 122]. The high harmonic yield is
reduced due to the same reason [193]. However, at highly relativistic intensities
even free electrons will emit high harmonic radiation [41, 83, 262], a fact that is
(slightly modified) exploited in synchrotrons. Theoretical work in the relativistic
regime includes Monte Carlo classical simulations [154], S-Matrix calculations
[286], direct solution of the Klein-Gordon-equation [193] and the Dirac equation
[135].

With the progress of laser technology these super high intensities became
widely accessible over the past few years. Accordingly, the area experiences strong
activity and a wide range of new effects and applications are currently explored.
One of the most fascinating discoveries is with no doubt the observation from
Zweiback et al. that large D2 clusters subjected to 5 · 1017 W/cm2 emit fast
neutrons, implying laser induced nuclear fusion [347, 348]!19

2.2 H2 in Strong Laser Fields

Naively, one might think that with the understanding of the interaction between
light and atom the end of the story is close. However, the contrary is the case.
Whereas we are far from having grasped laser-atom processes as a whole the
examination of molecules in laser fields representing the next step of complexity
in matter reveals many of new phenomena. These phenomena include:

18These considerations clarify another example of the correspondence principle in strong field
physics: the magnetic field induced momentum component along the propagation axis of the
classical electromagnetic wave

∫
dp = e

∫
|v×B|dt corresponds to the net momentum transferred

to the electron by multiphoton absorbtion
∑

p =
∑

~ω/c in the quantum mechanical picture.
19The fascination results from the comparative simplicity of the experimental requirements

for this process which are in contrast to the large scale fusion experiments at the Livermore
Petawatt ensemble [225] or the ITER collaboration.
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• Bondsoftening & Above Threshold Dissociation

• Bondhardening

• Enhanced Ionization

• Diffraction

• Alignment/Orientation effects .

A large variety of small to very large molecules have been studied,20 as e.g.
I2 [174, 175, 226, 232–234, 259, 281, 285], HCl [76], Cl2 [266], NO [124, 287],
H2O [247, 261], CS2 [260], benzene C6H6 [30, 73, 126] and even fullerenes C60

[29, 46]. Within this zoo of molecules, nitrogen [79, 107, 195] and oxygen have
received special attention due to their difference in symmetry of the outermost
orbitals [6, 8, 116, 123, 125, 202, 203, 238, 276, 311]. The symmetry of the
outermost orbital of N2 is a bonding 3σg, while that of the O2 is an antibonding
πg. This difference in symmetry is the cause for a destructive interference between
electron emission amplitudes from the two centers of the molecules resulting in a
suppressed ionization probability.

Despite the impressive amount of work done with these molecules the majority
of investigations are concerned with the hydrogen molecule due to its simplicity.
The most simple of all molecules, however, is the molecular hydrogen ion H+

2 . This
finds its expression in the fact that it is the only molecule whose wavefunction
can be analytically solved to arbitrary accuracy. A drawback is that in its ionic
form H2 is not quite as accessible as in its neutral state. Therefore, most efforts
have focused on the analysis of the neutral hydrogen molecule in strong fields.
Nonetheless, a number of experimental studies have been conducted where H+

2

from an ion source was the target molecule [219, 277, 330]. We consider their
results in the forthcoming sections. In the following we restrict ourselves to the
discussion of the hydrogen molecule and its isotopic variant D2.

Due to its extensive presence in quantum mechanics textbooks we will omit an
elaboration of the electronic structure of H2. While it is instructive to calculate
the electronic wavefunctions of H2 and H+

2 with quantum chemical packages such
as GAMESS [267], our argumentation will make use of the energy levels only.
Hence, it is much more convenient and accurate to use the tabulated potential
energy curves from Sharp [271]. Fig. 2.8 shows the potential surfaces of H2 and
H+

2 .
Starting from the ground state X 1Σ+

g of the neutral H2 the first excited state
is the a 3Σ+

u (see fig. 2.8). Obviously, a multiphoton transition to this state is
forbidden due to the different spin symmetries (if spin-orbit coupling is ignored).

20Also, see the review from Codling and Frasinski (1993) [57] on small molecules in general
or the review on H+

2 by Giusti-Suzor et al. (1995) [111] and the review by J.Posthumus (2004)
[230].
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However, it was shown theoretically by Saenz [255] that the neutral molecule can
in principle dissociate.

The next excited states of the neutral molecule are bound states that can act
as intermediate resonances to the ground state of the singly ionized molecule.

Another possibility of coupling to the laser field would be the climbing of the
vibrational ladder. However, although the vibrational spacing is larger in H2 than
in any other molecule, it is still small against the photon energy of 1.55 eV of
the 800 nm radiation characteristic in the short pulse regime (<100 fs, see also
chapter 3 section 3.2). The direct dissociation of H2 via a multiphoton transition
corresponding to jumps over several vibrational modes is not allowed since selec-
tion rules require ∆ν = ±1. Nonetheless, the frequency chirp of short laser pulses
can contain enough and appropriately timed frequencies that a vibrational lad-
der climbing followed by dissociation into two neutral hydrogen atoms becomes
possible theoretically and is called Raman chirped adiabatic passage (RCAP) in
close analogy to the resonant equivalent of stimulated Raman adiabatic passage
(STIRAP) [49, 51, 66, 181].21 So far no direct observations are known to the best
of our knowledge, which can be explained with the difficulty in detecting neutral
atoms.

Finally, the direct double ionization could proceed either via very high order
MPI or collective tunneling. However, as discussed before the likelihood for either
process is negligibly small at the pulse durations and intensities available in most
experiments.

2.2.1 Single Ionization

Briefly, any multiphoton transition in H2 will very likely lead to single ionization
:

H2(X
1Σ+

g ) + n~ω −→ H+
2 (1sσg) + e− . (2.38)

This is a very fortunate coincidence, simplifying the interpretation of the exper-
imental observations considerably. Consequently, most theoretical works start
with the H+

2 ion as the precursor molecule.
Vibrational distribution. It remained unclear for a long time as to what

extent the vibrational levels of the molecular ion will be populated. Due to the
large energy difference between its two lowest vibrational states (Eν=0 −Eν=1 =
160 meV [271]) the neutral hydrogen molecule is at room temperature in the vi-
brational groundstate (the relative population of v = 1 at 300 K is only 2 · 10−9

[136]). Although theoretical work pointed out very early (e.g. Bandrauk and Sink

21The so-called π-pulse achieves complete population inversion. In the thesis of J.Biegert [32]
the theoretical development with subsequent experimental realization of such a pulse is done
and a nice application provided. Further techniques can be found e.g. in the thesis of D.Zeidler
[341]. A review of the exciting field of coherent control can be found with Shapiro and Brumer
(2000) [270].
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Fig. 2.8. Potential energy curves for H2, H+
2 and H−

2 . From [271].
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(1981) [19]) that the MPI of H2 would not populate vibrational levels according
to the Franck-Condon factors of the undisturbed states, the straightforward pic-
ture of a vertical Franck-Condon transition was widely assumed (e.g. [50, 318]).
There, the distribution of the H+

2 vibrational states is simply calculated by the
overlap of the vibrational wavefunctions between the two molecules correspond-
ing to a vertical transition in the potential energy diagram. Only recently Urbain
et al. [304] have measured the population distribution in the vibrational states,
demonstrating that single ionization of H2 in a laser field cannot be described
by the Franck-Condon principle. Instead, the H+

2 molecule becomes vibrationally
cooler with increasing intensity, such that e.g. at 1.5 ·1014 W/cm2 only the lowest
three vibrational states are populated. This departure has two explanations

• The strong dependence of the ionization probability with the internuclear
distance selectively weighs the larger internuclear distances in the overlap
integral as compared to the field free case.

• The field induced distortion of H2 ground state shifts the equilibrium inter-
nuclear distance to larger values increasing the overlap with the H+

2 ground
state.

When comparing experiments on ion beams of H+
2 this has to be kept in mind

since the vibrational distribution of H+
2 produced in an ion source generally agrees

with the Franck-Condon principle [309].
The hydrogen molecular ion can now undergo two processes: it can either (1)

dissociate or (2) ionize with a subsequent coulomb explosion:

(1) H+
2 −→ H + p

(2) H+
2 −→ p + p + e− .

Bondsoftening and ATD

In contrast to its parent molecule, the 1sσg ground state of H+
2 readily couples to

the first excited 2pσu state via absorbtion of an odd number of photons. Whereas
the ground state is bound the ungerade state dissociates being degenerate with
the gerade state in the limit of dissociated atoms. Thus, the dissociation of H+

2

via 1,3,5... photon absorbtion is described by the expression [109]:

H+
2 (1sσg) + n~ω −→ H+

2 (2pσu) −→ H+ + H(1s) + ε(n) . (2.39)

Although the theoretical basis for this process was developed already in 1965
by Shirley [272], the actual dissociation cross sections for H+

2 were calculated in
1981 by Chu [55] and 1990 first observed by Bucksbaum and coworkers [43, 335,
339]. Although the basic principles of light induced dissociation such as bondsoft-
ening and ATD can be explained in the field free potential energy surface (PES)
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diagram, important details will be lost and other processes are not comprehensi-
ble in this perturbative picture. An intuitive understanding can be achieved in
the time-independent Floquet picture of dressed states.22

In the Floquet approach the periodicity of the laser electric field is exploited
to construct a Hamiltonian that is no longer explicitly time dependent but rather
depends on the number of absorbed photons. The trade-off is a Hamiltonian with
infinite dimension - the Floquet Hamiltonian. In this time independent picture
the original unperturbed states are dressed by n = 0, ..,∞ photons, resulting
in a shift of the potential energy surfaces by the number of absorbed photons.
Consequently, states that are coupled by the laser field will produce avoided
crossings whose width depends on the electric field strength. In the limit of
a vanishing laser field (E0 → 0) no coupling exists and the states are named
diabatic states. Correspondingly, the effective PES of the coupled states are
called adiabatic PES.

With the implicit time dependence preserved, the rovibrational nuclear mo-
tion can be interpreted within the constructed effective potential energy surface.
Thus, as shown in fig. 2.9 the nuclear wavepacket can now dissociate along the 1ω
or 3ω avoided crossing. Obviously, everything said about the tunneling ionization
of electrons through the combined ion-laser potential transfers to the vibrational
dissociation in the dressed state picture. In other words, even low vibrational lev-
els that do not reach the avoided crossing can dissociate via tunneling resulting
in a proton and a neutral hydrogen atom. The preceding and following argu-
mentation assumes that the molecular axis is aligned along the laser field. The
nuclear wavepacket can now take several paths the most probable being the one
along the 1ω crossing yielding the following kinetic energy release (KER)

KER1ω = Ev + ~ω − E∞ ,

where Ev is the energy of the vth vibrational state, and E∞ is the undisturbed
dissociation limit. This process is called bondsoftening. For the path along the
3ω crossing two possible alternatives exist (see fig. 2.9)

KER3ω = Ev + 3~ω − E∞ ,

and
KER2ω = Ev + 2~ω − E∞ .

Since here the number of photons absorbed is greater than the minimum required,
these paths were named above threshold dissociation (ATD) in analogy to ATI.
Consequently, in the proton energy spectrum a series of peaks spaced by half
the photon energy 1

2
~ω will appear. Although at a first glance one would expect

a spacing of the full photon energy, a closer look reveals that the shifted state
2pσu − 3ω not only crossed with the 1sσg but also with the 1sσg − 2ω resulting
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Fig. 2.9. Dressed 1sσg, 2pσu potential curves of H+
2 in 532 nm light. The solid lines

are the field-free, diabatic eigenvalues of the Floquet Hamiltonian. Adapted
from [111].

in a net absorbtion of two photons.
Apparently, the atom “borrows” an additional photon required to do the tran-

sition which is returned to the field at the 1-photon crossing. In fact, a 3ω KER
implicates a very weak coupling between the dressed states since it corresponds
to the switching from the adiabatic back to the diabatic PES during dissociation.

In the perturbative picture the molecule is transferred to the 2pσu at the 3ω
resonant internuclear separation and when passing the 1ω resonance it falls back
to the bound state via stimulated emission of one photon. However, the accumu-
lated kinetic energy (not visible in the PES diagram) is sufficient to dissociate
the molecule.

This somewhat paradoxical effect was predicted by Giusti-Suzor et al. in 1990
[109] who concluded that increasing intensity will open higher order dissociation
channels but not produce higher energy fragments. Only at very low intensities
(≤ 1013 W/cm2) the 3ω dissociation should be measurable [194]. It was thought
[111] that the proton energy spectrum of Bucksbaum et al. [43] and Yang et

22For a thorough introduction to the Floquet formalism in strong fields, including multicolor
and short pulse fields, see Chu and Telnov (2004) [56].
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al. [335] exhibit this process. However, recent very careful measurements in the
group of Hänsch on H+

2 ions over a large range of intensities 1011 − 1015 W/cm2

did not show any evidence of a net three photon absorbtion [219]. Without
finally resolving this puzzle we can say that the net 3ω absorbtion is negligible
at intensities above 1014 W/cm2 used in our experiments.

Subsequent experimental [235, 245, 246, 290, 298, 317, 318] and theoretical
[149, 201] work confirmed this picture.

The analogy to ATI was taken even further by Walsh et al. [319] and Paci and
Wardlaw [212] who defined a Keldysh parameter γmol that determines whether
the quasistatic tunneling or the perturbative approach is appropriate to describe
the dissociation of the molecule:

γmol =

√
D(v)

2Upm

(2.40)

where D(v) is the dissociation potential for a given vibrational level and

Upm =
q2E2

0

4µω
(2.41)

being the ponderomotive energy of a particle of reduced mass µ and charge q in
the electric field of amplitude E0 and frequency ω.

Bondhardening

When the distorted potential curves of the dressed states lead to dissociation of
the lower vibrational states, it is conceivable that the higher vibrational states
can be trapped in the potential well above the avoided crossing. Related to
intensity sensitive stabilization discussed 1981 by Bandrauk and Sink [19], this
process was first studied explicitly for H+

2 only at the beginning of the nineties
by Giusti-Suzor and Mies [110].

Considering that the 1ω avoided crossing centers (energetically) at the vibra-
tional level v = 9 it is clear that practically only the adiabatic potential well at
the 3ω avoided crossing would contribute to the so-called population trapping or
bondhardening .23

The history of bondhardening is a confusing one. In 1993 Zavriyev et al. [340]
reported the observation of protons with an energy beyond ATD. The broad dis-
tribution stretching from 1 eV to 5 eV was attributed to the trapping of vibrational
states. The stabilized population can then survive until the pulse maximum is
reached. There it can field ionize producing high energy protons in a coulomb
explosion. The main argument for stabilization was a peridiodic structure in the
peak that was attributed to the different vibrational levels.

23In the literature one also finds the expression light induced bound states (LIBS) [108].
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Fig. 2.10. Trapping of vibrational states in light induced adiabatic potential curves at
an intensity I = 9 · 1013 W/cm2 (λ = 769 nm). From [340].

In principle, this interpretation was supported by direct numerical integra-
tion of the 1-dimensional Schrödinger equation by Aubanel et al. [13]. Shortly
afterwards, the same authors objected against bondhardening that the rotational
excitation at the large intensities necessary to open the 3ω crossing would destroy
stabilization. Hence, bondhardening would only be allowed at relatively low in-
tensities above the 1ω crossing [12]. Similarly, Chelkowski et al. [52] presented
1995 the results of a numerical integration of the exact three body, 3-dimensional
Schrödinger equation with the nuclear motion restricted to the direction of the
laser polarization. Their calculations showed that at 1013 W/cm2 and 50 fs pulses
trapped vibrational states could possibly be observed, but that at higher inten-
sities they would be destroyed.

Subsequent experimental work by Schmidt et al. [266] seemed to support the
bondhardening mechanism. However, soon the high energy fragments beyond the
ATD were explained with a process called charge resonance enhanced ionization
[141, 317] (see next section).

Since then a surprising inactivity on the issue of bondhardening was to be
observed in the literature. Only recent experiments have revived the discussion
about bondhardening. While Frasinski et al. [97, 98] identified low energy pro-
tons with population trapping, Sändig et al. [277] attributed features in the
proton energy spectrum at higher energies to the stabilization. Posthumus et al.
[237] reported zero energy protons that were interpreted as the quenching of the
trapped population above the 1ω crossing at the falling edge of the pulse. For
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this process the label zero photon dissociation (ZPD) was coined.
Finally, for the sake of completeness we have to mention that the randomly

oriented molecule brings about a suppression of tunneling ionization as compared
with an atom of the same ionization potential [288].

2.2.2 Double Ionization

Motivated by the features associated with multiple ionization in atoms the issue of
sequential vs. nonsequential ionization in molecules has to be revisited. Clearly,
the discussion of possible mechanisms leading to nonsequential double ionization
can be transferred to H2. There a difference in the intensity dependence of the sin-
gle and double ionization rate gave rise to the prediction recollision. In molecules
this comparison can not be done as easily. On the one hand, the doubly ion-
ized molecule is usually bound to coulomb explode. The singly ionized molecule,
on the other, neither necessarily reaches the detector undissociated. Therefore,
the contributions of double ionization and dissociation products of the singly ion-
ized molecule obscure the interpretation of the pure ionization rates. Fortunately,
dissociation usually produces fragments at lower kinetic energies than double ion-
ization which explains why in the case of molecules time-of-flight spectroscopy
was used since the very beginning.24

In molecules, the direct sequential double ionization is joined by a new se-
quential process that is introduced by the nuclear coordinate - charge resonance
enhanced ionization.

Charge Resonance Enhanced Ionization

With the beginning of the nineties a growing experimental evidence suggested a
particular sequential double ionization mechanism. It was particular in the sense
that the second ionization step always occurred in a fixed range of internuclear
distances [57, 63, 76, 285, 340].

As mentioned before, at the beginning these observations were interpreted in
terms of bondhardening. However, to explain the data no trapping was needed. A
process, in which the dissociating molecule passes a range of critical internuclear
distances where the ionization probability is increased, would account for the ob-
served structure as well. Most simply speaking, the critical internuclear distance
can be portrayed as the separation where the external field and the downhill ion
potential together pull down the internuclear potential barrier sufficiently such
that an electron localized on the uphill ion can freely escape.

Although Codling et al. had described the principle of enhanced ionization (or
dissociative ionization) already in 1989 [58], it was not until the mid nineties that

24Of course, in the case of more complex molecules as N2 doubly charged molecular ions can
be stable. For N2 the intensity dependent single to double ionization ratio clearly shows the
“knee” structure of NSDI (e.g. [125]).
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the high energy structures in the proton spectra were attributed to enhanced ion-
ization. The years 1995-96 experienced a high activity in theoretical work mod-
eling enhanced ionization by direct numerical integration [48, 201, 269, 345] or
with semiclassical approaches in the quasistatic picture using modified tunneling
formulas [77, 231, 306].

Since the 1sσg and 2pσu states are degenerate in the dissociated atom limit
a population redistribution will occur with increasing internuclear separation.
The degeneracy is thereby mediated through the electric field. Quantum me-
chanically speaking, the transition amplitude given by the dipole matrix element
〈2pσu|eR/2|1sσg〉 diverges with R. Since Mulliken [200] states that exhibit this
behavior are called charge resonant. This is the origin of the label charge res-
onance enhanced ionization (CREI) introduced in 1995 by Zuo and Bandrauk
[345].

At small internuclear separations the electron can oscillate freely between the
two atoms. It follows the laser field localizing half of the time on either atom. This
resembles the dynamic equivalent of the dissociative 2pσu, and thereby “softens”
the bond between the two protons. After crossing the 1ω resonance25 the states σ+

and σ− will be Stark shifted as E0R. Here, σ+ and σ− correspond to the effective
potential curves in the Floquet picture due to the mixing of the 1sσg and 2pσu at
the 1ω crossing. With increasing internuclear separation the internuclear barrier
raises until the electron is localized on one atom. It is important to realize, that
the Stark shift destroys the degeneracy between σ+ and σ− and thereby prevents
the “flowing” of the electron population in the upper to the lower well. In other
words, the σ+ state becomes degenerate to highly excited states of the lower well
to which tunneling or over barrier ionization can occur at the critical internuclear
distance.

As the highly excited states of the lower well are swept into resonance with
the σ+ by the Stark shift, the ionization probability exhibits several peaks during
the passage of critical internuclear separations. Going back to the Floquet picture
it becomes clear that CREI can be viewed as an ionization that is assisted by
(charge resonant) crossings of the σ+ with more highly excited states which are
readily quenched by tunneling ionization.

Although theories generally agree in the prediction of multiple critical in-
ternuclear distances [220, 221, 227, 254, 345] not much experimental evidence
was brought up so far [108]. This is not surprising since it is very difficult to
experimentally observe the critical internuclear separations due to the spatial
and temporal intensity distribution of the pulse (e.g. [183, 235, 298, 299, 317]).
However, in a recent ingenious pump-probe experiment by Alnaser et al. a clear
signature of critical internuclear distances was observed [8]. Furthermore, the

25Note, that in the case of the 3ω crossing the dissociation energy is higher, resulting only
in a faster passage through the critical distances, without affecting the actual mechanism of
CREI.

35



2.2 H2 in Strong Laser Fields Background

Fig. 2.11. Illustration of charge resonance enhanced ionization. For simplicity in
the lower row a constant electric field corresponding to a peak intensity of
1014 W/cm2 is superimposed on the ionic potential. As the protons move
apart about 50% of the electron population is trapped in the upper well by the
rising inner molecular barrier. To ionize from this well, only the smaller
inner barrier has to be overcome. At a critical internuclear distance this
barrier is even completely suppressed by the combined laser and lower well
action. On the other hand, the electron in the lower well has an atomic-like
ionization probability.

time resolution in this experiment allowed to follow the temporal evolution of the
vibrational wavepacket of the ground state H+

2 . The results of this work can also
be found in the Diploma thesis of B.Ulrich [303].

Obviously, the nature of CREI requires a time on the femtosecond scale from
first to the second ionization step. Accordingly, in few cycle pulses the signature
of CREI in the proton energy spectra is missing [176].

A similar process in the neutral hydrogen molecule, namely enhanced ioniza-
tion at some large critical internuclear distance, was first discussed by Saenz [255]
and later by Harumiya et al. [128, 129]. Other than CREI of the molecular ion
the H2 ground state and the excited state degenerate with it do not form a pair
of charge resonant states due to their different multiplicity. Instead, the excited
state that dissociates into an H+H− pair couples to the ground state. However, in
the adiabatic picture this ionic state cannot be clearly identified with an excited
state of the unperturbed molecule. Under the influence of the laser field the ionic
character is transferred from the B state at small internuclear separations to the
E,F states at intermediate and the G,H states at large internuclear separations
[256](see fig. 2.8).
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Recollision

Partly due to the rich structure in time-of-flight spectra, partly due to missing
clear cut evidence, nonsequential double ionization processes (NSDI) did not re-
ceive much attention. Nonetheless, with the final experimental proof of recollision
being the major source of NSDI in atoms (see section 2.1.2 on page 14) it was
clear that rescattering must exist in molecules as well and experimental efforts
to identify this mechanism were undertaken.

The first evidence of double ionization via recollision was found by Sakai et al.
[257, 258] and Staudte et al. [283]. As expected for a fast nonsequential process
the total kinetic energy release (KER) stretched out to almost 20 eV, correspond-
ing to an double ionization at the inner turning point of the H2 potential well.

However, despite the large energies it became clear why recollision went largely
unnoticed before: (1) the very low probability at intensities below 1014 W/cm2

and (2) the isotropy of the produced protons. Since the ground state of the
neutral hydrogen molecule is almost spherically symmetric, the first ionization
step is not very sensitive to the molecular alignment in the laser field. Within the
few hundred attoseconds until the first recollision, the molecular ion has no chance
to align. Coulomb explosion after the second ionization step freezes the molecular
axis and consequently protons are emitted more or less isotropically [283]. In the
widely (and at the time almost exclusively) employed time-of-flight spectroscopy
such an isotropic momentum distribution can easily be interpreted as background
signal. Only with the introduction of (COLT)RIMS a clear separation of this
channel from CREI and ATD became possible.

There is a peculiarity associated with NSDI by recollision that needs to be
mentioned. At intensities around 0.6 · 1014 W/cm2 (800nm) a double ionization
channel opens that peaks between 9-10 eV. At this intensity the maximum return
energy of 3.17Up = 12 eV is by far not enough to induce a direct ionization by
inelastic electron-electron collision. At the time of first observation [283] no
conclusive interpretation of its origin could be supplied, but it was remarked
that a KER of 10 eV corresponds to a vertical ionization from the outer turning
point of the H+

2 vibrational ground state. Alnaser et al. [7] showed that similar
to the atomic RESI process the recollision excites the H+

2 to the 2pσu or the
2pπu state which is then quenched within the next quarter cycle by tunneling
ionization. This interpretation was supported theoretically by Tong et al. [296]
and is fortified by the observation of Rudenko et al. [249] that the center of mass
of correlated protons did not exhibit the “double hump” structure as in double
ionization of noble gases. As the intensity increases, excitation from a larger
range of internuclear separations becomes possible. Finally, at an intensity of
above 1015 W/cm2 one would expect direct recollision double ionization to be
observable.

Although the first return of the electron constitutes the largest electron mi-
crobunch, the ion kinetic energy spectrum has been found to exhibit distinct
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Fig. 2.12. Left column: Typical time-of-flight spectra of D2 in linearly polarized, sub
200 fs, 800 nm pulses. The inset shows the full TOF range. Right column:
2D ion momentum distribution in the plane defined through polarization
(=TOF) and laser beam axis. The broadening of the bondsoftening (BS)
peaks at the highest intensity can be understood with the change from the
perturbative to tunneling picture for the dissociating wavepacket. Thus,
the width corresponds to different vibrational levels that can dissociate. In
the multiphoton regime the dissociation can only occur through resonant
vibrational levels, resulting in a rather sharp energy release. Adapted from
[283].

features that can be attributed to the second and third microbunch [7, 204, 296].

2.2.3 Alignment

So far, we have always assumed that the molecular axis coincides with the electric
field. However, under real experimental conditions this is not evident but requires
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alignment of some kind.26

Alignment can be either achieved with the brute force method using strong
electrostatic fields or, more elegantly, with optical fields. Interestingly, in aniso-
tropic collisions, such as in the supersonic expansion of helium seeded with iodine
molecules, a certain degree of alignment can be achieved [240].

Whereas in electrostatic fields an actual orientation of polar molecules can be
achieved, do optical fields only align the molecular axis. In both cases the electric
field ~E couples to the molecular dipole moment ~d exerting a torque ~M = ~d× ~E,
that tends to align the molecule. Here, the dipole moment is the sum of the
permanent ~del and induced dipole moment ~dind

el = α̃ ~E with α̃ being the tensor of
polarizability.

In the case of long laser pulses compared to the rotational frequency, the
situation becomes equivalent to the static field method. As the interaction adia-
batically switches on, the free rotor transforms into an eigenstate of the complete
Hamiltonian, a so-called pendular state that librates about the polarization axis.
Upon adiabatic turn-off the librator returns to the isotropic free rotor from which
it originated.

Corresponding to the spectral width of the laser pulses that are short on the
time scale of rotation the molecule is excited in a broad, coherent superposition
of rotational states that are aligned upon turn-off. Dephasing of the alignment
occurs at a rate proportional to the width of the rotational wavepacket. As long
as coherence of the rotational states is preserved, subsequent periodic rephas-
ing into alignment occurs. Since the rotational states are integer multiples of
the groundstate, alignment is reconstructed at full integers of the ground state
rotational period which is in the picosecond range according to T0 = (2cB0)

−1

(T0(H2)=0.27 ps, T0(N2)=8.838 ps [136]).
Whether the laser field actively aligns the molecules or just passively selects

the well aligned molecules, was a matter of dispute since the first observations of
enhanced ionization (e.g. [102, 236] and ref. therein). It was concluded that in
the case of the hydrogen molecule no active alignment is to be expected [47] due
to its very low dipole moment ~d, but rather the strong alignment dependence of
the coupling between ungerade and gerade states is the determining factor. This
has been termed geometric alignment. In O2 and N2 dynamic alignment effects
during the pulse can be observed experimentally [311].

The technique of dynamic alignment via rotational wavepackets was developed
by Dooley et al. [79] (see also the thesis of P.Dooley [78]) and used to investigate
alignment dependence of ionization dynamics in N2 [342] and O2 [187]). Itatani et
al. [143] demonstrated that high harmonic generation from aligned N2 molecules
give a fourier spectrum of the electronic wavefunction allowing the reconstruction
of the molecular orbitals.

26For an overview see Stapelfeldt and Seideman [282].
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2.2.4 Molecular Tunneling Theory

Since the beginning of strong field studies in molecules, many papers were pub-
lished on the derivation of a tunneling formula for H+

2 in particular [274, 275] and
diatomic molecules in general [106].

In a first order approximation of static field ionization one could use the
atomic tunneling formula 2.25 with an effective ionization potential Ip,eff and an
effective electric field Eeff given by [77]

Ip,eff ≈ Ip −
eQ

|R− x0|
+

eQx0

|R− x0|2
(2.42)

and
Eeff = E +

Q

|R− x0|2
, (2.43)

where Ip(R) is the field free, R-dependent ionization potential, R the internuclear
separation, Q the molecular charge after ionization, x0 the top of the potential
barrier and E the electric field.

However, this is only an emergency solution. What is really needed is a
tunneling formula equivalent to eq. 2.25 on page 20.

KFR theory. In 1998 Smirnov and Krainov [274] derived analytical expressions
for the (differential) ionization rates of H+

2 in the KFR framework. Notably, in
their Ansatz a correction factor I in the final state is included to account for the
long range coulomb potential (compare with eq. 2.35)

Aip = −i

∫
〈Ψ(V )

p I|V̂ |Ψ(0)
i 〉dt . (2.44)

The coulomb correction I has been derived in a general form in 1995 by Krainov
and Shorki [164] and in the case of H+

2 is given by

I = exp

[
i

∫ (
1

ra

+
1

ra

)
dt

]
, (2.45)

where ra, rb are the distances between electron and either proton. The photoelec-
tron energy spectrum in linear light was found to be

wlin
ip =

ω4C2
l

(2π)4p3Ep0

(
Ip +

1

2
p2

)2

(1 + cos pR) exp

[
−2p3

0

3E

(
1− γ2

10

)
− p2γ3

3ω

]
(2.46)

where p0 =
√

2Ip and

Cl ≈
16πR1−n−n∗√

2π(1± S)

(
Ip + ER

E

)n∗ (
Ip

E

)n

, (2.47)
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Fig. 2.13. Electron momentum distribution along the z-axis of H+
2 ionization in circu-

larly polarized light according to eq. 2.49 with the probability normalized to
unity for better comparison at different intensities. Intensities plotted: 0.5,
1.0, 2.0, 4.0, 8.0 · 1014 W/cm2.

with n = 1/
√

2Ip, n∗ = 1/
√

2(Ip + ER) and the overlap integral S given in the
LCAO approximation by [21]

S = e−R(1 + R + R2/3) (2.48)

which is subtracted or added for ionization from the σu or σg state, respectively. In
eq. 2.47 we have made several simplifying approximations to the original formula
of Cl (see eq. (36) in ref. [274]). In the same reference the energy and emission
angle distribution for circularly polarized light is given (see eq.(44) in ref. [274]).
Integration over the angle yields the electron energy or momentum spectrum [163]

wcirc
ip ∝ p (1 + J0(pR)) exp

[
−ω2p0

E3

(
p2

2
− E2

2ω2
− Ip

3

)2
]

(2.49)

where

J0(pR) =
∞∑

m=0

(−1)m

m!2

(
pR

2

)2m

(2.50)

is the Bessel function of first kind.

MOADK theory. Recently, Tong, Zhao and Lin [295] have presented a general
theory of molecular tunneling ionization that was baptized MOADK. Developed
as an extension of the original PPT tunneling model, which uses spherical har-
monics for the electronic wavefunction, it was necessary to describe the molecular
orbitals in a one-center expansion of spherical harmonics. Although this seems
a rather simplistic approach it is a fairly common approximation in collision
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physics. Thus, MOADK can also be interpreted as a coherent superposition of
tunneling rates from a distinct set of atomic states corresponding roughly to the
molecule in question.

The static field ionization rate in the MOADK model is given by

wstat
MOADK(E,R) =

∑
m′

B2(R)p
−2

Zeff
p0

+1

0

2|m′||m′|!

(
2p3

0

E

)2
Zeff

p0
−1−|m′|

exp

[
−2p3

0

3E

]
(2.51)

where Zeff is the residual ion charge, p0 =
√

2Ip is defined as above, E the
electric field, m′ = λ, σ, π... = 0, 1, 2... corresponds to the projection of the angular
momentum onto the molecular axis of the state to be ionized and

B(R) =
∑

l

ClD
l
m′,m(R)Q(l,m′) (2.52)

where the Cl are the normalization coefficients (see table 2.1), and

Q(l,m) = (−1)m

√
(2l + 1)(l + |m|)!

2(l − |m|)!
(2.53)

are coefficients of the spherical harmonics Ylm. R ≡ (α, β, γ) is a vector of the
Euler angles between molecular axis and laser electric field and Dl

m′,m(R) the
rotation matrix to determine the actual projection of the angular momentum.
The derivation of the general expression for the representation of the transforma-
tion properties of angular momentum eigenfunctions under rotation through the
Eulerian angles can be found, e.g. in the book of Tinkham [291]

Dl
m′,m(R) = e−im′αe−imγ

∑
κ

(−1)κ
√

(l + m)!(l −m)!(l + m′)!(l −m′)!

κ!(j + m− κ)!(j −m′ − κ)!(κ + m′ −m)!

× (cos β/2)2l−2κ−m′+m (− sin β/2)2κ+m′−m (2.54)

where the summation runs over all values of κ ≥ 0 for which the denominator is
finite, i.e. only factorials of positive integers are allowed.

Obviously, the strength of MOADK is the universality for different molecules.
Furthermore, it correctly predicts the suppression of single ionization in O2 as
compared with its companion atom Xe.27 This suppression was explained with
the orientation of the valence electron orbital, i.e. the charge distribution, rela-
tive to the electric field, in contrast to other interpretations that emphasize the
antibonding effect of the π orbital [202].

In the case of H+
2 the angular dependence of the ionization rate is also sup-

plied by Smirnov (see eq. (44) in ref. [274]). There the angular distribution of
27An atom is called companion atom to a molecule if it has a similar ionization energy.
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photoelectrons from aligned H+
2 in circular light is given. In principle, eq. (44) in

ref. [274] is superior to eq. 2.51 since it also supplies the ionization rate depen-
dence on the final electron momentum. However, a direct comparison of the two
formulas remains to be done.

In both models the determination of the Cl coefficients that depend on the
internuclear distance is by far the most difficult task that hinders employing the
formulas in everyday use.

Cl

Ip (eV) Re (a.u.) l=0 l=2 l=4
H+

2 29.99 2.0 4.37 0.05 0.00
D2 15.47 1.4 2.51 0.06 0.00
N2 15.58 2.1 2.02 0.78 0.04
O2 12.03 2.3 0.00 0.62 0.03

Tab. 2.1. Normalization coefficients Cl for selected molecules calculated by the multi-
ple scattering method. Re is the equilibrium internuclear separation in the
vibrational groundstate. Adapted from [295].
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Chapter 3

Experiment

Two weeks of development and testing
can save a whole afternoon in the library.

Dirk Zeidler

The experiment can be split up in two major physically separate and inde-
pendent systems: the COLTRIMS apparatus and the laser. The only interface
between these two modules consists of the laser entry window and the focusing
mirror. These two components are, however, of crucial importance and special
attention has to be given in selecting them.

3.1 COLTRIMS Apparatus
COLTRIMS is an acronym for COLd Target Recoil Ion Momentum Spectroscopy
which readily describes what it stands for: an internally cold gas jet target,
produced via a supersonic expansion into a vacuum, and a device that resolves
momentum of ions (and electrons) who are produced by ionizing radiation of any
kind from that gas target.

3.1.1 UHV Chamber

The largest and most obvious part of a COLTRIMS apparatus is the vacuum
chamber. While in ion beam or synchrotron radiation experiments the require-
ments concerning vacuum are rather low, the use of high intensity laser pulses
imposes much stronger restrictions on the base pressure in the chamber. At field
strength of a few times 1014 W/cm2 the ionization probability for any atom or
molecule reaches unity. Therefore any atom or molecule that is in the focal vol-
ume will be ionized. To avoid space charge effects that would destroy resolution
a small focal volume in connection with a high vacuum is necessary. In case of
ion-electron coincidences the requirements are even more severe. This is where
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we get into the ultra high vacuum regime of <10−10 mbar, e.g. a pressure of
10−10 mbar corresponds to still about 2400 particles per mm3.

Whereas the 10−10 mbar range is easily reached with a two stage setup of
turbo molecular pumps, proper copper sealing and moderate baking (2 days,
100◦ C), the next factor of ten in vacuum is achieved only with some effort. This
includes rigorously clean room conditions at assembly time, strict avoidance of
virtual leaks, baking at an increased temperature and finally the right vacuum
pumps such as cryo pumps, ion traps or titanium sublimation pumps. In the
empty chamber, baked at ≈ 300◦ C, pumped by two cryo pumps with 1500 l/s
we achieved 4 · 10−11 mbar. However, in our experiments we never got below
<10−10 mbar, which is likely owing to the lower baking temperature of at most
150◦C, large surface of the spectrometer and bad pumping characteristics of the
chamber once the spectrometer is put in place. Fig. 3.1 shows the vacuum system.

When designing the vacuum system the key question is, whether the pumping
speed suffices the gas load. The major source obviously is the gas jet. Considering
a nozzle diameter d0 and a gas supply pressure P0 at a temperature T0, one can
then estimate the expected pressure rise P1 in the source chamber at temperature
T1 for a given pumping speed S as [117]

P1 = P0 ·
Af(κ)

S
·

√
R · T 2

1

Mgas · T0

(3.1)

where A = π(d0/2)2, Mgas the molar mass of the gas, R = 8.31451 J/(mol K)
and

f(κ) = κ
1
2 ·

(
κ + 1

2

)− κ+1
2(κ−1)

with the adiabatic exponent κ = cP /cV being the ratio of the heat capacities at
constant pressure cP and constant volume cV .

Transferring eq. 3.1 to the UHV chamber, where the diffusion through the
skimmer replaces the jet nozzle as the gas source, gives a good idea of the pressure
rise in the main chamber due to the jet.

Strictly speaking, the pressure rise P1 adds to the base pressure of the cham-
ber. However, the base pressure is usually negligible compared to P1. The gas
flow pumped by the turbo pumps is then given by

qPV = P1 · Sturbo . (3.2)

This amount of gas has to be passed safely to the roughing pump. The neces-
sary pumping speed Srough of the roughing pump depending on the minimum
forevacuum Prough required by the turbo pumps is then calculated to

Srough =
P1

Prough

· Sturbo . (3.3)
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Fig. 3.1. Schematic view of the ultra high vacuum (UHV) chamber. The pumping
speeds of roughing and high vacuum pumps have to match each other and
the total gas load of the system. We separated the vacuum system into a
high load, low vacuum (source and collimator) and a low load, high vacuum
part (main). The latter one consisted of three turbo molecular drag pumps
attached to the main chamber with together 1200 l/s backed by another small
70 l/s turbo molecular drag pump. The roughing vacuum was generated by a
Varian Triscroll 300 dry vacuum pump (14 m3/h) which was equipped with
an automatic emergency isolation valve on its high pressure side. The UHV
in the main chamber is separated by a skimmer from the source chamber
where the gas jet is generated. There, naturally, a much higher gas load has
to be taken into account, but fortunately a vacuum of a few times 10−4 mbar
is already sufficient to create a supersonic expansion.
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3.1.2 Gas Jet

The gas jet is made up of a modified Leybold coldhead with a 0.01 mm nozzle
mounted to its tip (fig. 3.2). The gas passes through a copper tube and is pre-
cooled in the coldfinger before it is allowed to expand through the nozzle. In
the resulting directed gas stream the zone of silence is formed. In this region
all gas molecules are moving at the same speed without interacting, lowering the
internal temperature of the gas in the zone of silence to only a few Kelvin. Its
dimensions depend strongly on the ratio of gas supply pressure P0 and the back-
ground pressure Pb of the expansion chamber. Fig. 3.3 shows a schematic sketch
of a supersonic expansion. A skimmer, appropriately positioned, can then cut
out gas from the zone of silence, thereby creating a very directional, high velocity
gas jet.1 At this juncture the length lzos of the zone of silence is of particular
interest :

lzos =
2

3

√
P0

Pb

· dnozzle (3.4)

where dnozzle is the diameter of the nozzle. The internal temperature of the gas
jet can be estimated to

Tjet =
5

2

Tnozzle

S2
(3.5)

where the speedratio S

S = S(T0, P0, dnozzle) (3.6)

is an empirical function of the gas temperature T0 and pressure P0 before expan-
sion as well as the diameter of the nozzle. For a detailed discussion the reader
may refer to Miller et al [192].

The diagnosis of the jet was done with a moveable pitot tube positioned above
the spectrometer, which had an ion gauge at its blind end. The pitot tube could
be moved in and out of the jet and thereby gave a means of scanning the jet.
We chose not to use a differentially pumped chamber as a jet dump, because
this would have reduced the pumping power on the main chamber. Of course,
the gas load of jet is then fully deposited in the UHV chamber. We tried to
minimize the jet impact on the vacuum in the target zone by moving the pitot
tube out of its way and dumping the jet directly into a 500 l/s turbo pump.
Nevertheless, an increase in background pressure of a few times 10−9 mbar was
observed. Fortunately, the increase in total target density due to warm gas from
the dumped jet is orders of magnitude lower than the density in the jet itself
(10−7 − 10−5 mBar). Therefore a moderate rise in background pressure due
to the jet can easily be tolerated. The jet target density was determined by
comparing the ion rates with the laser focused into the jet on one hand and into
the background gas of the flooded chamber on the other.

1Our skimmer has an orifice of 0.3 mm diameter and a height of 10.2 mm (www.
beamdynamicsinc.com).
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Fig. 3.2. Sketch of the two stage jet. The 0.03 mm nozzle is mounted to a cold head
that is temperature stabilized with ∆ T < 0.5 K between 4 K to 475 K with
a custom electronic feedback circuit [268].

As mentioned before, when working with high intensity laser fields the target
density quickly becomes too high for coincidence experiments. There are several
possibilities to decrease the target gas density: 1. nozzle diameter, 2. driving
pressure and 3. seeding. During our experiments we changed the nozzle diameter
from 0.03 mm to 0.01 mm, thereby reducing the gas flow and the jet density
by a factor of 9 at constant driving pressure. The driving pressure affects the
speedratio and the length of the zone of silence and therefore should possibly not
be lowered. Additionally, precooling increases the jet density even more.

At this point seeding the jet of a carrier gas with the actual target gas seems
like a good solution for a further decrease of target density. Of course, this only
makes sense, as long as the ionization probability of the carrier is several orders
of magnitude lower than for the target gas. In our case the gas of choice turns
out to be Helium. It has the highest ionization potential and at the same time
the lowest boiling point. D2 even has the same mass so that mixing with He is
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Fig. 3.3. Raman mapping of rotational temperatures in a supersonic jet of CO2 under
a stagnation pressure of 2 Bar. Isothermal lines are depicted at steps of 20 K.
From [289].

complete and cooling even below its boiling temperature is feasible.
The precooling has three obvious effects: increased gas flow through the noz-

zle, lower jet speed and also lower internal temperature.

3.1.3 Spectrometer

The purpose of the spectrometer is to guide ions and electrons onto position sen-
sitive detectors. It typically consists of two regions: the extraction region where
a homogeneous electric field is generated to extract the charged particles from
the interaction zone and an (electric) field free drift region. Both are separated
by meshes of variable transmission. Apart from that, use of electrostatic lenses
is made occasionally.

Since the apparatus was originally designed to host a number of different
experiments so was the spectrometer. Thus, for measurements where small ion
momentum perpendicular to the spectrometer axis is expected, we employed
a long drift region for the ions to increase our resolution and made use of an
electrostatic lens to spread the perpendicular momentum even more. In circularly
polarized light on the other hand there is no orientation of the ions along with
respect to the spectrometer. To increase our collection efficiency for these ions
we therefore had to use a shorter extraction region and apply higher fields.

In the high resolution setup we omitted a metallic mesh in between the ex-
traction and the ion drift region thereby creating a magnifying electrostatic lens.
Using SIMION2 the spread of transverse momenta depending on extraction field
and initial kinetic energy was calculated and used in the data analysis for recon-
struction of ion momenta. The achieved magnification was typically in the range
of 4:3 up to 3:2.

2See www.simion.com.
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Another unusual feature of geometry is the extraordinarily large cut-out (3 cm
× 3.7 cm) along the laser beam axis. The parallel laser beam traverses the
spectrometer through that cut-out before it falls on a mirror and is back reflected
and focused. Since we used a ∅ 1" parabolic mirror with 5 cm focal length, it
had to reside within the spectrometer plates, which themselves are 11 cm squares
of half millimeter copper sheet metal (with a centered ∅ 80 mm hole). Enough
clearance was needed to allow for some adjustment of the mirror position via a
XYZ-translation stage. The mirror was put separately on an electric potential to
minimize distortions of the electric field at the focal point.

The spectrometer is terminated on both sides by metallic meshes with a
240 µm grid constant and 80 % transmission.

Magnetic Field

To increase the acceptance angle for electrons without applying very high volt-
ages, a homogeneous magnetic field is overlaid [199]. For this purpose two large
coils in a Helmholtz setup are commonly used. The Helmholtz geometry is made
up of two identical coils placed relative to each other at a distance of their radius.
The magnetic field on the center axis is then given by

B(z, n, I, r, d) =
µ0Inr2

2

[
1

r2 +
(

d
2
− z

)2

] 3
2

+

[
1

r2 +
(

d
2

+ z
)2

] 3
2

 (3.7)

where n, I, r and d are the number of windings on each coil, the current, the coil
radius and the distance between the two coils, respectively. One drawback of this
geometry is that it occupies quite a large physical space to create a comparatively
small region of homogeneous field (see fig. 3.4a). Obviously, laser lab space is
very limited and thus the size of the field generating coils. To extent the usable
magnetic field while keeping the diameter fixed we added a second pair of smaller
correction coils in such a way that they lie on an imaginary sphere defined by the
two large coils. The two magnetic fields add together and while the homogeneity
is not as perfect the region of tolerable small fluctuations (<1%) can be almost
doubled (fig. 3.4b). In our case the large coils had a diameter of 1 m and 119
windings of a coated ∅ 2.5 mm Cu wire. The correction coils had a diameter of
0.208 m and 17 windings each and had a relative distance of 1.04 m . As long
as electric field ~E and magnetic field ~B are exactly parallel to each other their
influence on the motion of charged particles can be treated separately, because
the magnetic field induced Lorentz force

~FL = −e · ~v × ~B

is perpendicular to the gradient of the electric potential

~FE = −e · ~E .
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Fig. 3.4. Relative change of the magnetic field at the spectrometer axis as given by
eq. 3.7. Panel a): spectrometer geometry optimized for molecules in the
classical Helmholtz setup. Panel b): spectrometer optimized for atoms with
correction coils. The coils and their positions are indicated by vertical (brown)
bars.

3.1.4 Detector

We use commercially available position sensitive delayline detectors in conjunc-
tion with micro channel plates3 to detect ions and electrons.

Micro channel plates serve as electron multipliers and supply the primary
timing information for the trigger logic. A MCP is a few millimeter thin glass
wafer, penetrated by ∅ 5-25 µm channels at some angle between 0◦ − 15◦ to the
surface normal, covering approximately 50 % of the total area [44, 333].

The surface of the plate is covered with a metallic coating to create an elec-
trode on either side. As a MCP is an electron multiplier the detection side always
has to be the cathode. Accordingly the back side of the MCP will be more posi-
tively charged to attract the electron avalanche.

3www.roentdek.com

52

www.roentdek.com


Experiment 3.1 COLTRIMS Apparatus

The resistance between both sides of a MCP is on the order of a few tens of
MΩ up to 1000 MΩ. The actual resistivity depends on the applied voltage, on
the ambient pressure and on the water deposition on the channel walls.

A single MCP channel provides an electron multiplication of 103 − 104. Op-
erating two MCPs in series increases the gain to 106− 107 and with three MCPs
the electron multiplication saturates at a few times 108. The maximum gain can
only be achieved if the electron avalanche is pulled away from the MCP backside
by a more positively charged anode - in our case the delayline anode. Other-
wise the space charge at the end of the MCP channel would prevent an effective
multiplication.

Attention must be paid to the relative angle of the channels when using two or
three channel plates in a stack. Parallel channels could result in an effect called
ion feedback. There, positively charged ions, generated at the positive end of the
channel, are accelerated towards the MCP front. If the mean free path before
hitting a channel wall is too large, the ion could accumulate enough energy to
start a new electron avalanche.

The diameter and length of a channel also governs its temporal resolution.
Each electron avalanche is a tiny current that entails a temporal decrease of the
MCPs resistance. The power supply keeps the high voltage constant and therefore
the voltage at any ohmic resistance will rise during that time. This potential rise
(or drop - depending on the MCP side) can be capacitively decoupled to give a
timing signal of the avalanche. Obviously, a short response time is preferable.
That is why efforts have been made recently to produce MCPs with ∅ 2 µm
channels [44]. The temporal response of 0.4 ns pulse width and 200 ps rise time
is to be compared to 2.5 ns and 640 ps of a standard 25 µm chevron stack.

Finally, MCPs can be used to detect electrons and ions as well as visible and
UV radiation or X-Rays. Detecting the latter ones makes a special coating with a
material like CsI, MgF2 or KBr necessary. The detection efficiency for electrons
and ions depends on their kinetic energy.

We employed ∅ 83 mm MCPs of 1 mm thickness in a chevron stack. The
channel diameter was 25 µm and their bias angle to the surface normal 8◦. The
resistance of each MCP was around 20 MΩ. The pulse width was ≈ 7 ns FWHM.
Our MCPs were not sensitive to scattered laser radiation or its higher harmonics.
Electrons were accelerated to about ≈ 200 eV, ions to ≈ 2200 eV (see .

The delayline anode utilizes a simple, neat principle to supply the 2d position
of the electron avalanche from the MCP. Two parallel wires wound around a
metallic holder plate form one of two layers, each responsible for one axis. The
wire pairs are electrically isolated from the holder and each other by threaded
ceramic half-rods of different diameter (see fig. 3.5). Each wire pair splits up in
a signal wire and a reference wire. Both are on a positive potential with respect
to the MCP back side, the signal wire voltage though, is increased by another
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Fig. 3.5. Delayline detectors with 80mm channel plates. The mesh close to the MCP
separates the field free drift region from the high potential of the MCP front
side, where the particle kinetic energy is boosted to increase its detection
efficiency.

+50V to attract the electron cloud produced by the MCP. The resulting voltage
dip on the signal wire propagates then in both directions along the wire using the
reference wire as a relative ground. This geometry assures a constant impedance.
Knowing the MCP signal width one would expect a similar temporal response on
the anode wires. In fact, in terms of damping the two-pair wire is even superior to
a coaxial line up to the MHz range. However, after 700 MHz the radiation losses
become so high that the two-pair wire acts as an antenna. This explains why the
signals from the delayline anode with typical 15 ns FWHM are not of the same
temporal quality as the MCP signals. Dispersion and damping, imaginary and
real part of the impedance account for spreading and decreasing of the signal.
Nonetheless are the anode signals in the offline data analysis the more important
ones, as the signal to noise ratio is usually much better and the anode multihit
capability yields information even for double hits within the MCP dead time.

The ∅ 0.5 mm wires of each pair are spaced by 1 mm and so is every coil of
the wire pair. Accordingly, the resolution should not exceed 2 mm. Nevertheless
we reach a spatial resolution of 0.25 mm. How come? The distance of a few
millimeters between the outermost layer and the MCP assures spreading of the
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electron cloud over a few turns of each layer. By determining the center of mass
of the pulse the position of the electron cloud can be determined at a considerably
higher resolution than the wire spacing suggests at first glance.

Besides the very intuitive rectangular anode a hexagonal delayline anode with
three layers has been developed. The additional layer provides redundant infor-
mation which is especially helpful for multihit operation in terms of reducing
dead time and resolving ambiguous positions.

The anode holder has to be put on a defined potential as well to avoid a
build up of charge through MCP electrons. One would expect, that a potential
higher than that of the signal wire would be appropriate to pull more charge to
the inner layer. However, apparently due to the very efficient shielding of the
delayline wires hardly any influence of the holder potential on the signal shape
of the inner layer is observed. It proved to be practical to put the holder at the
same voltage as the MCP back.

Fig. 3.6. View of potentials along the spectrometer axis.

3.1.5 Signal Processing

A well adjusted data acquisition is the paramount prerequisite for a successful
experiment. Three key components determine the quality of the recorded data:

1. Detector

Obviously, the detector voltages are the first parameters, to control signal
shape, although their adjustable range is limited. The aim is to get as high
and as clear signals as possible. To achieve this a voltage is applied over
MCPs and delayline such that a nice MCP pickup signal is visible on the
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oscilloscope (see fig. 3.6 for example voltages depending on detector). Then,
the potential between anode wires and the MCP back side is increased until
the pulse height of the signals from the innermost delayline layer does not
change anymore. Care must be taken, as the differential amplifiers must
not saturate, otherwise the triggering of the constant fraction discriminators
will not work properly.

2. Decoupler

The work starts with the pick up of the voltage dip at the channel plate and
wire ends of the delayline anode. There impedance matching is the major
issue to reduce electronic reflections that occur at each electrical connection.
Usually MCP and delayline are connected by single wires to a UHV feed
through, which then connects to Z = 50Ω coaxial cables. At this point the
impedance of the signal (and high voltage) carrying wire jumps from some
undefined large value to the above mentioned 50Ω. A partial reflection of
the signal is traveling back until it becomes reflected again or - as in the
case of the delayline - leaves the chamber on the other end of the wire.
Outside the chamber the signal is capacitively decoupled from the high
voltage supply. Naturally, this point is another source of reflections. These
reflections can severely impart the detectors multihit capability, which is
why we tried to keep the cables inside the chamber as short as possible.
Ideally, the signal decoupling is done directly at the detector and standard
coaxial cables lead the signals via a 50Ω feed through out of the vacuum
chamber. Then, of course, an extra electrical feed through for the high
voltage bias is required.

3. Discriminator

After decoupling the MCP and delayline signals take different paths. The
MCP signal is amplified with a linear inverting fast preamp and fed into
a constant fraction discriminator (CFD). There the pulse current is split
up in two. One is amplified, inverted and delayed by a user defined time.
The delay ought to be 80% of the signal rise time. Both copies are then
recombined again so that the resulting pulse has a zero-crossing at a con-
stant fraction of the original pulse height. At this zero-crossing a logical
NIM-(nuclear instrument methods)-pulse is triggered. The described trig-
gering method assures that the timing information of the original analog
signal is preserved in the digitalization process. Other discriminators would
decrease resolution considerably as they cannot process the broad range of
pulse heights and widths of the analog signals. From thereon logical signal
processing takes place.

The complete circuitry is shown schematically in fig. 3.7. The trigger to record
an event is given by the 4 µs delayed ion MCP pick up, thereby allowing multiple
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hits occurring in that range. All signals were recorded by two synchronized time-
to-digital converter (TDC) PCI cards based on the LeCroy MTD133B chip [244].
Each card has 8 input channels holding up to 16 hits and was operated in the
common stop mode. The data acquisition was controlled by different versions of
the program COBOLD. With the common stop signal the TDC is halted and the
data of the preceding 32 µs are written to a file. Once both cards are cleared
COBOLD restarts the data acquisition.

Fig. 3.7. Diagram of signal processing. The common stop that halts the TDC is trig-
gered by the 4µs delayed ion MCP signal.

3.2 Laser
Whereas COLTRIMS could be pictured as the microscope to study atomic and
molecular reaction dynamics, the laser supplies the ionizing radiation that actu-
ally starts - and is part of - the reaction. Clearly, the generation of ultra short
laser pulses is a wide and complex field whose complete coverage goes far beyond
the scope of this work and extensive literature is already existing4. We will focus

4See e.g. [14, 38, 284] for reviews on the subject or refer to several textbooks [72, 74, 161,
252]. A good ph.d. thesis on Ti:Sapphire Lasers is [153]. An early review article is the one
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on a few general concepts concerning ultra short laser pulses and supply technical
details of the two employed laser systems.

3.2.1 Short Pulse Generation

Ultra short pulse generation exploits a phenomenon called laser modelocking .
A huge number of longitudinal modes in a resonator are phase locked such that
they constructively interfere only a very short time, thereby producing a single
spike of electric field that travels in the cavity.

The ground state wavelength of a resonator is twice its cavity length L. Thus,
the frequency spacing between the allowed longitudinal modes is just integer
multiples of the ground state frequency ν, which corresponds to the resonator
round trip time TR

ν =
c

2L
=

1

TR

.

At a typical cavity length of 1.5-2.0 m the fundamental cavity frequency therefore
is in the range of 75-100 MHz. Evidently this corresponds to the minimum
repetition rate of potential pulse trains.

Large bandwidth laser media can support an enormous number of longitudinal
modes5. Once pumped all of these modes start oscillating at random but locked
phases, producing a randomly modulated standing wave. If the resonator quality,
e.g. the intracavity transmission, is low most of the time, thereby effectively
preventing lasing, and only increases for a short time, then only those modes
will survive which constructively interfere for that period. Already after a few
round trips all of the cavity energy will be concentrated in a single short pulse.
Modelocking can be achieved actively, by switching the quality at the resonator
ground frequency, e.g. with a Pockels cell, or passively, with saturable absorbers.
The length of the pulse then depends on the time window of high transmission.
While active modelocking can only produce pulse durations in the picosecond
range, the interplay of passive saturable absorbers together with the saturable
gain of organic dye laser is well reaching the femtosecond time domain.

Nowadays the most commonly used laser medium is Titanium doped Sap-
phire (Ti3+:Al2O3) for a number of reasons: Its easy manageability, high ther-
mal conductivity, availability in excellent optical quality, broad pump bandwidth
(∼400-600 nm) and extraordinary large fluorescence bandwidth (∼670-1070 nm)
make it the ideal laser medium [161].

However, the nonlinearity responsible for the passive modelocking in a Ti:Sa
laser is not due to a saturable absorber placed in the resonator but owing to a
phenomenon termed Kerr-lens-modelocking6 (KLM), which was first discovered

from Keller et al. [156].
5A bandwidth of 200 nm already supports over 4.5 Million (!) longitudinal modes. The

FWHM of the fluorescence bandwidth of Ti:Sapphire is 200 nm.
6Named after the Scottish physicist John Kerr, 1824 - 1907.
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by Sibbetts group [279]. The optical Kerr-effect of the Ti:Sa crystal introduces
an intensity dependent diffraction index into the resonator:

n(ω, I(~r, t)) = n1(ω) + n2(ω)I(~r, t) , (3.8)

where n2(λ = 790nm) ≈ 3 · 10−16cm2/W for Ti:Al2O3 [72, 320]. The intensity
dependence of the diffraction index gives rise to an intensity dependent focusing
of the beam and a nonlinear frequency dependent phase shift, as illustrated in
fig. 3.8.

Fig. 3.8. Illustration of Kerr-effect induced self-amplitude-modulation (SAM) and self-
phase-modulation (SPM) in Ti:Sapphire crystals. Focusing due to SAM en-
hances modelocking, thereby compressing the pulse. On the other hand, the
increasing chirp due to SPM results in a longer pulse.

Assuming a gaussian beam profile corresponding to the TEM00 mode the
central part of the laser wavefront is the most intense. According to eq. 3.8
it will be retarded compared to the transverse beam wings and therefore being
effectively focused. This effect is also called self-amplitude-modulation (SAM) .

The same mechanism is responsible for the nonlinear phase shift along the
beam of propagation, also called self-phase-modulation (SPM) . As SPM delays
the central part of an intense laser pulse with respect to the low-intensity wings,
it compresses the oscillations of the electric field in the trailing part and stretches
them in the leading part of the pulse. This causes a red shift in the pulse front
and a blue shift at the end of the pulse. The main point is to see that this phase
modulation results in an overall spectral broadening of the pulse. A broader
spectrum allows for shorter pulse duration, provided all phase distortions expe-
rienced in the nonlinear broadening process are compensated for. In particular,
this pulse compression requires sending the spectrally broadened pulse through
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a delay line that advances the blue and retards the red spectral components of
the pulse.

The responsible mechanism for starting and maintaining the modelocking in
a Ti:Sapphire laser is SAM. The focusing leads to a narrowing of the beam waist
as compared to a continuous wave (cw) mode . Thereby, the overlap with the
pump laser beam (also gaussian) improves, increasing the amplification of the
pulse more than the large waist cw mode. Together with gain saturation in the
focal volume due to complete extraction by the pulse a “soft” aperture for the
cw mode is created. Further stabilization of the modelocking can be achieved
by appropriately placing solid apertures in the cavity where the unfocused cw
mode experiences further losses. However, the pulse durations of the modelocked
laser are far from the bandwidth limitation of the Ti:Sa crystal. This is due to
the competing self-phase-modulation that increases the bandwidth but also the
pulse duration. Therefore negative group velocity dispersion (GVD) is necessary
to delay the red frequencies relative to the blue. This can be achieved intro-
ducing highly refractive prism pairs [95] in the absence of any negative material
dispersion7.

Fig. 3.9. A laser cavity with Titanium doped Sapphire as the gain medium to produce
ultra short pulses via Kerr-lens-modelocking (KLM). The Ti:Sapphire crystal
is continuously pumped, e.g. by a cw Argon ion laser.

Once the laser has mode locked it generates a pulse train at a repetition rate
of 75-150 MHz. The pulses usually have energies of a few nJ which is by far too
little to induce strong field processes. Higher pulse energy cannot be extracted
in the first place, as the gain of the modelocked Ti:Sapphire crystal is already
inherently saturated. Furthermore, catastrophic self focusing leading to material
damage has to be avoided. Therefore an amplification scheme is needed that
increases pulse energy while keeping the temporal width. This is accomplished
with the chirped pulse amplification (CPA) scheme as illustrated in fig. 3.10.

7A theoretical description of the interplay of SAM, SPM, GVD and output coupling losses
can be found in a series of papers by Brabec et al.[36, 39, 40]
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The short pulses are stretched with a pair of gratings and then fed into another
Ti:Sapphire cavity. Now a few hundred picosecond long pulses are amplified at
rates of 50 Hz - 250 kHz, depending on the actual amplifier, before leaving the
cavity again, where they will be recompressed by another set of gratings down to
20 fs.

Further temporal compression can be achieved by propagation of the pulse in
a gas filled hollow core fiber. There, additional spectral broadening due to SPM
takes place. The chirp is removed with a multilayer mirror resulting in pulse
durations of down to 4.5 fs [15]!

Fig. 3.10. Principle of chirped pulse amplification.

3.2.2 Short Pulse Characterization

When dealing with ultra short pulses the natural question arises, how the pro-
duced pulse duration can be measured. In fact, the difficulty to answer that
question increases as the pulse duration decreases. Three major techniques exist
to characterize short laser pulses:

1. Autocorrelation

2. FROG - Frequency Resolved Optical Gating

3. SPIDER - Spectral Phase Interferometry for Direct Electric Field Recon-
struction

In this work autocorrelation was used to determine the pulse length of the 40fs
pulses, and SPIDER was used to characterize the sub 10 fs pulses.

Autocorrelation. The traditional approach to characterizing short pulses is
autocorrelation . There, a laser pulse is characterized by the nonlinear interaction
of two overlapping replicas of the pulse. One replica is multiplied with a second
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and the resulting signal is recorded as a function of the delay δt between the two
replica pulses. Technically, the multiplication of the two optical signals is done
using a nonlinear optical effect such as second-harmonic generation or two-photon
absorption. As a result, the autocorrelation trace in a collinear set-up yields the
interferometric autocorrelation trace:

IAC(δt) =

∞∫
−∞

∣∣(E(t) + E(t− δt))
2
∣∣2 dt (3.9)

The major disadvantage of this approach is, that this method does not yield
any information about the pulse shape E(t). Instead the pulse envelope has to be
assumed according to theoretical models of the modelocking process to retrieve
the information about pulse duration. Apparently, the a priori assumption of a
certain pulse shape in the few cycle regime with its large bandwidth is rather
speculative.

FROG. Out of this unsatisfactory situation frequency-resolved optical gating
(FROG) [297] was born. FROG is a characterization method based on the mea-
surement of a spectrally resolved autocorrelation signal followed by an iterative
phase-retrieval algorithm to extract the intensity and phase of the laser pulse.
FROG has been used for pulse durations from few femtoseconds to several pi-
coseconds and for pulse energies ranging from the nJ- to the mJ-regime.

SPIDER. Spectral phase interferometry for direct electric-field reconstruction
(SPIDER) is a relatively new technique originally developed in 1998 by Walmsley
and coworkers [138, 139] and was extended to sub 10 fs pulse durations in the
Keller group [104] one year later. The idea of SPIDER is to determine the relative
phases of neighbouring frequencies of a pulse, which, together with the spectral
amplitude, suffices to completely reconstruct the temporal shape of the pulse.

The SPIDER apparatus is schematically explained in fig. 3.11. SPIDER needs
three replicas of the pulse that ought to be measured. One copy is stretched and
given a strong chirp by passing through a highly dispersive material such as a
SF10 glass block. The duration of the stretched pulse is large compared to its
original length. The other two replicas are delayed with respect to each other
such that their temporal distance is within the length of the stretched pulse. All
three pulses are then recombined in a sum frequency generating BBO crystal,
upconverting both replicas differently, as each short pulse only interacts with a
small temporal - monochromatic - slice of the stretched pulse. The frequency shift
depends on the delay of the two replicas and is typically in the order of a few THz.
This is the so-called spectral shear δω . Letting the two spectrally sheared pulses
interfere in a spectrometer will produce fringes in the resulting interferogram
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S(ωc) whose spacing is frequency dependent, supplying the necessary information
to reconstruct the spectral phase:

S(ωc) = |E(ωc)|2 + |E(ωc + δω)|2

+2 |E(ωc)E(ωc + δω)|
× cos (φ(ωc + δω)− φ(ωc) + ωcτ) (3.10)

where E(ω) is the frequency domain representation of the electric field, φ(ω)
the spectral phase of the pulse, δω is the amount of spectral shear, τ is the
temporal delay between the two replicas, and ωc is the variable center passband
frequency of the spectrometer. The first two terms on the right-hand side of
eq. 3.10 are the individual spectra of the spectrally sheared replicas. The third
term provides the spectral phase in the form of the phase difference between
spectral components separated by the shear δω. A fast noniterative algorithm
using two one-dimensional Fourier transforms extracts the phase of the oscillatory
cosine term of the interferogram. The linear phase term ωcτ is separately mea-
sured by conventional spectral interferometry blocking the stretched pulse. This
calibration measurement has to be done only once. The spectral phase φ(ω) is
obtained by simply adding up the appropriate phase differences φ(ω+δω)−φ(ω).
The spectral amplitude at these frequencies is obtained from the square root of
an independently recorded pulse spectrum. Finally, the time-dependent intensity
and phase are calculated from the reconstructed spectral phase and the spectral
amplitude.

The accuracy of reconstruction of the spectral phase is quite insensitive to the
phase-matching bandwidth of the upconversion crystal and the spectral responsi-
tivity of the detector, since it depends only on the spacing of the spectral fringes.
Therefore, even for ultrabroadband pulses no complicated spectral corrections are
needed, in contrast to other techniques. Furthermore, the non-iterative character
of the evaluation procedure together with the absence of moving parts in the
experimental set-up allows for single pulse characterization at currently up to a
few kHz repetition rate [31]!

3.2.3 Peak Intensity

Modelocked lasers are typically oscillating in the lowest transverse electromag-
netic (TEM00) mode which has a gaussian intensity distribution across the beam
profile:

I(r, x) =
2E

τ π w(x)2
· e−2 r2

w(x)2 (3.11)

where r and x are the distance from the focal spot and the beam axis, respectively,
E is the pulse energy, τ the pulse duration and the 1/e2 beam waist w(x). For a

63



3.2 Laser Experiment

Fig. 3.11. Left panel: The SPIDER apparatus actually used in the experiment, con-
structed by D. Zeidler. Right panel: Schematic representation of the
setup. BS - beam splitter, PE - periscope, TS - translation stage, FM -
spherical focusing mirror (radius: 60 cm), SFG - sum frequency generator.
One leg of the interferometer has to be adjusted to produce the necessary
delay between the two short pulse replicas. The stretched pulse is generated
in the SF10 glass block for sub 10 fs pulses or by passing a set of gratings
for longer pulse durations. Mixing the two pulse replicas with the stretched
pulse in the SFG renders the temporal spacing of the two pulses a function
of wavelength. The resulting interference fringes yield information about the
spectral phase which is necessary to reconstruct the original pulse shape.

focused beam the beam waist is defined as

w(x) = w0

√
1 + M4

(
x

xR

)2

. (3.12)

with the smallest diameter of the beam in the focus w0 and the raleigh range xR

which defines the distance from the focus where the intensity has dropped to half
of the peak value8. Both parameters expressed in terms of optical magnitudes
are

w0 =
2λ

π

f

d
xR =

πw2
0

λ
. (3.13)

8M is a fit parameter which describes the purity of the TEM00 mode and is >1 if higher
order TEM modes are part of the beam.
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The peak intensity Imax in the focal spot is then given by

Imax =
π

2

E d2

τλ2f 2
. (3.14)

In fig. 3.13 the 2d intensity distribution according to eq. 3.11 is shown for real
pulse parameters.

Fig. 3.12. The focal spot in the chamber is a parameter of the incident beam diame-
ter d (1/e2 width) and focal length f. The incoming laser beam traverses
the spectrometer before it is back reflected and focused by a f = 50 mm
paraboloidal mirror. Obviously, the focal spot is much smaller than the gas
target.

Obviously, it does not make sense to talk about a single intensity in the focal
spot. In fact, only a very tiny space holds the peak intensity. However, even
though the extension of the focus where still strong fields are encountered is at
least an order of magnitude larger, it is still small compared to the diameter
of our gas jet. Therefore, we have to expect contributions from these low in-
tensity shells as well. Consequently, efforts have been made in other works to
limit the extension of the gas target via rigorous collimation [78]. Thereby the
contribution of the low intensity shells is minimized but nonetheless cannot be
excluded completely. For our experiments we relied on the highly nonlinear cross

65



3.2 Laser Experiment

sections for multiphoton processes, translating higher intensity to an ionization
probability increased by orders of magnitude. As long as the peak intensity is
not too far above the saturation for the single ionization, the contribution of the
low intensity shells in the focal volume is negligible. Also, tight focusing helps to
concentrate the pulse energy and thus the intensity in a small volume.
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Fig. 3.13. Intensity distribution in a focal spot calculated acc. to eq. 3.11 with ex-
emplary parameters used in the experiment: λ = 800 nm, E0 = 2 µJ, τ =
40 fs, f = 50 mm, d = 9 mm. Isointensity curves are overlaid corresponding
to the indicated fractions of the peak intensity Imax ≈ 4 · 1014W/cm2.

For modeling and thereby the understanding of the physics the knowledge
of the peak intensity is of eminent importance, but calculation from the beam
parameters conceivably only gives a rough estimate due to the manifold errors in-
troduced with the determination of these magnitudes. Therefore, it is of greatest
interest to measure the peak intensity directly. Fortunately, the information in
question is given by the physical processes themselves, giving several possibilities
of determining the actual intensity post-experimentum:

1. ratio A2+/A+ of NSDI to SI9

The ADK model [9] supplies atomic tunneling ionization rates for both
single and double ionization without including electron correlation effects.
Therefore, one has to make sure that the employed intensity is well in the
nonsequential regime to compare the ionization yields. In practice, this
is achieved by scanning the pulse energy, searching for the infamous knee
in the ionization ratio A2+/A+, which indicates the onset of dominance of

9NSDI - nonsequential double ionization, SI - single ionization
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NSDI. Several very careful measurements have been performed that can
serve to calibrate the intensity with the ionization ratio. See e.g. [312] for
He, [173] for Ne, Ar and Xe and [317] for H2 ratios.

2. ADK width of the momentum spread of SI

Aside from the total ionization rate the ADK model does also predict the
actual momentum distribution of the field ionized electron [70]. The in-
tensity in linear light is obtained from the ion or electron momentum of
the SI along the electric field vector through fitting the ADK prediction
that is convoluted with the experimental resolution to the data. See, e.g.
[322, 325].

3. 2Up cutoff in linear light

The classical picture of an electron in an oscillating field already supplies us
with a reliable and for every day use sufficiently simple model to determine
the intensity from the electron momentum. In the case of linearly polarized
light, the cutoff in the electron energy spectrum at 2Up can be used to
determine the intensity:

Imax[1014W/cm2] = Ekincutoff [eV ]/12 . (3.15)

The cutoff originates in the maximum drift momentum an electron can
gain depending on the laser field at the time of tunneling, i.e. at the zero
crossing of the laser field. At energies above the cutoff a drop of 2-3 orders
of magnitude in rate indicates that those energies are the result of elastic
(re)scattering of electrons at the parent ion. In practice, this method proves
to be rather vague in its prediction and does reliably determine only the
order of magnitude of the intensity.

4. momentum in circular light

In circularly polarized light one has to be aware that the final electron
momentum p actually maps the electric field E and not the intensity:

p(t →∞) ∝ E0(t0) . (3.16)

Thus, the intensity in circularly polarized light (ε = ±1) is twice as high as
in linear light (ε = 0) at the same peak field strength:

I(t) ∝ E(t)2 = E0(t)
2(ε2 cos2 ωt + sin2 ωt) . (3.17)

Hence, the radial momentum read from the doughnut yields an actual in-
tensity of (λ = 800nm)

Imax[1014W/cm2] = 2.2776 · p2[a.u.] . (3.18)

67



3.2 Laser Experiment

-4

-3

-2

-1

0

1

2

3

4
p

y 
(a

.u
.)

projection

-0.1 < x < 0.1

0 100 200 300 400 500 600

ID            -463
ENTRIES          687721
  185.  0.100E+04   23.0
 0.403E+04  0.681E+06   494.
  172.   956.   40.0

ar_circ_030829circle r = 0.9 au

-4 -2 0 2 4

pz (a.u.)

projection

-0.1 < y < 0.1

Fig. 3.14. Circularly polarized laser light produces electrons with a fixed momentum in
the polarization plane. The momentum is a measure of the peak intensity.
See text for details.

In terms of electron energy the 2Up rule is no longer valid as the pondero-
motive energy is also twice that in linear light. Therefore, the final energy
corresponds simply to Up. Of course, this approach is only valid for intensi-
ties below the saturation intensity when the probability for single ionization
reaches unity. For H2 and 800 nm, 40 fs pulses this is ≈ 2.5·1014 W/cm2. As
the pulse length gets shorter, the saturation intensity increases. For ∼10 fs
pulses we found it to be about 6 · 1014 W/cm2 (see run h2/d2_circ_050129
in app. B).

5. branching ratio of H+
2 dissociation channels

Finally, the branching ratio of the H+
2 dissociation into BS, ATD and CREI
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gives a very sensitive finger print in the range of 0.5-5·1014 W/cm2 that
can be used to order a set of experiments in this intensity range. See, e.g.
[6]. However, this method is only useful for pulse durations that are long
compared to the time domain of the dissociation processes and does not
intrinsically yield a number of peak intensity.

Once the intensity for a set of laser parameters is determined one can in principle
scale the intensity for subsequent experiments by the pulse energy when all other
laser parameters are kept fixed. In practice, this requirement is almost impos-
sible to keep perfectly. Nonetheless, a good estimate for the peak intensity can
usually be obtained. This method is particularly useful for intensities above the
saturation intensity as demonstrated by Alnaser et al. [6].

Another way to determine above-saturation intensities is the use of Helium as
carrier gas in the jet. This extends the range of directly measurable intensities
up to several 1015 W/cm2.

It must be pointed out that the original tunneling model is only applicable to
atoms, which explains why we did not use the first two methods for calibration.
Only recently (2002) the extension of ADK theory to molecules was formulated
by Tong et al. [295]. However, we determined intensities only by the last three
methods. For linear polarization we calibrated the pulse energy to peak intensity
with a run of circular light whenever available. Nevertheless, the accuracy of the
determined intensity is not very high and only the use of multiple methods can
give a reliable estimate of the peak intensity (see appendix).

3.2.4 Implementation/Specifications

During the course of the experiments we employed two different amplifier systems
differing in repetition rate, pulse energy and minimum pulse duration. Both
amplifiers were seeded by the same oscillator system. However, when we got to
use the low rep rate laser, the pump laser of the oscillator was changed from an
argon ion laser to a diode pumped.

Oscillator

The oscillator is pumped with a 5 W Coherent Innova 310 argon ion laser (later
by a Verdi V70). It has a 4 mm thick Ti:Sa crystal in an X folded cavity. Group
velocity dispersion compensation is done by a pair of fused silica prisms separated
by 60 cm. The oscillator is self-modelocked by the Kerr lens modelocking process.
It produces 300 mW of average power at a repetition rate of 80 MHz. The pulse
duration is about 15 fsec. The use of a thin (4 mm) laser crystal and a fused
silica prism pair results in a low third-order dispersion cavity. A beam splitter
divides the oscillator output into two trains of 7.5 nJ pulses, each seeding one of
the two amplifiers.
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250 kHz Amplifier

The pulse train from the oscillator passes through a stretcher with a 600 line per
mm grating at normal incidence. There is also an SF6 prism pair with 1.2 m
separation for 4th order dispersion control and a 19-element deformable mirror
for high order phase control (not used for our experiments).

The stretched seed pulses were injected into the RegA regenerative amplifier,
which was pumped by 14 W from a Spectra Physics argon ion laser. The output
pulse had about 5 µJ of energy at a repetition rate of up to 100 kHz. Above
100 kHz the gain in repetition rate is traded for pulse energy. However, we never
made use of that option, as a rep rate of 100 kHz already corresponds to three
laser pulses within the 32 µs recording range of our TDC and thus makes TOF
spectra difficult if not impossible to read at the employed extraction voltages. In
fact, in measurements presented here the repetition rate was always chosen to be
≈ 30 kHz. The pulse was compressed with a grating compressor. The compressed
pulse duration was 35 fs, with an energy of 3 µJ.

The amplified beam passed through a thin window in the vacuum chamber
and was focused by means of a 5 cm focal length on-axis parabolic mirror coated
with protected silver. The focal spot diameter was measured to be 3 µm FWHM.

A 39-element two-dimensional deformable mirror was used to try to improve
the focal spot quality in the vacuum chamber. It was able to increase the intensity
by about 20 %, but it suffered a 20 % energy loss due to its reflectivity, so it did
not improve the intensity and it was not used in experiments.

500 Hz Amplifier

In the following the setup description given in [78] is quoted:
“In the first stage of a chirped pulse amplification scheme, negative dispersion

is introduced to one of the trains, increasing its pulse durations to 100 ps. The
pulse stretcher consists of a double-passed grating pair with an internal Newto-
nian telescope in a near-4f imaging arrangement. The stretched train is passed to
a regenerative amplifier consisting of a Brewster-cut Ti:Sapphire crystal pumped
by a 10 W frequency-doubled Nd:YLF laser (Positive Light Merlin), two curved
end mirrors, a quarter wave plate, a polarizing beam splitter, and two Pockels
cells operated at either zero- or quarter-wave voltages. The voltage of the input
Pockels cell voltage is set to reject the vast majority of 100 ps seed pulses and
only a single pulse is permitted to circulate within the cavity at a given time.
Once switched into the cavity, a pulse makes thirteen passes through the gain
medium and acquires 1.7 mJ of energy before being switched out by the output
Pockels cell. A double-passed grating pair is used to compress the 100 ps am-
plifier output and yields recompressed 39 fs, 900 mJ recompressed pulses with
an M2 value of 1.5. For experiments that require even shorter pulses, self-phase
modulation in a hollow core fibre is performed. Following pulse compression with
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chirped dielectric mirrors, the 100 mJ pulses have a minimum duration of 6 fs
and an M2 value of 1.1. ”

3.3 Data Analysis

While a very crude and preliminary analysis is accomplished online with the
data acquisition program COBOLD, the actual translation of the raw data into
physically meaningful results was done with a custom written Fortran code using
the program Physics Analysis Workstation (PAW for visualization.

The raw data consists exclusively of 4 byte integer numbers (0-64000) repre-
senting the time duration relative to the common stop signal (see fig. 3.7) in half
nanoseconds. The integers are arranged in rows, each corresponding to a laser
shot (event). The first thing to do is to extract a time-of-flight and a position
out of these numbers, i.e. calibrate spectrometer and detectors. Second, mo-
menta are calculated taking the electric and magnetic field of the spectrometer
into account. At last, the quality of the data has to be determined. The basis
for subsequent labeling of axes is the cartesian coordinate system in fig. 3.15

Fig. 3.15. Laboratory frame and labeling of axes: x - laser beam axis, y - jet axis, z -
spectrometer axis.
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3.3.1 Calibration

The time-of-flight is by definition

TOF = tMCP − tLaser . (3.19)

However, the measured quantities also contain the signal propagation in cables,
etc., as illustrated in fig. 3.16. Therefore, without further calibration eq. 3.19 is
only approximately true. Likewise, positions on a single layer are trivially given
by the time difference between the two ends of one layer

x = txa − txb . (3.20)

In our laser experiments the following order of calibration steps proved to be
sensible. Certainly, this order indulges in some arbitrariness which is owed to the
actual implementation of the analysis. However, every step by itself will be part
of any COLTRIMS calibration procedure, which is why they are given here.

Fig. 3.16. The real physical events are recorded in the TDC with different, unknown
delays td that depends on the electronic processing time and on different
cable lengths. The combined electron MCP and laser delays td,electron +
td,laser can be determined pretty well (∆t0,electron < 1ns), which is not the
case for the ion.

1. electron detector (hexagonal delayline)

(a) third layer offset
The middle points of two layers define the origin in the detector plane.
The third, redundant layer will usually not have its middle point right
on top of this origin. This offset has to be subtracted from the third
layer to make position calculations from all three layer pair combina-
tions consistent.
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(b) layer scaling factors
First, the relative scaling is determined by setting one scale factor to
an arbitrary value fh(1). In a double loop the scaling factors of the
other two layers fh(2) and fh(3) are varied around the fh(1) value,
calculating the position for the same event with layers 1 and 2 and
with layers 1 and 3. The difference between these two calculations is
filled into a 2d histogram, with the values of fh(2) and fh(3) as x and
y axis, respectively. The minimum in this plot then corresponds to
the best ratio of the scaling factors. Second, the absolute scaling is
given by the comparison of the physical size of the MCP (or any mask)
and the dimensions of a 2d plot of the (ideally uniformly) illuminated
detector.

(c) time sums
The time sum is a crucial quality measure of a single hit. It is defined
as the sum of the durations starting with the electron avalanche in
the MCP until the arrival of the signal at each delayline end: tsum =
(tMCP − txa) + (tMCP − txb). Thus, it is a detector and layer property
that is used in reconstructing lost signals and disentangling mixed
signals.

(d) gyration period
The gyration period determines the magnetic field and is absolutely
necessary for the calculation of the momentum components perpendic-
ular to the spectrometer axis. Due to the velocity dependent Lorentz
force FL = e ~v × ~B the electrons are gyrating along the spectrometer
axis describing circles in the detector plane whose diameter depends
on the magnitude of their initial momentum in that plane. However,
after multiples of the gyration period all electrons return to the axis
defined by the perpendicular from the focal spot to the detector. When
the time-of-flight is plotted against a position component the gyration
period is clearly visible as the distance between two nodes, provided
that the electron TOF spreads over at least one gyration period, of
course.

(e) time-of-flight zero point
This is the offset that has to be added to eq. 3.19 to yield the real time-
of-flight. It results directly out of the 2d plot described in the preceding
paragraph: As all electrons are produced in the tiny focal volume, the
electron TOF zero point equals the first node. To determine how many
nodes, i.e. multiples of the gyration period, lie between the first and
the observed electron time-of-flight, usually a simple estimate of the
expected TOF for zero momentum electrons is sufficient.

(f) position zero point
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Considering the mutual angle of 60 between the three layers of a hexag-
onal delayline, the calculation of the position in orthonormal coordi-
nates is simple. It seems straight forward to determine the position
zero point by simply choosing the maximum in a 2d detector picture.
However, it turns out to be more accurate to determine the zero point
for both components separately using the above mentioned 2d plot:
time-of-flight vs. one detector axis. Simultaneously, it also serves
as a quality control of the alignment of the magnetic field along the
spectrometer axis.

(g) detector rotation angle
Aligning the detector axes along the lab frame usually requires the
calculation of momentum components beforehand. Then a process
with anisotropic momentum distribution is needed to generate the
electrons (circular or vertical polarization).
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Fig. 3.17. Example images from a calibrated electron detector (106 laser shots). (a)
time-of-flight in ns, (b) 2d position in mm, (c) so-called wiggle spectrum,
where the position along the laser axis is plotted against the TOF. The
magnetic field induced electron gyration manifests as nodes in this spectrum.
The gyration period is just the difference between two nodes. The electrons
were produced from D2 molecules with circularly polarized light.

2. ion detector (squared delayline)

(a) layer scaling factors
Here, the absolute scaling factors are directly determined from a mask
run.

(b) time sums
Again, as a detector property time sums have to be determined for
each layer.
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(c) time-of-flight zero point
One has two possibilities to determine the zero point of the ion TOF
scale: 1. using the ion TOF relative to the electron impact, or 2. cali-
brating the TOF axis with different ion species. Whereas the first op-
tion has the advantage to be largely independent of the laser repetition
rate, it still contains a uncertainty caused by different cable lengths
(see fig. 3.16). The second method acquires its uncertainty from the
accuracy in the determination of the ion time of flight. Additionally,
when multiple laser pulses fall into the ion TOF, the discrimination of
the correct laser signal poses a problem10.

(d) position zero point
Due to the supersonic expansion the molecules in the jet move at sev-
eral hundred meters per second through the spectrometer. Depending
on their charge to mass ratio they will have a different deflection on
the detector. It is therefore useful to plot the positions separately for
each ion species, selected through its TOF.

(e) detector rotation angle
In our case the magnetic field exerted a measurable force on the ions,
rotating them in the detector plane by a few degrees. Yet it was suffi-
ciently small to keep the distortion of the radial length at a negligible
level: At the highest magnetic fields (20 G) used in our experiments
the gyration period of an ion with the highest q/m, the proton, is
32 µs. With a spectrometer electric field of 24 V/cm a simulation
yields a deflection for 8 eV protons of 6◦ and a momentum distortion
of 2 % (results from SIMION). Thus, the influence of the magnetic field
on ion trajectories can be compensated with an ion specific detector
rotation angle.

The calculation of positions was performed by the very powerful external rou-
tine resort6.f programmed by A.Czasch in our group. This program exploits
the multihit capability of the data acquisition to readily disentangle mixed delay-
line signals and even reconstruct missing delayline or MCP signals and thereby
decreasing dead time for multiple hits and increasing the overall detection effi-
ciency.

Advanced calibration has to account for: time dependent drift of spectrometer
electric field, non-parallel components of the magnetic field, position dependent
time sums due to non planar alignment of MCP and delayline, electron cloud
lensing effects at the edge of the MCP and, finally, the MCP spatial efficiency.

10Especially prominent is this difficulty in synchrotron experiments, where even in the two-
bunch mode the spacing between two light pulses is only a few hundred nanoseconds. There,
ion TOFs are exclusively determined following method 1.
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3.3.2 Momentum Calculation

Once the positions and time-of-flights of a particle are known its momentum can
be derived from the equations of motion. Due to the magnetic field enforced
gyration these are typically a little more sophisticated for electrons than for ions.

Electron Momentum

The momentum component along the spectrometer axis is ideally only affected
by the electric field E. Given the electric field induced acceleration a = e

me
E and

the geometric spectrometer properties le and ld, of the extraction and drift zone,
respectively, the observed total time-of-flight t is a function only of the initial
velocity component v0z

t(v0z) = te + td =
v0z +

√
v2

0z + 2lea

a
+

ld√
v2

0z + 2lea
. (3.21)

This equation has to be solved for v0z resulting in a third order polynomial in
t whose solution is quite lengthy, does not give any insight and can be found
elsewhere [96, 276]. Alternatively, eq. 3.21 can be solved using an iterative algo-
rithm, where an “educated” guess for the initial velocity is then varied to obtain
the observed TOF within a given accuracy from eq. 3.21.

Fig. 3.18. From the 3 dimensional detector information (left side) the full 3d momen-
tum space can be reconstructed (right side).

Transverse to the spectrometer axis measured position and time-of-flight are
intertwined to define a unique momentum. The most elegant, although somewhat
abstract, way to derive the momentum components in the detector plane is with
matrix algebra. Simply speaking, the time-of-flight is divided into multiples of
the gyration period and within a gyration period every TOF corresponds to a
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different scaling of the radial position to momentum. The analytic expression is
found (one way or the other) to be surprisingly simple

p0x =
meω

2

(
rx cot

ωt

2
− ry

)
(3.22)

p0y =
meω

2

(
ry cot

ωt

2
+ rx

)
. (3.23)

Ion Momentum

Here, we have again the issue of third order equation for the z-component of the
momentum if a drift region is employed. When this is not the case the equations
become trivial

p0x = m
rx

t

p0y = m
ry

t

p0z = m

(
a

2
t− le

t

)
.

In the case of coulomb explosion two protons can be detected. Then, the errors
introduced in the separate evaluation of every proton can be reduced by calcu-
lating the relative momentum from the time-of-flight and position differences, as
elaborated in the thesis of T.Jahnke from our group [144].

3.3.3 Data Quality

The quality of the experimental data has multiple dimensions: resolution, signal-
to-noise ratio and electronics dead time.

Resolution

The principal measure unquestionably is the achieved momentum resolution.
With the position and timing resolution of the detector one can easily calcu-
late the expected momentum resolution for given spectrometer properties (fields
and geometric constraints). Obviously, the actually measured resolution will al-
ways be worse than this optimistic estimate due to imperfect spectrometer fields,
timing jitter of the data acquisition electronics etc.. To determine the resolution,
ideally, a process producing electrons and ions with a very narrow kinetic energy,
such as single-photon ionization with monochromatic light, is examined. Such a
process would also improve the detector calibration significantly. Unfortunately,
laser light, although sufficiently monochromatic, is not energetic enough to induce
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Fig. 3.19. Before calculating ion momentum ((d),(e)) one has to separate via time-of-
flight (a) the different ion species. Each species has a different origin in the
detector plane due to the initial jet velocity ((b),(c)). Also, the magnetic
field exerts a q/m dependent force, resulting in different effective detector
rotation angles. Both parameters have been already adjusted accordingly in
the shown spectra.

single-photon ionization in any of the available target gases11. Thus, only limited
statements on the resolution can be made. Analyzing the momenta of a single
ionization channel such as H2 +n~ω → H+

2 + e− momentum conservation can be
utilized to get an idea of the overall resolution of the spectrometer. Apart from
the negligible photon momentum the momentum components of the H+

2 ion and
electron should add to zero. The width of this distribution as shown in fig. 3.20
is a measure for the total spectrometer resolution in the lab frame.

However, the overall resolution is not very helpful when interpreting magni-
tudes from a single detector as for example the spectrum of the total ion kinetic
energy release, or the relative angle between two (measured) electrons. This
uncertainty can only be determined by a simulation.

In the simulation we calculate the energy resolution and the angular resolution
11Even Xenon with its ionization potential of 12.1 eV cannot be ionized through single photon

absorbtion from the 514.5 nm (2.4 eV) cw-line of the argon ion pump laser.
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Fig. 3.20. The resolution of the spectrometer is determined by the FWHM of mo-
mentum conservation (b1-b3). The 2d representation (a1-a3) supplies a
valuable tool for calibration diagnosis and to estimate the number of false
coincidences between the detectors.

in the plane of the laser polarization, i.e. the plane perpendicular to the laser
beam axis or, in laboratory coordinates, the yz-plane. It basically involves only
three steps:

1. Calculate the time-of-flight and impact positions on the detector for a given
initial kinetic energy Ekin and angle φ.

2. Add typical uncertainties, e.g. ∆x, y = 0.5 mm, ∆t = 0.5 ns.

3. Reconstruct the initial momentum from the blurred positions and TOF.

For the idealized situation of perfectly homogeneous parallel magnetic and elec-
tric fields, the calculation of impact position and TOF can be easily done ana-
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lytically.12 The overall error is then simply given by

∆Ekin =

√
(∆Ekin(∆t))2 + (∆Ekin(∆x))2 + (∆Ekin(∆y))2 (3.24)

and

∆φ =

√
(∆φ(∆t))2 + (∆φ(∆x))2 + (∆φ(∆y))2 . (3.25)

Fig. 3.21 gives an example of the described procedure.
As the extensions of the focal volume are below the detector resolution we

can ignore the error arising from the uncertainty of the initial position. Another
issue is the initial velocity distribution of the molecules related to the internal
jet temperature. Whereas the average jet velocity is easily accounted for, the
remaining velocity spread adds as another uncertainty to the ion momentum.
However, since this spread is actually carried by the molecule as a whole, this
uncertainty is removed from total kinetic release by transforming to the center-
of-mass frame, which can be done when both protons are detected. Therefore,
we can neglect its influence for the double ionization channels.

Background

When doing coincidence experiments it is necessary to be able to distinguish
between real and random coincidences. In other words, it becomes important to
know if the measured fragments originate from the same atom. Evidently, this
question has two dimensions: On one side, a coincidence between electron and
ion detector is made, on the other, coincidences between multiple hits on each
detector have to be evaluated for their togetherness.

The fraction of random electron-ion coincidences is readily estimated from the
momentum conservation plot of the H+

2 channel in fig. 3.20. The real coincidences
stemming from the same parent molecule lie on the 45◦ diagonal. The diffuse
underlying background are random coincidences from either different molecules or
electronic noise. When examining a double ionization channel and measurement
of only one of the two electrons is required, because the second one is going to
be reconstructed through momentum conservation, then the relative background
signal reduces by a factor of 2, since we have doubled the number of real electrons
while the average number of randoms per laser shot remains the same as in single
ionization. However, when specifying the reals-to-randoms ratio, we will always
refer to the one directly monitored in the single ionization channel.

The question, whether two measured electrons originate from the same ion,
i.e. the quality of the electron multihit coincidence, cannot be answered without
further information on the process. It is particularly difficult in strong laser fields

12An analytic expression for the case of arbitrary aligned magnetic and electric fields can
be found in the thesis of Achim Czasch [64]. There, an example of a full blown spectrometer
simulation is also given. Also, the reader may refer to the masters thesis of Markus Schöffler
[264] for extensive spectrometer simulations using SIMION.
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Fig. 3.21. Example for the simulated resolution of the electron detector. The initial
electron momenta are equally spaced in energy by 0.1 eV and distributed
in 1◦ steps on semi-circles in the yz-plane. The reconstructed momentum
distribution shows the case of the time-of-flight error ∆t = 0.5 ns. The
actual energy and angular resolution plots then include all errors.

as the total energy is not conserved as in single-photon ionization. Thus, only
the detour over the correlated two electron-ion momentum conservation can give
an insight on the origin of the two electrons, which is very limited, because the
dead time plays a great role in detection of multiple electrons.

The background in ion-ion coincidence on the other hand is easily discrimi-
nated against the real double ions, provided their total kinetic energy release is
large against their center-of-mass (CM) motion. Fig. 3.22 illustrates how ran-
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dom separate from real ion-ion coincidences with increasing total kinetic energy
release through the CM momentum. Of course, having a cold target helps to
diminish the center-of-mass motion until the influence of the recoiling electron
is dominating. During the experiment a plot of the time-of-flights of the first
two hits on the ion detector provides a quick, preliminary idea on how many real
double ionizations are observed.
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Fig. 3.22. Whether two high kinetic energy ions stem from the same molecule or not,
is easy to identify when examining their sum momentum, i.e. the center-
of-mass momentum of the assumed parent molecule which simply measures
the predissociation temperature.
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Dead Time

The detection of multiple hits instantaneously raises the issue of detector dead
time. As our detectors consist of two subunits, each having its own dead time
characteristic, we have a twofold dead time problem cutting parts of the measur-
able momentum space.

The MCP signal has a width of ≈ 6 ns at 10 % of signal maximum during
which the constant fraction discriminator will not trigger a second time. This
TOF dead time translates directly into a cut in the z-component momentum of
the second fragment. Obviously, the size of this momentum gap is determined by
the current spectrometer settings. In theory, the MCP dead time could be reduced
to zero by exploiting the position information of the delayline to reconstruct the
MCP timing signal using the time sum. However, the delayline signals have a
width of ≈ 10 ns which translates into a blind zone around the first hit. While it
is easily conceivable that, in the case of a square delayline anode, the blind zone
corresponds to a cross around the impact of the first hit, it is a little more intricate
for the hexagonal delayline. There, the blind zone is reduced to a circular area
instead due to the redundancy introduced by the third layer13. Consequently,
the overall dead time results in a cut of the momentum component along the
spectrometer axis which depends on the relative position of the double hit on the
detector.

For the sake of completeness it is pointed out that after the common stop
during read-out the TDC is not susceptible to incoming signals for a few µs.
Fortunately, this dead time is of no relevance to our experiment except maybe
for the duration of the experiment.
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Fig. 3.23. The detector dead time creates cuts in momentum space for double ioniza-
tion channels, when the two ions arrive within a short time interval. Partial
reconstruction of lost signal makes the extent of the momentum space cuts
nontrivial.

13An elaborate analysis of the dead time problem can be found in [324]
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The experimental parameters for every run can be found in appendices C and
B.
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Chapter 4

CTMC Simulation

Es gibt nichts Praktischeres
als eine gute Theorie.

I. Kant

4.1 Motivation

Out of the computational difficulties inherent in time dependent quantum me-
chanical systems the classical trajectory monte carlo (CTMC) method was de-
veloped1. There an ensemble is created that represents the well-known, initial
quantum state. Then, each member of this ensemble is propagated in time ac-
cording to the classical equations of motion, yielding a manifold of individual
trajectories. The final distribution of the ensemble then hopefully bears resem-
blance with the experimental results. However, the power of CTMC must not
solely be seen in predicting final state distributions but rather in the possibility
to identify classes of trajectories that are responsible for the final distribution
and supplying them with classically explanations.

Where the equations of motion cannot be solved analytically, stepwise integra-
tion of the differential equations is indicated. Naturally, the number of necessary
calculations depends on the timescale of the process of interest and the required
accuracy. A single trajectory thereby typically consists of at least a few hun-
dred up to a several 106 time steps, each of which comprises several interpolation
steps. This number is further increased by the number of independent variables
and finally by the number of trajectories to yield a statistical ensemble.

With the advent of digital computing in the 1950s those computations became

1It seems noteworthy, that this development shares time and place with the one of the atomic
bomb: 1945 at the Los Alamos Lab [301, 302, 310].
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feasible2. In the pioneering work of Wall et al. [314, 315] in the late 50s the CTMC
method was implemented for the first time on a computer - to the best of our
knowledge - to address a physical, i.e. military unimportant, question: collision
of hydrogen atoms with hydrogen molecules. In the 60s CTMC simulations were
mainly employed to predict all kinds of cross sections in collisional physics, see
e.g. [1–3]. With the discovery of the maser in 1954 [113] and the laser 1960 [184]
a new field of application for CTMC simulations opened up, which, however,
was only slowly ploughed [178]. This may be understood considering that at low
intensities laser-atom interaction proceeds perturbatively and exhibits a profound
quantum character, giving no justification for a classical treatment. Furthermore
it was hopeless to simulate laser matter interaction with more than a single atom
or a single molecule. Only in the 80s, when higher peak intensities (and probably
cheap computer time) became accessible and thereby the classical strong field
approximation justified, a lively interest in simulation of strong field phenomena
developed. The majority of efforts at this time was directed on the understanding
of ATI3 peaks without particular success [121, 146, 170]. Other work focused
on relativistic intensities [120] and high harmonic generation (HHG) [17], not
surprisingly in better agreement with experimental results. The beginning of the
90s experienced a burst of CTMC work on the stabilization of atoms in strong
laser fields [103, 118, 119, 188, 253].

Besides purely classical models hybrid approaches exist. These semiclassical
models break the ionization process apart: (1) First, the more or less exact ioniza-
tion rates are calculated using e.g. ADK theory. Along with it the initial velocity
distribution is determined, creating an ensemble in the vicinity of the parent ion.
(2) Then, the electrons are propagated in the electric field on classical trajec-
tories. (3) Finally, electron-impact ionization cross sections are estimated from
semiempirical formulas and used to determine the ionization-excitation proba-
bility of every trajectory. The most prominent work following this approach is
with no doubt the pioneering work of Corkum [61], where the recollision picture
was first put on solid theoretical grounds. The model was refined and extended
in the study of noble gas atoms4 and later successfully used in the simulation of
molecular hydrogen [204, 205].

One of the first CTMC simulations of a molecule in a laser field was performed
by Villeneuve et al. [306] using the semiclassical approach. The purpose of this
work was to examine if this method is suited to model multi electron molecules in
general and in particular the nonsequential or correlated double ionization. The
authors did not find conclusive evidence for recollision in H2 but showed that
the simulation very well reproduces the range of critical internuclear separations
characteristic for enhanced ionization in H+

2 .
2In fact, some pre-computer work was done, as e.g. [112, 132]. In the latter, two people

worked two weeks to calculate 100 (!) trajectories of neutrons scattering on a heavy nucleus.
3above threshold ionization
4See, e.g. Brabec et al. [37] or the elaborate paper of Yudin and Ivanov [338].

86



CTMC Simulation 4.1 Motivation

Recently, Tong et al. [296] used the semiclassical approach to model the molec-
ular clock, i.e. the double ionization of H2 in few cycle laser pulses (see chapter 7).
According to the restriction of observables in the classical non-COLTRIMS ex-
periments the simulations were rarely used to examine more than the ion kinetic
energy release spectra.

Fig. 4.1. Charge Resonance Enhanced Ionization in H2.

The original motivation to develop a similar simulation evolved out of ob-
servations made on electron angular distributions from enhanced ionization in
circularly polarized light as discussed in chapter 6.

Fig. 4.1 shows the process described by our simulation. By absorbtion of one
or three photons from the laser field the molecule begins to dissociate along the
2pσu state and is subsequently ionized at some critical internuclear separation.
At the intensities of interest the three photon coupling is dominant which is why
we initialize our simulation at the internuclear separation of 3.3 a.u. - the three
photon resonance between 1sσg and 2pσu. From there on the electron is modeled
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purely classically in the dissociating two center coulomb potential with the time
varying electric field of the laser being superimposed.

4.2 Initial State Preparation

We decided for the purely classical option and prepared the initial state via a
micro canonical ensemble according to Olson and Salop [211] with the correction
by Cohen [59] implemented 5.

The central idea is to describe the atom classically as a planetary system.
Consequently, bound electrons describe elliptical Kepler orbits around the nu-
cleus. Averaging over a large number of initial conditions should then give an
appropriate description of the atom.

Then, to generate a MCE for the hydrogen atom, 6 ingredients are required:

• binding energy Ip of the state that is to be described

• random eccentricity ε defining the ellipticity of the orbit with 0 ≤ ε2 ≤ 1

• random number θn, known as the mean anomaly, to initialize the position
on the orbit with 0 ≤ θn ≤ 2π

• 3 Euler angles to randomly orient the orbit in space:
−π ≤ φ ≤ π, −1 ≤ cos θ ≤ 1, −π ≤ η ≤ π .

As the velocity changes along the orbit, an initial homogeneous distribution is
not stable: electrons starting at the perihel would quickly catch up with electron
started further out leading to lumps in phase space along that orbit. Therefore
the orbit has to be parameterized in time so that the spacing between the ini-
tial positions on the orbit is equidistant in time, not in space. To do so, the
transcendental Kepler’s equation

θn = ζ − ε sin ζ (4.1)

has to be solved (iteratively). This then supplies all the information necessary to
define the electron’s position and momentum on the orbit [59]:

~Q0 =
Z

2Ip

 0√
(1− ε2) sin ζ
cos ζ − ε

 (4.2)

~P0 =
√

2meIp

 0√
(1− ε2) cos ζ/(1− ε cos ζ)
− sin ζ/(1− ε cos ζ)

 (4.3)

5See also the papers by Reinhold and Falcón [241] and Montemayor and Schiwietz [196].
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with Z being the effective charge and me the electron mass. After the random
reorientation defined by the Euler angles according to the rotation matrix R

R =

 − sin φ sin η + cos φ cos θ cos η − sin φ cos η − cos φ cos θ sin η cos φ sin θ
cos φ sin η + sin φ cos θ cos η cos φ cos η − sin φ cos θ sin η sin φ sin θ

− sin θ cos η sin θ sin η cos θ


(4.4)

we have finally created a single point in phase space that meets the criteria of
the MCE of a hydrogenic atom:

~Q = R ~Q0, ~P = R~P0 . (4.5)

The resulting distribution is shown in fig. 4.2.
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Fig. 4.2. Electron radial position and momentum of the classical hydrogen atom. While
the classical momentum distribution bears a rather strong resemblance of the
exact wavefunction this is not the case for the configuration space.

Of course, we want to prepare the molecular hydrogen ion H+
2 and not just

a single atom. The hydrogen binding energy is only correct in the asymptotic
limit. Nonetheless, the hope is justified that placing the second proton close to
the atom lowers the potential energy intrinsically to the right molecular ioniza-
tion potential. This brings up the issue of the nuclear potential. The MCE is
initialized such that at infinitely separated protons the electron binding energy is
just 13.6 eV or 0.5 a.u.. There are two factors that blur and shift the originally
exact binding energy of the electron: 1. the coulomb field of a second proton and
2. regularization of the coulomb potentials. Fig. 4.3 demonstrates the depen-
dence on these two parameters. A coulomb potential is regularized by removing
the singularity at r=0

V (r) = − 1√
r2 + α2

(4.6)
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Fig. 4.3. The smoothing of the Coulomb potential and the internuclear separation in-
fluence the binding energy of the electron. The distance between the protons
was varied in steps of 1 eV, initializing at every step 10,000 electrons and
calculating the sum of kinetic and potential energy.

with a smoothing parameter α. This is a common procedure and routinely used
to improve the agreement of classical simulations with full quantum mechanical
calculations6. In CTMC simulations of the hydrogen atom in strong fields a
smoothing of α=1 a.u. is typically chosen (see e.g. [119, 253]). However, we
choose a smoothing parameter α=0.32 a.u. to get the right binding energy (19 eV
at an internuclear separation of 3.3 a.u.) for our MCE (see fig. 4.4).

Finally, the MCE is randomly initiated on either of the two protons. The
results of the described procedure is shown in fig. 4.5. Every tiny point in the 3d
display corresponds to one out of 100,000 initial combinations of ~Q and ~P .

4.3 Trajectory Calculation

4.3.1 Integration

Now, Hamilton’s equations of motion have to be solved. In cartesian coordinates
the Hamiltonian of our system is simply given by (atomic units)

H =
~p2

2
− 1√

(~r − ~R/2)2 + α2

− 1√
(~r + ~R/2)2 + α2

+ ~r ~E(t), (4.7)

6In particular, the simulation of many electron atoms requires smoothing to stabilize the
atom against autoionization, when one electron would ionize at the expense of another falling
into the singularity.
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Fig. 4.4. Electron energy distributions of MCEs with different Coulomb potential
smoothing factors α. Each MCE contains 10,000 electrons. The arrow in-
dicates the ionization energy for H+

2 in the 2pσu state at an internuclear
separation of 3.3 a.u..

with ~R being the internuclear vector, ~r and ~p the position and momentum of the
electron, respectively, and α the smoothing parameter introduced above.

The laser electric field of frequency ω makes the Hamiltonian explicitly time
dependent and is most generally defined as

~E(t) = E0(t) ·

 0
ε cos(ωt + φ0)
sin(ωt + φ0)

 (4.8)

with an arbitrary ellipticity −1 ≤ ε ≤ 1. For consistency we let the laser propa-
gate along the x axis, just as in the experiment. A realistic model certainly has
to include the pulse envelope which we chose to be gaussian

E0(t) = Emax · exp
[
−0.5(t/τ)2

]
. (4.9)

In the pulse duration regime discussed here (<50 fs) this is not an unreasonable
assumption and the difference in shape compared to a more realistic, though
analytically more difficult to handle, sech envelope are marginal. Fig. 4.6 shows
an example of the electric field used in our simulations. If a certain peak intensity
is required, no matter what ellipticity the electric field has, the peak electric field
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Fig. 4.5. Upper panel: configuration space of our model H+
2 molecule at an internu-

clear separation of 3 a.u.. Lower Panel: corr. momentum space.

strength has to be normalized with ε:

Emax ≡
1√

1 + ε2
· E , (4.10)

where E is the field strength in a constant electric field at a given intensity Imax

Imax =
1

2
cε0E

2 . (4.11)

This ensures that the peak intensity is kept constant for different ellipticities but
not the electric field. Our simulation starts at the pulse maximum or, when the
laser field has reached the saturation intensity for a given pulse duration. This
saturation intensity is empirically determined to be about 2.5 · 1014 W/cm2 for
40 fs pulses. However, we are free to choose any arbitrary start within pulse
envelope.
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Fig. 4.6. Laser electric field of the model pulse with ellipticity ε=1.

With this preparation, the Hamilton equations

~̇p = −∂H

∂~r
and ~̇r =

∂H

∂~p
(4.12)

can now be written as

~̇p =
~ra(t)

(~r2
a(t) + α2)3/2

+
~rb(t)

(~r2
b (t) + α2)3/2

+ ~E(t) (4.13)

~̇r = ~p(t) (4.14)

where we introduced the position vectors ~ra, ~rb relative to each of the nuclei

~ra = ~r − ~R(t)/2 ~rb = ~r + ~R(t)/2 .

Here, ~R(t) is the molecular axis vector. At this point it may be suitable to
emphasize that actually not only the laser field is explicitly time dependent, but
the coulomb potential as well. As we force the protons apart according to the
exact 2pσu PES, we also introduce a slow time dependence in the electric field of
the nuclei. This fact finds its expression in the time dependence of the molecular
axis vector ~R ≡ ~R(t).

Eq. 4.13 cannot be solved analytically, but has to be integrated numerically.
Fortunately, a large variety of well established integration techniques exists each
being more or less targeted at a special problem.7 We have investigated the
following algorithms:

• velocity Verlet
7A good introduction can be found at www.nr.com.
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The Verlet algorithm is the most commonly used algorithm in classical
molecular dynamics simulations. It is derived through the subtraction of
two Taylor expansions at the preceding and succeeding time step. This
cancels the odd order terms leaving an error of 4th order in ∆t:

~r(t + ∆t) = 2~r(t)− ~r(t−∆t) + 1/2~a(t)∆t2 + O(∆t4) (4.15)

Graphically speaking, the value at the next step is calculated by repeating
the preceding step corrected by the second derivative at the current posi-
tion. This algorithm is stable, meaning that the error made at any given
step tends to decrease rather than to magnify. In its original form the Verlet
algorithm does not supply the velocity. Surely, one can calculate the veloc-
ity from two neighboring points, however, this then yields an uncertainty
in the velocity on the order of ∆t2. Therefore, we employed a derivative of
that algorithm called velocity Verlet. The procedure involves four steps

~r(t + ∆t) = ~r(t) + ~v(t)∆t + 1/2~a(t)∆t + O(∆t3)

~v(t + ∆t/2) = ~v(t) + 1/2~a(t)∆t

~a(t + ∆t) = −1/m ~∇V (~r(t + ∆t))

~v(t + ∆t) = ~v(t + ∆t/2) + 1/2~a(t + ∆t)∆t

but one never has to store any variable from different times steps.

• classical 4th order Runge-Kutta

The RK4 is probably the most well known algorithm to solve differential
equations and can be found in any textbook on computational physics.

• 5th order Cash-Karp-Runge-Kutta

This algorithm was taken from numerical recipes and uses the difference
between the 5th and a 4th order evaluation of the step as an error estimate,
which is used to determine the maximum stepsize for a given accuracy.
The way the error is scaled determines critically the quality of the stepsize
adjustment and thereby the outcome of the solution.

We also tried to implement an Bulirsch-Stoer interpolation algorithm, known for
high accuracy solutions, but so far without success. Due to unresolved difficulties
with the adaptive stepsize algorithm that we currently attribute to an imperfect
error criterion we had only the two fixed stepsize algorithm to our disposal. Out
of these the Verlet algorithm proved to be slightly more efficient so that most
of our actual calculation were performed with the algorithm which is the least
sophisticated of all.
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4.3.2 Consistency Checks

Energy conservation. One crucial quality check of the integration is the test
for energy conservation. Naturally, this means that the laser field has to be turned
off (E(t) = 0), but also that the nuclei are kept at rest. As we cannot model the
dissociation from first principles, we have to force them in a determined manner
apart, which is equivalent to introducing energy into the system. We have found
that at least on the time scale of the laser pulse a stepwidth of 10−4 TLas= 0.27 as
is just sufficient to ensure energy conservation (see fig. 4.7).
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Fig. 4.7. Energy conservation as a function of the chosen stepsize. Shown are electron
kinetic and potential energy as a function of time. Laser field is set to zero,
the nuclei are kept fixed at |~R|=3 a.u., initialization of the electron is the
same in both plots. The trajectories are calculated with the Verlet algorithm.
The average total energy is constant for the smaller stepsize with fluctuations
of <100 meV. Decreasing the stepsize to 10−5 TLas improves the energy
conservation to �1 meV. Similar trajectories are obtained with the RK4.

Convergence. One would also expect, given exactly the same initial param-
eters, that by increasing the number of steps for a given interval the solution
would finally converge, where further decreasing of stepsize does not change the
outcome anymore. The key assumption underlying this expectation is that the
system behaves linearly or not chaotically. However, if it does, then the increased
number of steps gives a different error which lets (in the long run) the solutions
diverge.

To examine whether a system is indeed of chaotic character or not, the Lya-
punov exponent has to be extracted. Two trajectories that start with infinitesi-
mally different initial conditions, say z0 and z0 + dz. The first step takes the one
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trajectory to f(z0) and the other to f(z0 + dz)

z0 7→ f(z0)

z0 + dz 7→ f(z0 + dz) = f(z0) + f ′(z0)dz .

Here, we have ignored higher order terms in the Taylor expansion of f(z0 + dz).
Thus, the distance between the trajectories has changed by the factor of f ′(z0).
For the second step everything repeats with z1 = f(z0) being the new input

z1 7→ f(z1)

z1 + f ′(z0)dz 7→ f(z0) + f ′(z1)f
′(z0)dz .

At the end of the interval after n steps the difference between the two trajectories
is simply the product of all derivatives along the trajectory. Since a characteristic
of chaotic systems is to exhibit an exponential divergence, the difference between
the trajectories can be equaled with an exponential function

enL =
n−1∏
i=0

|f ′(zi)| . (4.16)

L is the Lyapunov exponent that is hereby defined as

L =
1

n

n−1∑
i=0

ln(|f ′(zi)|) . (4.17)

Thus, a positive Lyapunov exponent indicates a chaotic system.
In fig. 4.8 we show the results of simulations with two different infinitesimal

deviations dz from the initial position ~r = 0. For those simulations we did not
initialize a MCE. Instead, the electron was created at rest at the origin between
the two nuclei. The deviation was chosen to be 10−6 a.u. and 10−9 a.u. along
the internuclear axis. All other parameters were held constant. We chose a time
step of 10−6 laser period, i.e. 2.7 · 10−3 as. The simulation starts 5/8 of a laser
cycle before the field maximum and runs for 5/4. The Lyapunov exponent is
calculated according to eq. 4.17 for each of the deviations. All “measurements”
consistently yield an Lyapunov exponent of ∼10, which is a strong indicator that
our system, even though deterministic, is far from being linear.

This result is critical in countering the argument, that our initial MCE is
not a valid description of our molecular system. The nonlinearity of the system
makes it less sensitive to the initial values, since the final state practically looses
the memory of its origin.

4.3.3 Ionization Test

Due to the nature of our system it is of utmost importance to know when ioniza-
tion occurred. Villeneuve et al. used the distance of the electron to the nearest
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Fig. 4.8. The Lyapunov exponent indicates whether a system behaves chaotically or
not. Left column: trajectories in a 800 nm, 40 fs, 2.5 1014 W/cm2 pulse
with ε=1 for infinitesimally different initial positions of the electron along
the internuclear axis. The black trajectory is the reference with ~r0 = 0. All
trajectories have ~v0 = 0. The stepsize is 2.7 · 10−3 as which corresponds to
∼ 10−4 a.u.. Right column: ln(|f(zn+1)−f(zn)

dz |). The upper and the lower
row show results from the two fixed stepsize algorithms.

ion as the ionization criterion [306]. In this work a distance of 10 Å was seen
as sufficient to diagnose ionization. This is a rather unsatisfying measure as it
neglects bound Rydberg states, although the authors showed that increasing the
critical distance to 50 Å did not change the final distributions.

On the other hand, the total energy of the electron

Etotal(t) = Ekin(t) + Epot(t) = H(t) (4.18)

is a direct and reliable quantity that unequivocally decides whether ionization
occurred or not. Fig. 4.9 shows example trajectories for both cases in linearly
polarized light. While it is difficult to tell from the position when the electron
is actually liberated, the first zero crossing of the electron energy defines the
moment of ionization. The potential energy also becomes positive but only with
a phase lag of about a quarter laser cycle. Ionization is defined as the first zero

97



4.3 Trajectory Calculation CTMC Simulation

-0.1

0.0

0.1

-0.1

0.0

0.1

-10

-5

0

5

10

15

20

25

30

35

dissociating protons

po
si

tio
n 

al
on

g 
m

ol
ec

ul
ar

 a
xi

s 
(a

.u
.)

not ionized ionizeddt = 10-5 T
0

dissociating protonslaser field

-1600

-800

0

 

0 3 6 9 12 15 18 21 24 27 30
-200

-150

-100

-50

0

50

100

150

200

en
er

gy
 (e

V
)

time (laser cycles)
0 3 6 9 12 15 18 21 24 27 30

-200

-150

-100

-50

0

50

100

150

200 Ekin
 Epot
 Ekin+Epot

 

time (laser cycles)

ionization occured

final drift 
momentum

Laser E
lectric Field (a.u.)

 

 
1.2 1.6 2.0 2.4 2.8

-10

0

10

 

 

 

 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
-100

-50

0

 

 

Fig. 4.9. Example electron trajectories (stepsize 0.027 as) in a 800 nm, 40 fs, 2.5
1014 W/cm2 pulse with ε=1. The simulation starts at the peak intensity with
an H+

2 on the 2pσu PES. Left column: no ionization occurs. Right column:
electron is ionized. Upper row: position (black) and laser electric field (red)
along molecular axis. Lower row: evolution of electron energy. Note the
different scales for the position in both cases.

crossing of the total electron energy. This happens at the peak of the laser electric
field. Later the total energy is dominated by the potential energy in the laser field
that is leveraged by the increasing distance to the origin. However, as the laser
field fades away, so does the oscillating potential energy of the ionized electron.
At the end of the pulse only a drift energy remains.

The potential energy of the bound electron increases during the simulation
because as the nuclei move apart, the influence of the bare proton on the bound
electron diminishes.

At the end of the simulation we check if the total energy is still greater than
zero to account for recombination.

4.3.4 Proton propagation

As pointed out before, in our approach the nuclei are not moving selfconsistently
in the overall potential. In particular, they are not exchanging momentum with

98



CTMC Simulation 4.4 Results

the electrons, which is certainly oversimplifying the situation of ionization in
very strong fields (>1015 W/cm2). Nonetheless, it seems a good approximation
in the intensity regime of few times 1014 W/cm2, as then the maximum electron
momentum pe,max = 2

√
Up is still small (e.g. pe,max(4 · 1014 W/cm2) = 1.9 a.u.)

compared to the ion momentum gained by coulomb explosion which is in the
order of 20 a.u. for CREI.

In terms of the final ion momentum this simplification receives further legit-
imation from the fact that the electron momentum is transferred to the center
of mass of the molecule leaving the relative ion momentum largely unaffected.
However, we must point out, that the infinite masses that we attribute in effect
to the nuclei, leads to a slightly increased electron momentum.

Practically, we move the two protons according to either the 2pσu or the 1sσg

potential energy surface (PES) of the H+
2 . When ionization occurs, the protons

are subsequently propagated along the plain 1/r2 coulomb repulsion.
For later comparison with the experiment it is desirable to have the correct

final ion momentum, which is calculated from the remaining ion potential en-
ergy at the end of the simulation. Owing to the discontinuous character of the
tabulated 2pσu PES, an error of <5% in the KER is introduced.

4.4 Results

Finally we are going to show a few results of the simulation that can be compared
with other simulations and experimental observations that are not discussed else-
where in this work.

As we model the enhanced ionization process, naturally, the primary attention
is directed to the prediction of critical internuclear separations in the ionization
process. This is particularly important as CREI can be understood in purely clas-
sical terms, although a quantum mechanical explanation exists [345], of course.
A considerable fraction of the population always quenches right at the start of the
simulation, although this is not autoionization, as the population is absolutely
stable in the absence of a laser field. This effect has its origin in the abrupt
turn-on of the laser field and probably partly in the initial MCE. Fortunately, we
can discriminate against it in the KER spectrum.

The final momentum space of the electrons is also directly comparable to the
experimental results. Hence, we proceed with the electron momenta after the
simulation has halted in the same manner as with the experimental data. In
particular, we analyze the data from our “computer experiment” and the real
experiment with the same program. In fig. 4.11 we show the electron energy and
momentum space in linearly polarized light. A good test for the simulation is to
check whether the energy spectrum exhibits the well known features predicted
by the simple man’s model (see section 2.1.3, p. 17) as the cutoff at 2 Up (and
10 Up). Apparently, our simulation does not yield the expected cutoff at 2 Up
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which maybe due to the non zero velocity of the ionized electrons. Any initial
velocity v0 simply adds to the final velocity as

v(t →∞) = ~vosc|t=0 + ~v0 . (4.19)

The discrepancy to the experimental data is probably further enhanced by a
slight overestimate of the experimental peak intensity. An overestimation of
elastic scattering is not very likely. The missing low energy electrons are mostly
due to recombination of electrons that have tunneled at the field maximum of a
laser cycle, i.e. at phase ωt = nπ with n = 0, 1, 2, .... Then the electron will move
away from the parent ion due to the changing Up, i.e. the pulse envelope, but at
the end of the laser pulse the electron will be left with zero kinetic energy. The
long range coulomb potential then recaptures the electron.

Finally, the particular power of the simulation is the capability to follow the
evolution of the electron phase space in time. This provides a classical insight into
the dynamics of the electron wavepacket. Hereby “wavepacket” denominates the
overall ensemble. To produce a movie of the evolution of the electron ensemble,
it is necessary to keep some parameters like, e.g. the CEO phase fixed. An
example snapshot of the evolution in phase space is given in fig. 4.12. Visibly,
the instantaneous momentum is phase shifted by about 90◦ with respect to the
electric field.

4.5 Conclusions & Outlook
We have developed a classical model of the process called charge resonance en-
hanced ionization (CREI) which was implemented by means of a CTMC simu-
lation. In CREI the H+

2 ion produced in the laser pulse dissociates under the
regiment of the alternating electric field. When it reaches a certain range of
critical internuclear distances the probability for a second electron removal is
highly increased. Our simulation initializes a micro canonical ensemble of the
H+

2 and dissociates the molecule along predefined potential energy surfaces. The
simulation is in qualitative agreement with the experimental data concerning the
critical internuclear separations associated with CREI. In linear light, it correctly
reproduces a recapturing of low energy electrons when the pulse has faded away.
The particular strength of the model is the prediction of the distortion of the
final electron momentum due to the parent ions coulomb potential.

Certainly, the simulation has a large potential for improvement. The most ur-
gent is the implementation of the adaptive stepsize algorithm. A long term and
doubtless ambitious goal would be the extension of the simulation to multiple
electrons, modeling the enhanced ionization from the very start with a neutral
molecule. This would probably mean that the semiclassical approach would have
to be employed, where each ionization step is calculated with the tunneling for-
mulas in section 2.2.4. Although their validity is limited to the tunneling regime,

100



CTMC Simulation 4.5 Conclusions & Outlook

they would probably produce better results in terms of critical internuclear sep-
aration. However, when writing up the results we became aware of an exact
molecular MCE for H2 which would allow to remain purely classical [334].
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Fig. 4.10. H+
2 internuclear separation at the instant of ionization in linearly polar-

ized, 40 fs pulses, peak intensity of 2.5·1014 W/cm2. The simulation starts
at 1.5·1014 W/cm2 and an internuclear separation of 3.3 a.u.. The inset
shows the corresponding total kinetic energy release. The peak at 3.3 a.u. is
an artefact of the simulation. Upper panel: results of simulation. Lower
panel: comparison to experimental data of run d2_hor_030825a (see ap-
pendix C for details).
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Chapter 5

Laser Induced Electron Diffraction

Je planmäßiger die Menschen vorgehen,
desto wirkungsvoller vermag sie der Zufall zu treffen.

21 Punkte zu den Physikern
Friedrich Dürrenmatt

5.1 Motivation
Since its first demonstration in 1927 by Davisson1 and Germer [67] electron
diffraction proved to be a powerful tool in the structural analysis of matter2.
Diffraction with electrons relies on the discovery of matter waves by de Broglie3

in 1923 [68], which attributes to every particle a wavelength λ depending on its
momentum p

λ =
h

p
, (5.1)

h being the Planck constant. Apparently, electrons can easily be accelerated so
that their wavelength satisfies the diffraction criterion of a double slit defined,
e.g. by a hydrogen molecule, as shown in fig. 5.1 a). Also, the nearly million-
fold increase in scattering cross section for electrons relative to x-rays gives a
great advantage in terms of exposure time over classical x-ray crystallography.
There is, however, one drawback that makes electrons inferior to photons in
most diffraction applications: The electrically charged electrons are repelling each
other, making the production of monochromatic, collimated beams a formidable
challenge. That is why until lately, the major field of electron diffraction was
static structural analysis, even though with pulsed electron diffraction a time
resolution of ∼ 0.1 ns was demonstrated in 1984 [331].

1Nobel prize 1937
2For an overview of the advance in electron diffraction see [152].
3Nobel prize 1929
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Fig. 5.1. Illustration of two (re)scattering geometries in LIED.

Most recently, electron guns have been developed that produce electron pulses
of a temporal width of 1 picosecond by focusing a femtosecond laser on a pho-
tocathode. The so-called ultrafast electron diffraction (UED) method utilizes a
120 fs, 267 nm laser pulse that, split in two, initiates a chemical reaction and
generates the electron burst needed for diffraction [140, 280]. The time delay be-
tween excitation and arrival of the electron bunch can be varied to follow molec-
ular structural changes during the course of the reaction. Clearly, these advances
open a wide field of exciting new experiments where chemical and biochemical
reactions could be followed in real time. However, the space charge effects of the
electron bunch limits its density and thereby the sensitivity for diffraction.

On the other hand, since the proposition of the rescattering model by Corkum
[61] and (simultaneously) Kulander et al. [169] it was conceivable in theory that
electrons liberated in a strong laser field could be driven back to the parent ion
and scatter elastically and inelastically. Later, the first unequivocal experimental
proof of this model was given by Weber et al. [321] and it has been established in
numerous experiments since then. Consequently, laser induced electron diffrac-
tion (LIED) was proposed [346]. The strength of LIED lies in the achievable
current densities (∼ 8 1010 A/cm2) and the temporal resolution (≤ 1 fs) of the
probing electron bunch [204]. While the electron bunch is returning to the parent
ion within a half cycle after ionization, further returns can happen, possibly blur-
ring diffraction effects. This can be avoided using either few (2-3) cycle pulses
where the laser electric field peaks in a single cycle, or laser pulses with a time
dependent ellipticity such that only during one cycle the polarization is linear.
Electrons generated in those parts of the pulse where the electric field exhibits
ellipticity will not hit the parent ion.

A pump-probe scheme as in UED is still possible: a pump pulse starts the re-
action or conformational change of the molecule and at an arbitrary time later the
probe pulse ionizes the molecule creating a instantaneous image of the molecule.
This approach is superior to structural analysis with conventional ion imaging,

106



Laser Induced Electron Diffraction 5.2 Experimental Parameters

which becomes quickly very difficult as the complexity of the molecule increases.
Certainly, other experiments can be thought of where the hydrogen molecule

serves as a double slit for matter waves. In fact, this experiment has to be seen
in the context of other diffraction experiments in our group, as

• proton scattering at D2 [292]

• D+
2 scattering at He [332]

• single-photon ionization on H2 [166]

• photoelectron diffraction [145, 172] ,

to give only the most recent ones. While those experiments certainly possess
their own charm, LIED has a much higher potential to result in an efficient tool
for time resolved structural analysis.

So far, no direct experimental observations of LIED have been made, although
some theoretical work has been done [134, 177, 278]. In our first experiment we
wanted to give a proof-of-principle by choosing the simplest of all molecules - the
D+

2 molecular ion. Examining the enhanced ionization channel (CREI) we get
a range of internuclear separations defined by the ion kinetic energy release. At
the time of the measurements the spectrometer was set up primarily for resolving
small ion momenta, effectively limiting the observation of molecular fragments to
dissociation along the spectrometer axis, forcing us to use the collinear scattering
geometry shown in fig. 5.1 b).

While writing these lines the first experimental indications of LIED on aligned
oxygen molecules are observed (see the Diploma thesis of Moritz Meckel [187]).

5.2 Experimental Parameters

The experimental parameters are given in appendix C.
The peak intensity was determined by the 2 Up cutoff in the electron energy

and agrees with the ratio of bondsoftening to ATD and CREI channels. The
pulse duration was determined once before the experiments by autocorrelation.
Finally, the nozzle was specified with 30 µm but already from the pressure rise
in the source chamber it was clear that it must have been partially clogged.
Later examination under a microscope confirmed this. An effective diameter of
only about 11 µm was determined. The alignment between nozzle and skimmer
in those experiments could not be controlled which is why we had to use the
extremely large orifice skimmer.
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5.3 Results
Due to the nature of the probing electron pulse and the presence of the laser
field, the diffraction image is likely to be obscured. Therefore, some preparatory
considerations are necessary to get an idea where interference patterns are to be
expected before showing the actual results.

Accordingly, we are recalling, that, in a linearly polarized field, position and
velocity of an electron born at phase φ0 = ωt0 with no initial velocity v(t0) = 0
are given at some later phase φ1 by

v(t1) = vosc(t1) sin φ1 − vosc(t0) sin φ0 (5.2)

r(t1) =
vosc(t1)

ω
(cos φ1 + φ1 sin φ0)−

vosc(t0)

ω
(φ0 sin φ0 + cos φ0) (5.3)

with the amplitude of the oscillating velocity

vosc(t) =
e

meω
E0(t) , (5.4)

where E0(t) denotes the pulse envelope. Clearly, for large times the pulse envelope
is zero (E0(t →∞) = 0), leaving the final momentum just a function of the laser
phase at the time of birth. However, being interested in laser phase at the time
of return to the parent ion, the electric field of the laser is far from being zero. In
fact, for our 40 fs pulse we can assume a constant envelope E0(t) = E0 for both,
ionization and rescattering. The return to the parent ion is determined by

r(φ0, φrec) = 0 , (5.5)

making the phase of return φrec a multivalued function φrec = φrec(φ0, n) with n
indicating the nth-return.

The wave length of the returning electron is therefore a function of the tun-
neling laser phase

λrec(φ0) =
h

mevosc(φ0)(sin φrec − sin φ0)
. (5.6)

In other words, the diffracting electron bunch is far from being monoenergetic,
creating the major impediment in the search for interferences with laser induced
electron diffraction.

In the following discussion we make several simplifying assumptions:

1. molecular axis parallel to polarization

As we are going to examine only events from enhanced ionization of D+
2 ,

we are deliberately selecting a mechanism that proceeds along the elec-
tric field generating intrinsic alignment. Also, in enhanced ionization two
coulomb exploding ions are produced giving an additional means to control
the alignment of the molecular axis.
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2. no transverse velocity spread of the electrons

The spread of the electron wavepacket is determined by the width of the
tunneling barrier, making the size of the returning wavepacket larger for
molecules that are aligned parallel to the polarization axis compared to
perpendicularly aligned molecules. The transverse velocity spread of the
returning electron wavepacket leads to holographic type structures, where
the unscattered part of the wavefunction interferes with the scattered one.
Holographic interference contains additional information about the phase
of the diffraction wavefront, making the diffraction image more difficult to
read. In practice, the velocity spread of the released wavepacket is mea-
sured by varying the ellipticity of the light wave and observing the change
in nonsequential double ionization signal. It was found to be 5.0 Å fs−1

(0.23 a.u.) and 4.2 Å fs−1 (0.19 a.u.) for parallel and perpendicularly
aligned D2 molecules, respectively [204].
Obviously, the holographic interference pattern is restricted to smaller trans-
verse momenta, compared to the potential 2

√
Up acquired by 90◦ scatter-

ing, and therefore should not obscure the diffraction image. These simple
considerations have been confirmed by 2D simulations, solving the time
dependent Schrödinger equation [278].

3. tunneling regime, no initial velocity .

With a peak intensity of ∼ 1.5 · 1014W/cm2 and the ionization potential of
the D+

2 ion of about 15.5 eV in the range of 4-6 a.u. internuclear separation,
the Keldysh parameter is γ ≈ 0.92, indicating the tunneling regime. Also,
the intensity is not yet high enough for over-barrier-ionization (IOBI ≈
9·1014W/cm2). Therefore, tunneling ionization seems to be the appropriate
model that inherently produces an electronic wavepacket with zero mean
velocity.

A further complication arises from the fact that the final electron momen-
tum does not necessarily correspond to its momentum at the time of diffraction.
By definition, the total momentum is conserved during elastic scattering. The
electron is simply deflected in some arbitrary angle. Thus, while before elas-
tic scattering the electron momentum was confined to the molecular axis, it is
afterwards distributed on a sphere. The laser field then shifts the momentum
sphere along the molecular axis by an amount depending on the laser phase at
the time of the deflection (see fig. 5.2). In other words, the rescattered electron
gets the initial laser phase imprinted on its final momentum twice. This process
leads to high energy electrons beyond the 3.17 Up cutoff up to energies of 10 Up.
Neglecting any spread of the electron wavepacket, it becomes clear why we can
ignore contributions of multiple returns: Only those electrons are due to return
to the parent ion another time that do not become deflected at all during their
first reencounter with their origin.
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Fig. 5.2. Left panel: The returning electron can be scattered in any angle, mapping
its momentum p1 on a sphere whose radius is defined by the laser phase at the
time of return. Right panel: The scattered electron picks up more momen-
tum p2 parallel to the polarization axis corresponding to the instantaneous
field strength. The most energetic electrons are created for 180◦ scattering.

As we have cylindrical symmetry (polarization parallel to molecular axis) we
can restrict our considerations to 2 dimensions - parallel and perpendicular to
the molecular axis. From our considerations above we can conclude that hope to
observe interference features is justified only for electron momenta greater than
1.15 a.u.(=2

√
Up) parallel and 0.23 a.u. perpendicular to the polarization, given

by the momentum limits of direct, unscattered electrons. However, as the rescat-
tering wavelength changes with the tunneling phase, one would expect to have
clear signatures only at the maximum rescattering energy, which is, according to
eq. 5.3, the case for a tunneling phase of 17◦ resulting in a recollision energy of
∼ 28.5 eV = 3.17 Up which in turn corresponds to a de Broglie wave length of
2.3 Å or 4.3 a.u..

So far, the width of the tunneling barrier was ignored, implicating r(t0) = 0,
which is of course an oversimplification. The actual distance from the ion at the
time of birth is simply given by the outer edge of the tunneling barrier (see fig. 2.3
on p. 12)

r(t0) =

 I < IOBI : Ip

2E0
+

√(
Ip

2E0

)2

− 1
E0

I > IOBI : 0

 . (5.7)

However, considering that the spatial extension of the ion orbitals are non-zero, it
certainly is a good approximation to neglect the initial distance from the parent
ion.

Fig. 5.3 illustrates the dependence of interference features on the tunneling
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phase. Apparently, the difference between in- and exclusion of the place of birth
does not make a big difference. Unfortunately, the figures suggest that in the
tangential geometry interference features can only be expected for the very edge
of the momentum distribution. On the other hand, if the molecule is aligned
perpendicular to the rescattering electron, hope is justified to find a rather clear
signature of diffraction.

Fig. 5.4 shows the experimental results for four different intensities. We have
selected correlated ions whose kinetic energy release defines them as stemming
from CREI. The KER can be used to infer an internuclear distance at the time of
the second ionization step (left row in fig. 5.4). In calculating R we assume that
dissociation leading to CREI proceeds via the 3ω crossing. Thus, the measured
KER has to be decreased by the amount of kinetic energy the nuclei accumulated
during the dissociation before the enhanced ionization leads to coulomb explosion.
The observed ATD dissociation energy is subtracted from the KER before the
inverse is taken:

R =
1

KERCREI −KERATD

with KERATD = 2.1 eV . (5.8)

Evidently, this assumption is wrong at the lowest intensity, since the TOF spec-
trum (see appendix C) clearly suggests that there only the bondsoftening channel
is open. Thus, for this data set we replaced the asymptotic ATD KER with the
correct bondsoftening KER (KERBS = 0.6 eV). The two right columns show
the electron momentum parallel and perpendicular to the molecular axis of (ran-
domly) one of the two electrons released in CREI. Since the polarization was
horizontal and the “long” spectrometer geometry was used, the molecular frame
more or less coincides with the laboratory frame. The acceptance angle of the
spectrometer for transverse electron momenta is determined by the confining
magnetic field and is indicated with dashed lines. The poles in the momentum
distribution are an artefact owing to the diverging error at multiples of the cy-
clotron frequency.

The center column includes electrons from all internuclear separations and
therefore, one would not expect to see any interference effects. The right column
then only shows electron momenta where the molecular double slit is kept fixed
at 6 a.u.. There we have indicated the momentum sphere for 3.17 Up electrons
and the expected location of interference minima and maxima.

Unfortunately, no interference pattern can be observed in the data. The
major reason is apparently the low cross section for elastic scattering of high
energy electrons since there are almost no 3.17 Up electrons.

Standing Waves. In a more intuitive picture the diffraction could be modeled
as the coherent sum of waves starting from the two centers yielding the real part
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of the electronic wavefunction

ReΨ(r) =

2π∫
0

(c1 cos(k1r1 + φrec1) + c2 cos(k2r2 + φrec2))dφ0 (5.9)

where r1,2 = |r ± R/2| are the relative distances to each proton. The waves
are started with the wavelength λ = 2π/k which they have according to the
different rescattering energies (see eq. 5.6) plus an additional R-dependent energy
according to the two potential wells each with charge +1 (in atomic units)

k1,2(φ0, r) =
2π

λrec1,2(φ0)
+

√
2

(
1

r1

+
1

r2

)
(5.10)

where λrec1,2(φ0) accounts for the change in recollision energy due to the differ-
ent recollision phases φrec1 and φrec2 in the tangential scattering geometry (for
perpendicular scattering φrec1 = φrec2 and k1 = k2). Thereby the boosting of the
electronic wavepacket when it “falls” into the potential well is included. Further-
more, each ionization phase (corresponding to an initial wavelength) is weighted
by the static tunneling rate at the instantaneous field strength E(φ0) (eq. 2.30
on p. 21) multiplied with the elastic scattering cross section σ(φ0) that depends
on the width of the returning wavepacket

c1,2(φ0) = wlin
H+

2
(φ0) · σ1,2(φ0) . (5.11)

Again, in the perpendicular geometry c1 = c2. To exactly calculate σ(φ0) it
would be necessary to simulate the transverse spread of the electronic wavepacket
for every ionization phase. The overlap with tabulated, energy dependent cross
sections then gives an estimate of the contribution of each returning wave.

In a first approximation we set σ1 = σ2 = 1 for all ionization phases. In
fig. 5.5 the two dimensional result of the described procedure is shown for the
perpendicular scattering geometry. However, the difficulty in this model is the
translation of this diffraction pattern into experimental observables. By any
means the observable is the square of the wavefunction. However, we are showing
the configuration space and are measuring the momentum space. Also, we have
not taken into account the action of the electric field after the scattering as
motivated in fig. 5.2.

5.4 Conclusions & Outlook
To predict interference minima and maxima in electron momentum space de-
pending on the intensity and the internuclear distance we have developed two
simple models. However, we must admit, that we did not succeed in observing
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laser induced electron diffraction. The reason for this is probably mainly due
to the scattering geometry that complicates the situation considerably. Interfer-
ence effects are to be expected only at the very limit of electron energies where
the statistics is � 10−4 of the primary channel. The strong dependence of the
internuclear distance decreases the statistics to 10−8-10−10. The high electron en-
ergies occupy a large phase space further reducing the density of electrons. Also,
high electron energies demand high magnetic fields whose artefacts can only be
avoided on the cost of resolution in the time-of-flight direction. Finally, the un-
certainty of the peak intensity also broadens the possible electron energies where
interference is expected to be observable.

From our measurements we have to draw the conclusion that LIED in tangen-
tial scattering geometry is destined to fail. The perpendicular scattering geometry
seems much more promising and will have to be studied in the near future. How-
ever, due to the little dipole moment of the neutral hydrogen active alignment is
not possible. One could either resort to other molecules such as oxygen and ni-
trogen, where a well established rotational wavepacket control would easily allow
for the perpendicular scattering geometry. Or, one can think of a pump-probe
experiment on H2 with two sub 10 fs pulses, in order to have the pump pulse
removing the first electron and inducing the dissociation. The probe pulse would
have to be perpendicularly polarized with respect to the pump to have the second
electron wavepacket moving transverse to the molecular axis. By adjusting the
delay between the two pulses, one could even choose the width of the molecular
double slit.

The potential of LIED as a tool for time resolved structural imaging still lies
largely uncovered and proof-of-principle experiments are strongly required. The
predictive power of the model presented here could be refined introducing (1)
weighing factors for the diffracting electron depending on tunneling probability
and (2) elastic scattering cross sections. Also, including directly emitted electrons
in the model would enhance its predictive power considerably.
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Fig. 5.3. Rescattering momentum spheres in a) tangential and b) perpendicular ge-
ometry of H2 at the equilibrium internuclear distance R = 2.1 a.u. and an
intensity of 3·1014 W/cm2. Plotted are the momentum spheres for ionization
phases φ0 from 1◦ to 90◦ in steps of 3◦. a2) and b2) take into account the
initial r(t0) due to the finite width of the tunneling barrier whereas in a1)
and b1) we assume r(t0) = 0. The ionization potential was chosen to be
that of the ground state molecule Ip = 15.5 eV. p‖ and p⊥ are the electron
momentum components parallel and perpendicular to the molecular axis, re-
spectively. The position of constructive and destructive interference for each
ionization phase are indicated by small circles.
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Fig. 5.4. Electron momentum distribution parallel and perpendicular to the molecu-
lar axis of D2. Only electrons produced in the enhanced ionization (CREI)
channel are included. The left column shows the CREI internuclear sep-
aration spectrum derived from the D+ kinetic energy release. The dashed
lines indicate the acceptance angle of the spectrometer that depends on the
time-of-flight t as ∼ (sinωt)−1. See text for further details.
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φrec2). Right: Squared amplitude of left side.
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Chapter 6

Coulomb Asymmetry, Coulomb
Focusing and Phase Locked
Dissociation

Der Blick des Forschers fand nicht selten mehr,
als er zu finden wünschte.

G.E. Lessing

6.1 Motivation
Since the original work from Keldysh [155], when the first rigorous quantum
mechanical treatment of strong field ionization was demonstrated, the influence
of the parent ion’s coulombic potential on the liberated electron was consciously
neglected. Instead, after ionization the electron is treated as a free particle in
an external laser field. This reflects the difficulty associated with the analytical
solution of the Schrödinger equation for the combined laser and ion potential.
The Keldysh model, also known as strong field approximation (SFA), only yields
ionization rates. Subsequent work extending the Keldysh model to short range
potentials by Perelomov, Popov and Terent’ev [224] did not show an angular
dependence of the ionization rate. Finally, further development of Keldysh’s work
by Faisal [87] and Reiss [243], known as the KFR model, predicted a fourfold
symmetry in the angular distribution of photoelectrons from atoms in elliptically
polarized light. If only electric dipole transitions are considered (parity -1) it is
clear that the final state must be symmetric under reflections about the major
and minor polarization axis.

These results are very intuitive and therefore remained unquestioned for a long
time. In 1988 experiments on noble gas atoms in 150 ps pulses [20] demonstrated
that this symmetry is broken. Very recently (2005), the issue has received new
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attention through a joint experimental and theoretical work by Goreslavskii et
al. [114]. In both works the symmetry break was examined for atomic ATI peaks
in elliptically polarized light. The difference to our work is that we change the
charge on the ion upon single ionization without changing the laser intensity.
This is possible because enhanced ionization is such an efficient double ionization
process. It is impossible in atoms. Thus, we should be able to observe Coulomb
effects much more strongly in enhanced ionization than in single ionization or in
atomic ionization. Furthermore, owing to the anisotropic ionization probability
of the molecular ion we can employ circularly polarized light that gives us a direct
measure of the strength of the circular dichroism.

With regard to the applicability of the simple man’s model that plays a crucial
role in the envisioned sub-fs time resolved double ionization of H2 - the molecular
clock - it is of greatest importance to understand how the parent ions potential
distorts the electron’s final momentum state.

6.2 Experimental Parameters

We are discussing all data sets in circularly polarized light. Details of the exper-
iments can be found in Appendix B. The degree of ellipticity can be estimated
from distribution the H+

2 momenta in the plane of polarization.

6.3 Results

6.3.1 Coulomb Asymmetry: Singly Charged Ion

We examine the single ionization of H2 and D2:

H2(X
1Σ+

g ) + n~ω −→ H+
2 (1sσg) + e− . (6.1)

The molecular axis introduces a symmetry breaking anisotropy in the ionization
potential. Along the internuclear axis the molecular character of the electron or-
bitals is the origin of laser induced processes unique to molecules, i.e. charge
resonance enhanced ionization (CREI), long before fast nonsequential double
ionization becomes relevant. In fact, in almost all theoretical considerations of
molecule-laser-coupling the laser field is parallel to the molecular axis. Perpendic-
ular to the molecular axis the binding has a more atomic character. Consequently,
a higher ionization probability parallel compared to perpendicular alignment is
to be expected.

Clearly, the neutral H2 is the worst possible candidate to look for the influence
of the molecular potential as it has a rather spherical electron density. In fact,
at intensities used in the experiment the ionization probability parallel and per-
pendicular to the molecular axis are equal [130] (See tab. 6.1 for a compilation of
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molecule R (a.u.) I (1014W/cm2) w‖/w⊥ ref.
H2 1.4 5.0 ∼1.0 [130]

H+
2 2.0 3.0 2.0-2.2 [151]

2.0 5.0 1.8-3.3 [151]
2.0 5.0 1.9 [130]
2.3 7.0 1.5 [308]
3.8 2.0 6.5 [308]

Tab. 6.1. Ratio of H+
2 ionization probabilities parallel and perpendicular to the molec-

ular axis. R is the internuclear separation, I the intensity.

calculated ratios.). Moreover, the single ionization leaves the molecule intact leav-
ing us without information on the molecular alignment during the first ionization
step. On the other hand, when we select the single ionization with subsequent
dissociation, i.e. bondsoftening (BS) and above threshold dissociation (ATD),

BS : H+
2 (1sσg) + 1~ω −→ H + H+ + ε(1) (6.2)

ATD : H+
2 (1sσg) + 3~ω −→ H + H+ + ε(3) (6.3)

we have a means of determining the nuclear axis at the time of ionization a
posteriori. This is possible due to the different time scales of molecular rotation
and pulse duration as described in section 2.2.3, p. 38. Furthermore, the onset
of dissociation right after the first ionization step inertially confines the molecule
since it quickly increases the internuclear distance and thereby the moment of
inertia. Thus, we can assume that the proton released in the dissociation process
determines the molecular axis with an uncertainty proportional to the center-of-
mass momentum of the molecule, i.e. to the jet temperature.

By using circular polarized light we are testing the molecular potential that
gives rise to the mentioned symmetry break in the angular distributions. There-
fore, the angular distribution of photoelectrons in the molecular frame should be
a direct measure of the field dependent angular ionization potential.

Before showing the experimental results, we have to draw the reader’s at-
tention to the fact that due to the laser field electrons that tunnel along the
molecular axis will end up perpendicular to it. This can be naturally understood
in the simple man’s model, which relates the asymptotic electron momentum to
the electric field ~E(t) at the time of tunneling t0 as

~pfinal ⊥ ~E(t0) and |~pfinal| ∝ |E0(t0)| (6.4)

where E0 is the pulse envelope (see also section 2.1.3, p. 17).
In fig. 6.1 we show the electron emission angle in the molecular frame for

single ionization. The data are split into the bondsoftening (top row) and the
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above threshold dissociation (bottom row) channel. The data points are fitted
by a simple 3-parameter function

d

dφ
w(φ; wmaj, wmin, φ0) =

√
(wmaj sin(φ + φ0))

2 + (wmin cos(φ + φ0))
2 (6.5)

where wmin and wmaj are the minor and major axis, respectively, and φ0 accounts
for an inclination of the elliptical distribution. Recalling the preceding paragraph
one can thus identify the major and minor axis with the ionization probability
parallel and perpendicular to the molecular axis, respectively. The ratio

w⊥

w‖
=

wmaj

wmin

(6.6)

is indicated for every data set.

 ⊥ :  | |
1 :  1.5φ0 =80.8 o

 ⊥ :  | |
1 :  2.1φ0 =79.8 o

 ⊥ :  | |
1 :  1.3φ0 =81.5 o

 ⊥ :  | |
1 :  1.7φ0 =81.5 o
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intensity  1.9 1014 W/cm2  3.0 1014 W/cm2  6.0 1014 W/cm2
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d2_circ_030829 h2_circ_050115 h2_circ_050321

Fig. 6.1. Angular distributions of photoelectrons in the plane of polarization (circularly
polarized laser pulses at 800 nm, 40 fs) for the two dissociation channels:
bondsoftening (BS) and above threshold dissociation (ATD). The molecular
axis is oriented by the proton which indicated by a full circle. The first column
shows D2 data, the two right columns show H2 data. The solid line is a fit
with eq. 6.5. The statistical

√
N error bars are smaller than the data points.

Aside from the strong anisotropy of the ionization probability which is the
most striking feature we make four observations:
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(a) Intensity dependence. Apparently, the anisotropy is diminished at higher
intensities. Nonetheless, it is always clearly not isotropic.

(b) Dependence on dissociation channel. The data suggest that at low in-
tensities the angular ionization probability depends on the post-ionization
dissociation channel. This is not evident, as both steps - ionization and
subsequent dissociation - are commonly thought to be independent of each
other.

(c) Deviation from 90◦. Although not very pronounced but distinctly visible
is a slanting of the angular distribution, with the numerical value φ0 indi-
cated in the figure.

(d) Isotope independent. The former observations can be made on the two
higher intensity data sets of H2. The D2 data at the lowest intensity seems
to fit in without any drastic difference that can be attributed to its larger
mass.

To explain these observations we will discuss three possible mechanisms: (1)
anisotropy of the primary ionization, (2) anisotropy in the dissociation step, and
(3) a residual linear component in light polarization.

(1) Not only theory makes us expect a ratio of 1:1 (tab. 6.1), but experiments
suggest that the first ionization step is largely independent of the molecular
alignment, too. The experiments we have in mind employ linearly polar-
ized light where recollision is a possible double ionization mechanism. Since
it is a very fast process on the time scale of half a laser cycle, the align-
ment during the first ionization is preserved in the subsequent Coulomb
explosion. The resulting distribution of the protons at very low intensity
(<1014 W/cm2) show no alignment dependence [283] that changes to a slight
preference of parallel over perpendicularly aligned molecules at higher in-
tensity (>1014 W/cm2) [5, 283].1. This can be understood in terms of
a growing deformation of molecular orbitals of the neutral molecules at
higher intensities. However, this directly contrasts the trend we observe
(observation (a)).

(2) Hence, we have to look for the origin of the anisotropy in the dissociation
step. Clearly, the coupling of the gerade and ungerade state via 1- or 3-
photon absorbtion requires the molecular axis to be parallel to the laser
field. If a temporal relation between the first ionization step and the 1- or

1The electrons receive their momentum from the field, which is why in linear light they are
emitted in a narrow cone along the polarization axis. The isotropy of the primary ionization with
respect to the molecular axis is only visible when the coulomb exploding molecules are detected
with 4π solid angle. The experiments in linear light done in this work were all performed with
a long spectrometer, prohibiting 4π detection of ions with more than 0.25 eV.
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3-photon absorbtion can be established the anisotropy comes natural as a
selection of aligned molecules via a periodic opening of the avoided 1- and
3-photon crossings. The gate to dissociation opens periodically every half
laser cycle when the laser field is parallel to the molecular axis. Molecular
ions, whose nuclear wavepacket reaches the crossing when the laser field is
perpendicular to the axis, are reflected and will survive during the laser
pulse.

This model does not yet determine which initial alignment is preferred.
Seemingly, our data suggest that only those molecules are bound to disso-
ciate whose axis initially coincides with the laser field. In the following we
will qualitatively motivate this interpretation.

If the intensity does not exceed the saturation intensity for single ionization
of about 2.5·1014 W/cm2 [290, 317], most of the single ionization occurs
right at the peak of the pulse. Hence, the spreading nuclear wavepacket of
the H+

2 sees a falling intensity. Since the work of Niikura et al. [206] we know
that the time the wavepacket needs to reach the 1-photon crossing is about
8 fs for H+

2 and 11 fs for D+
2 . By then, the intensity in a laser pulse of 40 fs

FWHM2 duration has dropped to 64% or 1.6·1014 W/cm2. The earliest time
when the wavepacket can knock at the gate to dissociation a second time
is 16 fs and, respectively, 23 fs later. Then, the intensity is merely 2% of
its peak value or 5·1012 W/cm2. Obviously, under the given circumstances
dissociation has to proceed within the first roundtrip of the vibrational
wavepacket. By coincidence, with a laser cycle being 2.7 fs (800 nm) the
electric field vector completes three full turns when the molecule has reached
the 1-photon crossing 8 fs after the primary ionization. It must appear as
an even larger coincidence that the deuterium molecular ion reaches the
same crossing just about one cycle later (4x2.7 fs=10.8 fs). Hence, only
molecules that were ionized along the internuclear axis can dissociate and
we have found a possible explanation for the anisotropy in the angular
distribution. Let us see if this model explains the other observations:

Observation (a). Since actually the component of the electric field along
the molecular axis produces the coupling between the bound and dissocia-
tive state, an increasing intensity allows for the transition over a growing
internuclear range and for a longer time during one laser cycle. This can
explain the increasing isotropy in the angular distribution with increasing
intensity.

Observation (b). Also, we could understand why electron emission in the
ATD channel that proceeds via the 3-photon crossing is generally narrower
than the bondsoftening channel. It is simply due to the different strength of

2We always assume a gaussian envelope. See section 3.2.3, p. 63
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coupling that follows the same nonlinear power law as ATI. In other words,
we observe molecular dynamics on a sub laser cycle time scale.
Observation (c). However, the third observation cannot be explained as
straightforwardly. In fact, if the anisotropy is produced by the dynamical
correlation between laser field and the nuclear wavepacket of the molecu-
lar ion, we would expect a different tilting angle for the two dissociation
channels, since these critical distances (3.3 a.u. and 4.7 a.u. for 3ω and
1ω resonance, respectively) are reached at different times after the initial
ionization. Obviously, this is not the case, but another coincidence must
assure that not only multiple integers of half cycles separate the crossings,
but even full laser cycles. This latter conclusion can be inferred from the
same sense of the tilting angle for both dissociation channels. We have to
admit that these coincidences make the model rather speculative and not
very convincing.

(3) Apparently, we have to resort on experimental deficiencies: Inspection of the
H+

2 ion momenta in section B.2.3 reveals that the residual linear component
of the polarization varies from run to run. If the degree of ellipticity is
not very close to ±1, the dissociation proceeds preferentially along the
major axis of the polarization in the laboratory frame. In other words,
mostly those ions are bound to dissociate that were initially aligned with
the major polarization axis of the laser field at the time of the primary
ionization. This kind of alignment has also been called geometric alignment .
Thus, all observations with the exception of (c) could be explained with
different ellipticities of the data. In fact, the H+

2 angular distribution in
the laboratory frame as a measure of ellipticity corresponds very closely to
the photoelectron angular distribution in the molecular frame.
Nonetheless, observation (c) still awaits an explanation that is neither given
by a residual ellipticity. Rather, the slight tilt of the distribution indicates
the influence of the ion potential on the outgoing electron. If the tilt in
the angular distribution is really due to the parent ion’s Coulomb potential
then we would expect it to further increase for the second ionization step,
i.e. enhanced ionization, according to the different screening of the nuclear
potential.

6.3.2 Coulomb Asymmetry: Doubly Charged Ion

The CREI mechanism relies on the fact that the second electron tunnels from
the upper well along the molecular axis. Thus the coulomb force experienced
by this second electron is even higher than in the case of an ionization from the
lower potential well. Thus, the tilting angle is expected to increase considerably
compared to the single ionization channels. Fig. 6.2 shows the angular distri-
bution for all three dissociation channels. The data support our model. The
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Fig. 6.2. Angular distributions of photoelectrons in the plane of polarization for the
three dissociative channels. The angular distribution of CREI channel con-
tains electrons from single and double ionization with equal probability.

enhanced ionization channel exhibits a large tilt of almost 60◦ that points in the
same direction as the single ionization channels. To exclude the possibility of an
experimental artefact we made a set of experiments with the opposite helicity
(h2_circ_050319 and h2_circ_050321).

The up-down asymmetry in angular distribution of the CREI electron in fig 6.2
reflects the detection efficiency for double hits on the electron detector. While we
require two protons for any of the CREI spectra, we do not require two electrons.
Aside from the low efficiency the relatively large dead time cuts out a large part
of the 2-electron momentum space. However, when two electrons are detected we
are only plotting the first which is the one emitted towards the electron detector.
Therefore, a semisphere in the electron emission is preferred even in the molecular
frame, because the molecular axis always points towards the ion detector. The
only way to resolve this asymmetry is to show the second, though calculated,
electron as well. This is done in fig. 6.3.

An obvious question is, how the tilt relates to the helicity or handedness of
the laser field. Since the attractive ion potential tends to retard the outgoing
electron one would expect that the rotation of the electric field is opposite to the
tilt. In other words, the angle between major and molecular axis ought to be
smaller than 90◦.

Since we did not determine the absolute helicity of the light we have no
possibility to experimentally decide this question. Furthermore, if we assume
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that the tilt is produced by the influence of the long range ion potential, being
a classical effect, we can expect to reproduce it with our CTMC simulation (In
fact, this was the original motivation for the development of the simulation.).

Compared with the experimental data the angular distribution of the simu-
lated CREI electrons is similarly tilted. The sense of the tilt switches with the
sign of the helicity as in our experiment. If the simulation has anything to do
with reality, which is suggested by the tilt of the angular distribution, then we
can infer the sign of helicity in the experimental data as shown in fig. 6.3.
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Fig. 6.3. Angular distributions of photoelectrons of the H2 CREI channel in the plane
of polarization (circularly polarized laser pulses at 800 nm, 40 fs). Left col-
umn shows righthanded polarization, and v.v.. Top row: experimental data
at ∼ 6 1014 W/cm2, bottom row: CTMC simulation at 4.0 1014 W/cm2.

The relation between tilting angle and direction of rotation of the electric field
can be understood when reinspecting the simple man’s formulas (eqs. 2.13-2.17).
The electric field E(t) = ex0 + ey cos ωt + ez sin ωt of helicity +1 (right handed
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polarization) implies the following acceleration

~a(t) = eE0(t) ·

 0
− cos ωt
− sin ωt

 (6.7)

and thereby the final drift velocity

~v(t0, t →∞) ∝

 0
sin ωt0
− cos ωt0

 (6.8)

since the electron is charged negatively. Imagine the molecule aligned along the
z-axis: if the electron tunnels at ωt = 90◦, when the field points along the z-
axis, it will end up above the molecule and not below as suggested by the sense
of rotation of the field. Thus, the tilting angle is indeed smaller than 90◦ and
we can clearly interpret it as a refraining of the outgoing electron by the ion
potential.

The difference in the ratio of H+
2 ionization probabilities parallel over per-

pendicular is due to the imperfect resemblance of the MCE with the real 2pσu

state. In our CTMC simulation CREI occurs at an internuclear separation of
4-6 a.u. (see fig. 4.10, p. 102) which has to be compared to the critical inter-
nuclear separations of 5-11 a.u. observed in the experiment. Recalling that at
smaller separations the molecular ion has a more isotropic ionization probability,
the difference between simulation and experiment can be understood.

The experimentally determined ratio w‖/w⊥ ≈ 2 in the CREI channel com-
pares well to the predictions for small internuclear distances (see tab. 6.1). How-
ever, the prediction at an internuclear separation, that is closest to typical values
for CREI, is off our measured ratio by a factor of 3 (last row ibid.). In the
following we will investigate this discrepancy.

Since CREI takes place over a range of internuclear distances we can examine
if the internuclear separation has any influence on (a) the angular ionization
probability, and (b) the magnitude of coulomb asymmetry. In fig. 6.4 we examine
these dependencies.

Again, only molecules from enhanced ionization are shown. Apparently, aside
from the narrowing of the distribution at higher KER no dependence of the tilting
angle can be observed. The increasing isotropy of the enhanced ionization with
growing internuclear separation is a puzzle by itself.

When interpreting double ionization spectra one has to keep in mind that we
do not distinguish between the electron from the first and the second ionization
step. Hence, the distributions in fig. 6.4 is a 50% mixture of the two steps ob-
scuring the effect in question. Thus, we have to eliminate the influence of the
primary electron. This can be achieved by discriminating against the electron en-
ergy as fig. 6.5 suggests. To produce a data set that consists only of the primary
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Fig. 6.4. Dependence of Coulomb Asymmetry on the internuclear separation. The
spectra are symmetrized to account for the different efficiencies of the two
electrons.

electron we correlate every event, where the double proton kinetic energy release
identifies CREI as the origin, with an electron from a preceding H+

2 event. Sub-
tracting these events from the original data isolates the electrons of the secondary
ionization.

In fig. 6.6 we examine the combined KER-electron energy dependence of the
angular ionization probability.

The data speak a clear language. By selecting the electron energy we can
discriminate between the first and the second ionization step. The electrons
above 10 eV stem largely from single ionization. Consequently, the lower row in
fig. 6.6 shows the angular distribution of the CREI electron whereas the upper
row is a melange of primary and secondary electrons with an increasing CREI
character for the larger KER. Now the puzzle from fig. 6.4 of the increasing
isotropy with increasing internuclear distance is solved: it is an artefact due to
the experiment’s inability to distinguish between the two electrons. Also, we can
now correct our earlier observation, namely, that Coulomb asymmetry does not
depend on the internuclear separation: On the contrary, it depends surprisingly
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Fig. 6.5. How to identify the primary electron in the double ionization (DI) spectra.
Upper row: Coincident electron - double proton data of the CREI channel.
Middle row: Event mixed data: Electron from single ionization channel,
protons from CREI channel. Lower row: Isolated contribution of the sec-
ondary ionization.

strong on it, and not only tilts the angular distribution but also decreases the
final electron energy, which is perfectly in agreement with the refraining effect of
the ion potential.

6.3.3 Phase Locked Dissociation

Fig. 6.7 shows a selection of data sets that consistently exhibit structure in the
kinetic energy release. In the correlation plots KER vs. electron energy the
primary electron has been subtracted. Two mechanisms responsible for structures
in the KER spectrum of CREI are discussed in the literature:

• multiple bunches
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from both ionization steps are included. The six polarplots show the electron
emission angle in the molecular frame.
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• critical internuclear separations.

We claim to have found a third mechanism - phase locked dissociation.
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Fig. 6.7. Right column: Kinetic Energy Release (KER) spectra of H2 Charge Reso-
nance Enhanced Ionization (CREI) at different pulse durations and intensity.
The lower two rows are D2 data. Left column: KER vs. electron energy.
50% electrons from the first ionization are subtracted in these spectra. The
high energy peak in the H2, 10 fs data set is due to sequential ionization. This
cannot be observed in the D2 data due to its the lower dissociation speed.
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Multiple bunches. From experiments in linear light multiple peaks in the
KER spectrum are familiar and were attributed to multiple returns of the elec-
tron wavepacket - the so-called micro-bunches [7, 204]. However, in circularly
polarized light recollision is suppressed and consequently this mechanism drops
out of the possible explanations.3

Critical distances. Since the first prediction of CREI, it is an issue of on-
going theoretical interest to identify several critical internuclear distances which
have the enhanced ionization probability (see fig. 6.8). Originally, Zuo and Ban-

Fig. 6.8. The H2 ionization rate as a function of internuclear separation. Left panel:
� time-independent cycle-averaged static-field rates [227]; ◦ time-dependent
rates (1064 nm) [220]; 4 time-dependent rates (790 nm) [220]; • time-
dependent rates (1064 nm) [345]. Right panel: 4 time-dependent rates
(800 nm) [220]; • experimental results [108]. Adapted from [220].

drauk identified two internuclear separations at 6 a.u. and 11 a.u. (for 1064 nm).
Other theoretical work largely reproduced this finding as can be seen in fig. 6.8.4
Even changing the wavelength does not change this result (left panel). On the
other hand, the intensity does seem to have a large influence on the critical sep-
arations (compare left and right panel). Unfortunately, experimental work is
strongly impeded by this point: intensity integration over the focal volume. An
even greater obstacle is the difficulty to separate the contributions of 1ω and 2ω
(via the 3-photon crossing) channels in the CREI final kinetic energy release. To
the best of our knowledge only one experimental work claims to have resolved
these critical distances [108]. However, since our data with linear polarization
do not exhibit any structure in the KER of the CREI channel, we cannot ad hoc
identify the peaks in fig. 6.4 with discrete critical internuclear distances.

Phase locked dissociation. With the ideas of section 6.3.1 in mind, we
might attempt to explain the structure with the correlation of the rotating laser
field and the dissociating nuclear wavepacket. Assuming that the major popula-
tion of H+

2 dissociates via the 3-photon crossing, we can establish a direct relation
3Evidently, already the range of observed KER rules out recollision, almost ex ante.
4See also, e.g. refs. [201, 227, 254, 305, 337].
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between the kinetic energy release and the time since the 3-photon absorbtion.5
Furthermore, the requirement for the 3-photon resonance to open being the co-
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Fig. 6.9. Kinetic energy release of H2-CREI. The two data sets shown were taken at the
same peak intensity but different pulse lengths. The overlaid scales are sim-
ulations of the dissociating molecular ion along the 2pσu starting at 3.3 a.u.,
3-photon resonance (upper scale) and at 4.7 a.u., 1-photon resonance (lower
scale), with the dissociation time measured in laser cycles.

incidence of electric field and molecular axis even locks the absolute laser phase
to the KER. In fig. 6.9 we show the KER spectra of two runs at different pulse
durations but same intensity. Overlaid is a scale that indicates the relation be-
tween the laser cycles and internuclear distance for both dissociation channels.
The coincidence between KER peaks and full laser cycles is astounding. The next
great surprise is that ionization seems to be suppressed for odd integers of half
cycles. If we believe our model we can note the following important implications

1. Enhanced ionization commences in H+
2 at an internuclear separation of

∼6 a.u., confirming long standing theoretical predictions.

5We have to point out, that the measured branching ratio of bondsoftening to ATD of
w(BS/ATD) ≈ 6/7 (see appendix B, section B.2.3) is hardly in agreement with the intensity.
In linearly polarized light and 3·1014 W/cm2 ATD dominates BS by a factor of 10 (e.g. [317]).
This discrepancy can only be explained with the periodic opening of the 3-photon crossing in
circular light. During half of the time of laser cycle the ATD channel is closed. Then, the
remaining about 50% of the vibrational population (the isotropic ionization probability of the
neutral hydrogen molecule assures this) can continue to the 1-photon crossing, which is, due to
the field strength, wide open.
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2. The CREI mechanism is locked to the phase of the laser pulse. The disso-
ciating nuclear wavepacket reaches the range of critical internuclear sepa-
rations about 3 laser cycles or 8.1±1 fs after the transition to the ungerade
state is made. Thus, if dissociation proceeds via the 1-photon coupling
(bondsoftening) the time between primary and enhanced ionization is at
least 6 cycles or 16 fs.

3. Not only the nuclear motion of the H+
2 , but also its electron wavefunction

is locked to the laser phase: The drop in ionization probability for half
cycles suggests that when the molecule has reached the critical internuclear
separation the electron population is largely trapped on the nucleus that was
uphill already during the transition to the ungerade state. Thus, trapping
occurs at 0.5, 1.5 or 2.5 laser cycles after the 3-photon absorbtion.

Together with the results of the first section an exciting conclusion is taking
shape: The molecular clock principle already works in the long pulse regime! In
other words, the kinetic energy release of the Coulomb exploding protons pro-
duced in CREI, though ambiguously, relates to the time that has elapsed since the
first ionization. The ambiguity arises from the equal coexistence of the two disso-
ciation channels, but it can be avoided when restricting scrutiny to higher KER
ranges that cannot be reached with the bondsoftening channel. To check this
interpretation we examine the relative emission angle between the two electrons
in fig. 6.10. As argued in section 6.3.1, dissociation selects preferably molecules
where the first electron has tunneled along the molecular axis. If our reasoning
is right, the highest energy CREI peak corresponds to an integer number of laser
cycles that have passed since the 3-photon absorbtion. With a KER above 6 eV
the contribution of bondsoftening must be still negligible according to all theoret-
ical predictions. If a fixed temporal relation between the first ionization step and
the 3-photon absorbtion can be established, we would expect for this peak both
electrons to be emitted under the same angle. Correspondingly, a quarter cycle
later the second electron would be emitted perpendicularly to the first, i.e. the
distribution of the relative emission angle α12 should peak at ±90◦. Apparently,
the data do not provide this information. Insufficient angular resolution as the
reason can be excluded in this data set and, hence, we must conclude that the
timing information to the first electron is lost in pulses of this duration.

Noteworthy in fig. 6.9 is that the pulse duration shifts the range of critical
internuclear distances. The systematic data in fig. 6.7 confirm this observation.
The only possible explanation is that the peak intensity in run h2_circ_050319
and h2_circ_050320 was higher than the 2.3·1014 W/cm2 determined from the
H+

2 ion momentum. This is not unreasonable since this value is suspiciously
close to the saturation intensity for single ionization. Then, the first ionization
would occur at the rising edge of the laser pulse and the dissociating molecule
would see a rising field. The delay from the first ionization to the crest of the
pulse can be read from the relative strength of the KER peaks by adding the
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time from the ionization until 3-photon coupling (3 laser cycles) to the scale in
fig. 6.9. Accordingly, the field maximum is reached 6 and 9 cycles after the first
ionization for the 40 fs and 60 fs pulse, respectively. With a gaussian envelope we
then calculate a peak intensity of 5.7·1014 W/cm2. For this laser system and the
measured pulse energy (2.5 µJ (40 fs) and 3.8 µJ (60 fs)) this result does not seem
unlikely as a quick calculation of the peak intensity from the beam parameters
with eq. 3.14, p. 65 reveals (τ = FWHM/(2

√
2 ln 2):

Imax(E/τ) =
π

2

E

τ

(
d

λf

)2

=
π

2

2.5µJ

17fs

(
6mm

800nm50mm

)2

= 7.1 · 1014W/cm2

=
π

2

3.8µJ

25.4fs

(
6mm

800nm50mm

)2

= 7.2 · 1014W/cm2 .

However, certainly this is not a good way to determine the peak intensity since
the estimated time span from first to second ionization is in the order of the pulse
HWHM (half width half maximum), where a small uncertainty in time (5% of
FWHM = 2.7 fs/60 fs) translates quickly to a 10% error in intensity.6

6.3.4 Coulomb Focusing

When the CREI electron is released from the upper well it naturally will elasti-
cally scatter at the lower potential well. This effect has been termed Coulomb
focusing and was first discussed in relation with NSDI7 through rescattering in
atoms [30, 37]. There, the returning wavepacket is focused by the attractive
parent ion potentially increasing the nonsequential double ionization yield as
compared to a model that neglects the ion potential. Obviously, also the elastic
scattering cross section is enhanced by this effect leading to a larger momentum
spread perpendicularly to the polarization than the initial state transverse mo-
mentum distribution p⊥. In particular, a deviation from a gaussian distribution
of the transverse momentum as predicted by tunneling theory8

wlin
ADK(p⊥) ∝ exp

[
−p2

⊥(2Ip)
1/2

E0

]
(6.9)

is to be expected.
In figs. 6.11 and 6.12 we show the dependence of the elastic scattering on

the lower well potential as a function of internuclear separation. The momentum
6Remember the FWHM of the pulse relates to the electric field envelope, the intensity

envelope is narrower by a factor of
√

2.
7NSDI - nonsequential double ionization.
8Also see eq. 2.30, p. 21 section 2.1.4.
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component along the laser beam axis, i.e. the laboratory x-axis, is plotted as
a function of the kinetic energy release. The middle row shows the normalized
momentum component for different cuts in KER corresponding to different in-
ternuclear separations. To assess the contribution of the first ionization, we also
show the same distribution for the single ionization (SI) channel. In the lower
panels of both figures we have drawn the difference between the SI and the CREI
channels.

When comparing the transverse momentum distribution for circular and linear
light (see figs. 6.11 and 6.12, respectively), the influence of the parent ion in the
transverse direction seems strikingly clear: In circular light the electron is driven
away without any chance to return to the parent ion, while in linear light multiple
returns can easily occur. Thus, in the latter case the electron has a much higher
probability to elastically scatter on the parent ion. In other words, the transverse
momentum distribution in circularly polarized light has a closer resemblance to
the initial state distribution.

The large spread in KER represents the critical internuclear distances rang-
ing from 6 to 11 a.u.. Thus, we can examine the transverse momentum for
internuclear separations that differ by almost a factor of 2. The lower panel of
fig. 6.11 shows the transverse momentum for different conditions in kinetic en-
ergy release. For direct comparison all three momentum spectra are normalized
to the same maximum value and superimposed on top of each other. However,
within the experimental accuracy no KER dependence in transverse scattering
can be observed. In fact, the width of the momentum component in question is
of the order of the overall spectrometer resolution along this axis (in both runs
∆px > 0.4 a.u. FWHM). In particular, considering the results from Comtois et al.
[60], who found Coulomb focusing to be strongest for the returning electron wave,
we cannot expect a great effect in circular light where recollision is suppressed.9

On the other hand, when scrutinizing our data from linearly polarized light
(fig. 6.12), we can see a clear signature of the internuclear distance in the scat-
tering probability. At small separations (large KER) the scattering probability
is larger than if the tunneling occurs at larger internuclear separations. Since we
do not observe a similar trend in the circular case, we are tempted to conclude
that this “second order” focusing is experienced by the returning electron and not
during the initial ionization.

6.4 Conclusion & Outlook

For the first time we have examined the ionization dynamics in 40 fs pulses with
circular polarization. Several important results were found:

1. Coulomb asymmetry: We have demonstrated that Coulomb asymmetry
9See also the recent work of Rudenko et al. [251] on Coulomb focusing in noble gas atoms.
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has only a small effect on the primary ionization step. The observable elec-
tron emission angles in the molecular frame depart only 8-10◦ from a model
that neglects the ion potential. For the second ionization a large influence
of the ion potential on the outgoing electron wave is to be observed. Due to
the charge state dependence of Coulomb asymmetry the relative emission
angle between the two electrons of a double ionization is decreased between
30◦ and 60◦ depending on the KER and the electron energy. Thereby is
the large variation related to the internuclear separation at the time of the
second electron removal: the larger the separation, the stronger Coulomb
asymmetry. Along with the increasing deflection comes a refraining of the
electron momentum. Data sets at different pulse durations (10-60 fs) and
with both isotopes (H2 and D2) exclude a pulse envelope effect as a possible
cause.

2. Phase Locked Dissociation: The rotating laser field in conjunction with
the anisotropic ionization probability supplies a clock that makes the tem-
poral imaging of the double ionization possible. A temporal relation be-
tween first ionization and dissociation is established even at these “long”
pulse durations. When a certain dissociation channel dominates, the time
between first and second ionization can be deduced from the KER. We
find for our pulse parameters that CREI commences about 5 cycles or
13.5 ± 1.3 fs after the creation of the H+

2 and ceases about 10 cycles or
27±2.7 fs thereafter. Furthermore, the data suggest that the electron pop-
ulation of H+

2 is trapped on one of the protons either 0.5, 1.5 or 2.5 laser
cycles after the transition to the 2pσu is made.

3. Coulomb Focusing: Distortion of the CREI electron momentum compo-
nent transverse to the plane of polarization during the ionization is negligi-
ble and does not depend on the internuclear separation. In circular light the
transverse momentum distribution strongly resembles the initial tunneling
wavepacket whereas in linear light the transverse momentum is distorted
due to a strong coulomb focusing of the backscattered electron wavepacket.
In this case a small dependence from the internuclear separation at which
the second ionization occurs can be distinguished. This dependence is at-
tributed to Coulomb focusing of the returning electron wavepacket.

As always, an improvement in momentum resolution would be a worthwhile
enterprise for the described experiments.

Although we have determined the magnitude of Coulomb asymmetry (CA)
for the two charge states, we have learned that CA strongly depends on the
internuclear distance. Since H2+

2 is not stable, we could not determine the sole
influence of the charge state on the outgoing electron. A solution to this would be
either to study a molecule as N2 whose doubly charged ion can also survive or to
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produce the two charge states in a vertical transition via single photon absorbtion
in the presence of a laser field.

For further studies of the nuclear dynamics of the dissociation a pump-probe
scheme would be helpful, where the primary ionization including the coupling to
the ungerade state is produced with a linearly polarized, low intensity (Imax < 2.5·
1014 W/cm2), short (8 fs) pump pulse. The probe pulse could be a synchronized
train of attosecond pulses over a few laser cycles that can be delayed with respect
to the pump pulse. Every attosecond pulse projects the dissociating wavepacket
onto the coulomb explosion curve with equal probability, regardless of any critical
internuclear distance. The constant temporal spacing of the attosecond pulses
can be used to directly monitor the dissociating nuclear wavepacket.

To resolve the theoretically predicted critical internuclear distance would be a
challenge that goes beyond simple resolution improvement. Bondsoftening could
be isolated at very low intensities (Imax < 1.0 · 1014 W/cm2) but then the CREI
channel is closed. Probably, one would have to go to higher intensities where
above threshold dissociation dominates. Further, intensity envelope effects will
have to be excluded as much as possible by target collimation below the focal
dimensions.
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Fig. 6.10. KER vs. relative emission angle of the two electrons produced by CREI. See
text for details.
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Fig. 6.12. Linear Polarization. See fig. 6.11 for details. Clearly visible is the de-
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coulomb focusing.
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Chapter 7

The Molecular Clock

Imagination will often carry us to worlds that never were.
But without it we go nowhere.

Cosmos
Carl Sagan

7.1 Motivation
Aside from the inextinguishable human striving for establishing new records it
is the desire of atomic physicists for a high-speed camera to make a motion
picture of electronic transitions that propels laser development to ever shorter
pulse durations with the ultimate goal of attosecond (10−18 s) pulses.

Although the fall of the picosecond (10−12 s) barrier happened as early as 1975
[142, 248], it was not until the nineties that femtosecond laser pulses became a
reliable, widely used tool. The discovery of Kerr-lens-modelocking in 1990 [279]
marked the beginning of the decade of Ti:Sa lasers and femtosecond (10−15 s)
physics. Nowadays sub 100 fs pulses are routinely produced with kitchen table
size setups.

Chemical reactions such as bond breaking, bond formation or molecular rear-
rangement occur on a time scale of down to a few tens of femtoseconds. Knowing
how exactly a certain reaction proceeds, opens possibilities to control the outcome
of the reaction. Obviously, this knowledge has an impact that reaches beyond
pure intellectual curiosity, which is probably one reason why the 1999 Nobel prize
in chemistry was awarded in the field of femtochemistry1 [209].

However, while the dynamics of chemical reactions are ruled by nuclear mo-
tion, electronic transitions occur on time scales that are typically several orders
of magnitude shorter: The time an electron takes to complete a revolution on
the Bohr orbit in a hydrogen atom is 0.15 fs. This compares with the timescales

1Also see the review by Zewail (2000) [344].
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of nuclear motion in the ground state of the H2 molecule: Tvib = 48 fs and Trot

= 270 fs, for the vibrational and rotational period, respectively. In other words,
femtochemistry examines nuclear dynamics proceeding along stable potential en-
ergy surfaces (PES) and thereby implying time averaged electronic states, while
attosecond physics, or attophysics, examines the actual electron dynamics which
happens at the very instant of bond forming and breaking, but also inner atomic
electronic rearrangements such as Auger decay. One of the most prominent exam-
ples of electron dynamics resulting in a macroscopic effect is the double ionization
yield of atoms in strong fields being the condensation point of laser-atom physics
for many years.

Pump-probe experiments with ultrashort laser pulses are the workhorse in
femtochemistry [343]. This comes natural as the temporal width of these pulses
is short compared to the nuclear motion and the pulse delay can be controlled
with sub femtosecond precision. Obviously, those pump-probe experiments can-
not serve the purpose of illuminating electron dynamics. Therefore, it seems
reasonable that even shorter laser pulses are required.

The central wavelength of a 100 as pulse is at most 30 nm corresponding
to a minimum photon energy of 41 eV. This is already in the extreme UV and
explains why no material has been found that lases at this wavelength - for
most materials this is way beyond the ionization threshold. Nonetheless, bursts
of coherent radiation as short as 100 as can be produced via high harmonic
generation2 (HHG).

The idea, that HHG could produce ultrashort bursts of sub fs pulses came
up in the early nineties [89] and initialized a large effort in mainly theoretical
work (see e.g. [10, 11, 53, 54]). However, only with the dawn of the new mil-
lenium physicists crossed the femtosecond barrier and proved the generation of
laser pulses with attosecond duration (not without receiving the deserved pub-
licity) [80, 131, 185, 213, 217, 300]. Due to the difficulty in characterizing these
pulses, to date, only very few works have been performed that use these pulses to
address actual physical questions such as time resolved Auger decay of Krypton
M-shell vacancies [81] or controlling electron wavepackets [16, 158]. Currently,
the major limitation is the low flux of the as-radiation, requiring prohibitively
long acquisition times for coincidence experiments as COLTRIMS.

Fortunately, attophysics does neither exclusively require attosecond laser pulses
nor the pump-probe scheme. The correlated electron dynamics of nonsequential
double ionization proceeding at a fraction of a laser cycle was experimentally
first resolved by Weber et al. in 2000 [321–323] without the use of any of the
two tools. Many subsequent experiments have demonstrated how well adapted
COLTRIMS is for resolving electron dynamics on a sub laser cycle time scale
(see, e.g. [197, 198, 326–328]). As the final electron momentum is a direct mea-
sure of the peak electric field (for sufficiently short pulses), one can determine

2An elaborate theoretical work on the subject is the one by Lewenstein et al. [179].
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the ionization time with respect to the maximum of the laser field with down to
100 as, which is simply given by the momentum resolution along the polarization
axis. However, strictly speaking, this is valid only for a single ionization step
because at pulse durations of ∼30 fs many equal laser cycles make the absolute
ionization time multivalued, obstructing the determination of the time between
two ionization steps and thereby the actually more interesting electron correla-
tion. Thus, in the case of ionization by recollision it can only be argued on the
grounds of simulations that the major contribution to the DI yield stems from
the the first rescattering, limiting the maximum time lag between the two steps
to half a laser cycle. Hence, the introduction of few cycle laser pulses can help
to solve this ambiguity as, for instance, demonstrated in the multiple ionization
of Neon and Argon by Rudenko et al [250]. In 7 fs, linearly polarized pulses the
field strength varies so rapidly that (ideally) only during a single cycle the rec-
olliding electron wavepacket has sufficient energy to knock out a second or more
electrons. Comparison with longer pulse experiments at the same peak intensity
then reveals the contribution of multiple returns.

Another solution to the problem of ambiguity in ionization time arrives with
the study of molecules. There, the nuclear wavepacket can be used to clock
the time passing until the second ionization takes place, giving this approach
its name - the molecular clock. Fig. 7.1 explains the principle of the hydrogen
molecular clock. The first ionization projects the nuclear wavefunction to the
1sσu state of the molecular ion H+

2 . As the equilibrium distance differs from
the neutral molecule, the resulting nuclear wavefunction is a superposition of the
vibrational eigenstates according to their overlap with the initial wavefunction
in H2, forming a vibrational wavepacket that begins to spread towards the new,
larger equilibrium internuclear separation3. A second ionization leaves two bare
protons, facing each other at a relatively close distance resulting in a strong
repellent force that leads to the “explosion” of the molecule. From the kinetic
energy of the fragments one can then deduce the internuclear separation at the
time of the second ionization. Knowing the velocity of the nuclear wavepacket
translates this change of distance into a time. Clearly, if the time until the
second electron is removed is longer than half the roundtrip time of the nuclear
wavepacket in the potential well then the ambiguity problem rearises.

The question if the first ionization step really initiates a localized nuclear
wavepacket was ingeniously addressed in Corkum’s group by Niikura and cowork-
ers [205, 206]. They exploited the fact, that the electron wavepacket released in
the first ionization step is correlated with the nuclear wavepacket. The recollid-
ing electron serves as a probe of the internuclear distance in a defined manner:
The probability to liberate a second electron via inelastic (re)scattering reaches

3As Urbain et al [304] recently demonstrated, this overlap is not simply given by the Franck-
Condon factors due to the high nonlinearity in multiphoton absorbtion. 90% of the population
is transferred to the lowest three vibrational levels v=0,1,2 .
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the maximum about 0.7 laser cycles after the first ionization. Changing the
wavelength of the laser controls the delay between the two steps just as in a
pump-probe experiment. In another experiment the envelope of a 70 fs pulse
was modulated on the time scale of the vibrational ground state. When the en-
velope was modulated with a full period of 30 fs, corresponding to a minimum
of ∼8 fs after the field maximum, the dissociation rate was suppressed by 90%
compared to modulation. This can be explained in a very intuitive picture: the
laser field has just then its minimum when the nuclear wavepacket has reached
the outer potential barrier, closing the dissociation channel in time. With their
experiments Niikura et al could prove that indeed a temporally evolving nuclear
wavepacket is initiated with the first ionization step4.

At this point we have convinced ourselves that the nuclear wavepacket estab-
lishes a clock with an 8 fs clock-face. In principle, a single watch hand is sufficient
to resolve any time duration within this 8 fs period. However, the resolution of
this clock is limited by the spread of the nuclear wavepacket, effectively digitiz-
ing the surveyed time span to half a laser period (∼1.3 fs). A minute hand is
needed, or better: attosecond hand, that complements the femtosecond hand of
the nuclear motion.

Légaré et al [176] measured the kinetic energy release of coulomb exploding
deuterium molecules to determine the time span between the two ionization steps
in 8.6 fs pulses of linear and circular polarization. Their finding of ∼4 fs was
confirmed by a subsequent theoretical work by Tong and Lin [293]. However,
the actual attosecond electron dynamics in the ionization could not be observed,
as the hour hand of the molecular clock does (a) not have sufficient resolution
and, more important, (b) inherently only carries information about the electronic
center of mass motion that, although admittedly can supply valuable information
about the electron dynamics [323], was not resolved in the experiment.

Consequently, the molecular clock paradigm is only fully exhausted when the
electronic momentum space is measured simultaneously. This requirement makes
COLTRIMS the method of choice. For each single ionization the full momentum
space of all four particles can be measured in coincidence.

The electrons can serve as the minute hand on the clock. According to the
simple man’s model (see chapter 2), the electron momentum maps the direction
of electric field at the instant of ionization. In circularly polarized light the phase
of the electric field translates to the angle of the emitted electron with respect to
the laboratory frame mapping the duration of a full laser cycle (2.7 fs at 800 nm)
on 360◦ in electron momentum space. Therefore, the relative angle between two
electron momenta from a double ionization yield the absolute time delay modulo
the laser period Tlas. Assuming a very crude angular resolution of 36◦ already
yields a temporal resolution of 270 as! This is the minute hand of the molecular

4See also more recent work as [8, 78, 303], where the temporal evolution of the vibrational
wavepacket was directly imaged by pump-probe experiments.
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Fig. 7.1. Sketch of the hydrogen molecular clock. The time delay between single ion-
ization and the second ionization step determines the kinetic energy release
of the two protons.

clock making a full turn every laser cycle.
In our experiment we want to demonstrate that a laser induced reaction can

be followed like a motion picture with attosecond resolution over several femtosec-
onds. In particular we should be able to distinguish a process termed shakeup
[26, 182] in analogy to the shakeoff process in single photon ionization [159, 160].

Concluding this introduction, we can say, that the molecular clock comprises
femtochemistry and attophysics to give a complete picture of the molecular double
ionization in strong fields with attosecond resolution.

7.2 Experimental Parameters

We will be discussing the data set h2/d2_circ_050303-04. Details of the experi-
ment can be found in Appendix B.

The effective pulse duration inside the chamber was minimized by optimizing

145



7.3 Results The Molecular Clock

the ion count rate with successively introducing glass plates in the beam path to
reduce the overcompensated chirp. Then the beam was directed to the sub 10 fs
SPIDER setup described in chapter 3 where, with approximately the same total
dispersion, the pulse duration was checked.
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Fig. 7.2. Time dependent intensity of the laser pulse as determined from SPIDER
measurements of run h2/d2_circ_050303. The absolute intensity scale was
determined using the He+ momentum.

The ellipticity was adjusted online by optimizing the distribution of H+
2 ions

in a TOF vs y (jet direction) histogram. The residual ellipticity, visible in Ap-
pendix B, is due to the large bandwidth of the pulse. To generate the ellipticity
we use a λ/4 plate which, strictly speaking, only works properly at a definite
wavelength.

The intensity was monitored off-line by controlling electron and ion momen-
tum as function of event number. Intensity fluctuations on a timescale of a few
minutes could be identified. Accordingly, we divided the raw data into subsets of
the same intensity. We are going to show data at different intensities that are all
from this run (see fig. 7.3).

The equal abundance of the two isotopes in the jet was verified by comparing
the two single ionization yields.

7.3 Results
Our molecular clock uses the kinetic energy release (KER) of the coulomb ex-
ploding protons as the hour hand and the angle between the electron momenta
as the minute hand.
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Fig. 7.3. Time-of-Flight (upper panel) and resulting ion kinetic energy spectra of
the dissociative channels (lower panel) for the short pulse runs. a)
10 fs, 2.5·1015 W/cm2 (h2/d2_circ_050129), b) 7 fs, 1.4·1015 W/cm2

(h2/d2_circ_050304), c) 7 fs, 1.2·1015 W/cm2 (h2/d2_circ_050303), d)
7 fs, 1.0·1015 W/cm2 (h2/d2_circ_050304b). Further parameters can be
found in the appendix. The triplet at the D+

2 TOF is due to He+ ions from
the target: Helium gas jet seeded with H2 and D2. Note that the energy
spectra contain the kinetic energy of a single proton, in contrast to the more
frequently used KER or kinetic energy release spectra, which show the total
kinetic energy released in the dissociation.

From previous considerations it appears that the time between the two ioniza-
tion steps must not exceed half of the roundtrip time of the nuclear wavepacket
which is about 8 fs. This requirement rules out charge resonance enhanced ion-
ization (CREI) as a double ionization (DI) mechanism. Also, the angle between
the two electrons does only contain information about the relative laser phase
at the instants of ionization if the two steps proceed independently, eliminat-
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ing recollision as another DI process. (However, as we use circularly polarized
light, recollision is not an issue, in any case.) Consequently, we want to pro-
duce fast sequential double ionization in H2, demanding for intensities well above
3·1014 W/cm2. In addition, sub 10 fs pulse durations are preferable to suppress
CREI which would diminish the significance of the measured KER as the hour
hand.

Furthermore, using circularly polarized laser pulses supplies a third watch
hand, making two full turns during the pulse: The magnitude of the electron
momentum. Recalling that the final electron momentum maps the laser field

~E(t) = E0(t) ·

 0
cos(ωt + φ0)
sin(ωt + φ0)

 (7.1)

at the time of ionization it becomes clear that the magnitude of the electron
momentum |~p(t)| is proportional to the pulse envelope E0(t)

|~p(t)| ∝
√

~E(t)2 =
√

E0(t)2 · (cos2(ωt + φ0) + sin2(ωt + φ0)) (7.2)

while the emission angle only depends on the instantaneous phase ωt + φ0 of
the laser field. Evidently, this idea does not apply to linear light where the
instantaneous field oscillates within the envelope.

Fig. 7.4. The three hands of the molecular clock.

Finally, the target consisted of a helium jet seeded equally with H2 and D2.
Therefore, we measure both isotopes under exactly the same conditions. Due to
their different mass the vibrational motion proceeds about

√
2 faster in H2 than

in D2. Thus, we have two nuclear clocks running at different speed providing an
intrinsic calibration of the nuclear wavepacket.

Recapitulating the above, we use a 7 fs, circularly polarized pulse to simul-
taneously survey two molecular clocks, each having three watch hands: (1) the
ion KER, (2) the magnitude of the electron momentum and (3) the angle of the
emitted electron.
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Ions produced by fast sequential ionization (FSI) are readily identified by
their kinetic energy. Using the center of mass (CM) momentum of the molecule
it is easy to discriminate real ion-ion coincidences from the background. We limit
the CM momentum to 10 a.u.. Once this is done, the KER spectrum can be
examined for FSI.
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Fig. 7.5. Total kinetic energy release of correlated ions. The sum of the two ion mo-
menta |~p1 + ~p2| add to less than 7 a.u.. The pulse duration was 7 fs. The
relative height corresponds approx. to the true relative ionization probability.
The CREI peak is probably induced by post pulses.

Fig. 7.5 shows the refined KER spectra for both isotopes at two different inten-
sities. Very clearly we can observe the different speeds of the nuclear wavepackets:
The explosion energy or KER of the D2 molecule is larger than for the lighter and
faster moving H2 molecule. We identify the peak at higher KER with FSI and the
one at lower KER with enhanced ionization. Here, enhanced ionization cannot be
identified with the classical CREI process which proceeds via crossings at large
internuclear separations (6-11 a.u.). In the current situation enhanced ionization
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must be rather seen as a “slow” sequential ionization, i.e. via the intermediate
2pσu or 2pπu states. With the legitimate assumption that the first ionization
occurs at the rising edge of the pulse, the dissociating molecular ion experiences
an always increasing external field. As the ionization potential drops very quickly
at small internuclear distances, the ionization rate is very sensitive in the initial
phase of dissociation to the laser intensity. In particular, when the peak intensity
is only present for a single laser cycle, the maximum ionization occurs in an in-
terval where the vibrational wavepacket is practically inertially confined. Thus,
if the deuterium molecule has not stretched enough at the crest of the pulse, ion-
ization will be suppressed. Of course, some fraction of the molecules might still
ionize, leading to a higher kinetic energy release than ionization of more elongated
molecules. This is exactly what we are observing in the upper panel of fig. 7.5.
The curves in the lower panel are fortifying our interpretation: At now higher
intensity, the internuclear separation, where the ionization probability ceases to
be negligible, has become smaller, yielding more and higher energy fragments.
When the peak intensity of our 7 fs pulses dropped below 10 · 1014 W/cm2, no
sequential ionization (neither FSI nor CREI) was observed at all (see fig. 7.3.d),
thus adding more weight to our interpretation.

Hence, we have verified that one of the hands of our molecular clock is working
properly. In fact, we have already established an upper limit for the time between
the ionizations: While in long pulses (>30 fs) the saturation intensity is ≈ 2.5 ·
1014 W/cm2 [290, 317], we cannot transfer this to the few cycle regime. The peak
intensities determined from the radial momentum of the Helium carrier gas and
the H2 seed give us the necessary information about the peak intensity in the
pulse and the intensity at the first ionization step, respectively. Of course, this
statement holds only provided that the peak intensity is below the saturation for
Helium single ionization. Since we have measured larger He+ momenta at longer
pulse durations (see run h2_circ_050129) we have demonstrated the validity of
our assumption. For example, if the He+ momentum implies a peak intensity of
12 ·1014 W/cm2 and the H+

2 momentum yields an intensity of ≈ 4.5 ·1014 W/cm2

(run h2_circ_050303), we can read the time of the first ionization step directly
from our SPIDER measurement. Accordingly, our clock starts 2 fs before the
pulse maximum. This is in good agreement with theoretical findings by Tong
and Lin [293] who predict single ionization in a 10.5 fs pulse to saturate about
3 fs before the pulse maximum.

Obviously, it does not make sense to analyze the other two watch hands in
a similar, isolated way. Instead, these observables have to be correlated against
each other or the KER. Let us outline briefly our expectations before moving to
the experimental results.

In a double ionization we cannot distinguish the two electrons. Since we
detect only one and reconstruct the second electron, there is a 50% chance to
detect the electron from the first ionization step. Thus, if we plot the angle
α12 between the two electrons we have an equal likelihood for both directions.
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This restricts the information in the relative angle to 180◦ which corresponds to
half a laser cycle. Correlating the full (-180◦ to 180◦) relative angle α12 with
the ion momentum partially disentangles those two contributions as sketched in
fig. 7.6. Instantaneous double ionization corresponds to the highest ion kinetic
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Fig. 7.6. Illustration of our expectations for the combination of two clock hands. a)
Electric field of the 7 fs, 12·1014 W/cm2 pulse seen by the H+

2 if created at
4.5·1014 W/cm2. b) Classical motion of a particle with the H2 reduced mass
on the 1sσg potential curve, when created at rest at 1.4 a.u.. Also shown is
the evolution of the pulse envelope (red, dotted curve). c) the kinetic energy
release vs. the relative emission angle. The green and the red lines correspond
to the two possibilities to detect the electron from the first or second ionization
step. d) the KER vs. the energy of the electron from the second ionization
step. The H2 equilibrium internuclear distance of 1.4 a.u. corresponds to a
KER of 19.28 eV, the 3-photon crossing at 3.3 a.u. to a KER of 8.4 eV.

energy release and a relative electron emission angle of 0◦. In this graphical
representation we then expect diagonal lines with an inclination that depends on
the velocity of the nuclear wavepacket or – in a classical simulation – the choice
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of the potential curve.
To completely remove the ambiguity, one has to additionally map the pulse

envelope onto the internuclear distance, i.e. the electron energy onto the KER,
respectively. Since thereby, ideally, each electron can be localized on the pulse
envelope, they can be ordered according to their release time. Fig. 7.6 illustrates
this idea with data from our CTMC simulation where, in contrast to the descrip-
tion given in chapter 4, we have propagated the ions on the bound 1sσg state
starting at the H2 equilibrium internuclear separation R = 1.4 a.u.. Since we
have a classical particle moving on the 1sσg potential curve the velocity in the
vicinity of the outer turning point is the smallest, diminishing the resolution in
the electron clock hands for lower KER.

Fig. 7.7 shows the correlation between the energy of the measured electron
and the ion KER. Unfortunately, the experimental reality is not as simple as
we hoped. The variation in the pulse envelope along with the extended focal
volume are the main reasons for the unsuccessful envelope mapping. Moreover,
the statistics of the 3 particle coincidence (2 protons + 1 electron) is very poor,
restricting further discussion to data set h2_circ_050303.

The bad resolution in the ion momentum along the jet direction blurs the
energy resolution of the calculated electron. Nevertheless, the influence on the
angular resolution is not quite as bad as can be seen in fig. 7.8. There, we
seem to have found evidence of the correlation between the two clock hands. A
pair of diagonal lines can be distinguished in the distribution that continuously
connect parallel and antiparallel emission over the range of observed internuclear
distances, i.e. the kinetic energy release. This suggests, that the second ionization
occurs only in a temporal window of 1.35 fs. However, the nuclear wavepacket
seems to move faster than predicted by our classical simulation.

Already in fig. 7.5 the relatively low KER indicates that the intensity is not
sufficient to directly double ionize the hydrogen molecule in a vertical transition.
Instead, we have a sequential process with the second ionization happening an
(yet) indefinite time after the first. In this light, the observation, that the second
ionization seems to set in with both electrons emitted into the same direction
(α12=0◦ at KER≈10 eV in fig. 7.8), suggests that between first and second ion-
ization step at least one full laser cycle or 2.7 fs. If we assume that the second
ionization occurs directly from the ground state of H+

2 and believe our simulation
(in fig. 7.6), then the observed KER actually corresponds to a time lag of 3 laser
cycles or 8.1 fs. This seems very unlikely considering the temporal shape of our
pulse: Assuming that the first ionization takes place about 2 fs before the peak of
the pulse, 8 fs later intensity has dropped to values below 5·1013 W/cm2 (compare
fig. 7.2) at which even the 3-photon transition ATD is negligible. Thus, we have
to conclude that the second ionization does not proceed directly from the ground
state molecular ion but rather through a (dissociative) intermediate excited state
as the 2pσu or 2pπu.

Now the question arises, whether the intermediate state is produced by a
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Fig. 7.7. The H2 molecular clock with the ion KER as the hour hand and the mea-
sured electron’s energy as the minute hand for the same data as in fig. 7.5.
Here, an additional requirement on the single ion momentum was made
to suppress contributions from bondsoftening H+: pion > 16 a.u., D+:
pion > 21 a.u.. The right-hand scale translates the electron energy to the
instantaneous intensity at the time of ionization. The indicated intensity
relates to the primary ionization step. Left column: h2/d2_circ_050303,
Imax = 12 · 1014 W/cm2. Right column: h2/d2_circ_050304, Imax =
14 · 1014 W/cm2. Electrons from the first and the second ionization step are
included with equal probability.

sequential multiphoton transition or instantaneous shakeup. Let us consider the
latter first.

Shakeup and Shakeoff. No evidence of shakeoff, i.e. direct instantaneous
double ionization, can be found in the correlated spectra due to their low statis-
tics. This is no surprise since already for shakeup5 a branching ratio in the order

5Remember, shakeup is the process where the first ionization leaves the molecular ion in an
excited state from which further ionization easily proceeds. If the first ionization proceeds slowly
the remaining electron can adiabatically adjust to the new eigenstates producing a ground state
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Fig. 7.8. The H2 molecular clock with the ion KER as the hour hand and the angle
between the electron momenta as the minute hand (run h2_circ_050303).
The time runs from right to left, since larger KER correspond to faster double
ionization. The two arrows indicate the two combinations of detecting the
two electrons. Thus, both should be running at the same speed and stand
equally for the minute hand, while the hour hand is resembled by the series
of polarplots.

of 10−5 for 1015 W/cm2 has to be expected [182] whereas even our uncorrelated
ion spectra cover only a range of 103 (see fig. 7.3).

However, our KER spectra contrast the ones given by Litvinyuk et al. [182]
(compare fig. 7.9 and fig. 7.3). There no double peak structure is visible. Proba-
bly, the missing features are blurred by the much longer pulses (40 fs) used in that
experiment. This is supported by the trend in our data when moving from 7 fs to
10.5 fs pulses. Obviously, the shorter pulse length makes a cleaner experiment.
Thus, what Litvinyuk and coworkers identify as CREI are in fact two different
processes. Furthermore, the high energy tail in the deuteron spectrum from 8-
10 eV can be identified in the data under the two highest intensities. However,
our data do not justify a qualitative distinction from the FSI (high KER) peak.
Concluding, we have found no evidence of neither shakeoff or shakeup even at
pulse parameters that should increase the relative yield of those channels.

molecular ion. Shakeoff is the other extreme of this process leading to instantaneous double
ionization.
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Fig. 7.9. D+ ion kinetic energy in 40 fs pulses. The peak at 0.6 eV is due to bond-
softening, whereas the large peak at 3 eV is attributed to CREI. Events above
8 eV are interpreted as shakeup. From [182].

Sequential Excitation. Since we have excluded shakeup, we are left with se-
quential excitation as the remaining possible explanation for our data. Although
in principle 2pσu and 2pπu are equally suited as intermediates to ionization, the
strong nonlinearity in multiphoton processes prefers the coupling to the 2pσu

state. Thus, we have to examine the 5 photon coupling between the two low-
est states of H+

2 , considering that the 3-photon crossing is not reached within
the pulse duration. This coupling is resonant at an internuclear separation of
∼2.6 a.u. which is between the outer turning points of the ν = 0, 1 vibrational
ground state. In fig. 7.10 we strain our simple classical model once more to get a
feeling how the temporal correlation between emission angle and kinetic energy
release correlate for either of the three possibilities: (a) ionization directly from
the 1sσg ground state with the nuclear wavepacket being created at 1.4 a.u., (b)
shakeup of the molecular ion to the 2pσu with subsequent ionization, (c) propa-
gation on the ground state to the 5 photon crossing at 2.6 a.u. where transition
to the 2pσu is made and finally (d) which includes the transition at the 3-photon
resonance back to the ground state. Obviously, the two first mechanisms cannot
account for the observed features. On the other hand, the sequential excitation
can at least explain the observed kinetic energy release. Surprisingly, in any case
the observed KER corresponds to about three laser cycles. This is astonishing
since three full rotations of the electric field vector after the primary ionization
the intensity should merely be 4% of the peak value. Even with a peak intensity
of 12·1014 W/cm2 this is clearly not enough to induce the second ionization. A
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Fig. 7.10. Correlation between the emission angle and the KER for some dissociation
processes that precede the DI: (a) pure 1sσg (b) shakeup to the 2pσu and (c)
sequential excitation from the 1sσg via the 5 photon crossing to the 2pσu at
2.6 a.u.. (d) sequential excitation start on 1sσg at 1.4 a.u., switch to 2pσu

at 2.6 a.u. (5 photon resonance) and switch back to 1sσg at 3.3 a.u. (3-
photon resonance). (e) shows the correlation between KER and the electron
energy from the second ionization step for all cases.
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possible conclusion we can draw from this is that the pulse width in the chamber
was longer than the pulse width determined in our SPIDER measurement. E.g.
in a 9 fs pulse the intensity has decreased to 27% or 3·1014 W/cm2. This is sup-
ported by the electron energy (see fig. 7.7) which corresponds to 5·1014 W/cm2

at the time of ionization.
Summarizing our findings for run h2/d2_circ_050303, we observe a sequential

double ionization in H2 that proceeds as follows: 2.2 ± 0.3 fs before the pulse
maximum the first ionization creates a ground state molecular ion. Three full
rotations of the electric field vector later the molecular ion is resonantly excited
to the 2pσu which serves as an intermediate to the second ionization step which
then occurs during the next half laser cycle:

H2
0fs−−−→

-2.2fs
H+

2 (1sσg) + n~ω
2.2-8.1fs−−−−→
0-5.9fs

H+
2 (2pσu)

8.1-9.4fs−−−−→
5.9-7.2fs

H+ + H+ (7.3)

7.4 Conclusions & Outlook
Concluding, we have investigated the two-hand molecular clock in a proof-of-
principle experiment. Therefore we have correlated the kinetic energy release
(KER) with the relative electron emission angle. We observe a dependence of the
emission angle with the KER that is absent in longer pulse data.

For a pulse duration of 8±1 fs and a peak intensity of (12± 2) · 1014 W/cm2

we find that the sequential double ionization produces fragments of 7.5 eV and
10.5 eV. The KER dependence of the relative electron emission angle suggests
that this range of KER is produced within a half laser cycle or 1.35 fs. We can
resolve at least four steps yielding a temporal resolution of 350 as. However,
we cannot unambiguously identify the number of laser cycles between first and
second ionization. The KER would be in agreement with 2-3 cycles corresponding
to 5.4 fs and 8.1 fs.

Although we lack a model that fully explains the observations, we can reason
that the molecular structure, i.e. the manifold of intermediate excited states,
plays a crucial role that has to be disentangled to completely grasp the fast
sequential double ionization. Higher resolution experiments as well as the de-
velopment of a profound model that has the capability to take highly excited
states into account will be necessary to achieve this goal. Contrary to intuition
we suspect that increasing the peak intensity while keeping the pulse duration
at 7 fs will not make a cleaner experiment. Higher intensity would also produce
higher energy electrons that can be detected only on the cost of losing resolution.
The largest increase in resolution is to be expected from a restriction of the fo-
cal volume by making the target thinner than the focal length. Control of the
carrier-envelope-offset (CEO) phase will be the logical next step and the key that
unites coherent control and attophysics in all of the discussed processes.
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Chapter 8

Summary

In this work we have studied experimentally and theoretically hydrogen and deu-
terium molecules in strong laser fields. We wanted to demonstrate that control
of dynamical processes on the time scale below a single laser cycle (2.7 fs) can be
achieved even without using attosecond pulses just by employing the advanced
experimental technique COLTRIMS. In order to do this, we have pursued two
goals:

1. To examine, whether laser steered electron wavepackets can be used for
laser induced electron diffraction (LIED) on molecules.

2. To demonstrate, that the double ionization of H2 can be followed with sub
laser cycle temporal resolution (the molecular clock).

Laser induced electron diffraction needs linearly polarized light since its mech-
anism relies on rescattering of the ionized electron in the molecular potential.
With rescattering occurring within a few hundred attoseconds, LIED is really a
process of attosecond physics. In principle, two extreme scattering geometries are
possible for a homonuclear diatomic molecule like H2: the perpendicular geome-
try, which corresponds to the classical double slit experiment where the electron
microbunch is steered transversely to the molecular axis, and the tangential ge-
ometry with the electron moving parallel to the molecular axis. Experimental
restrictions prevented us to investigate the perpendicular geometry.

The molecular clock, on the other hand, employs circularly polarized light
to map the absolute phase of the laser electric field onto the spatial direction
of the electron momentum. Thereby, a full laser cycle is mapped onto 360◦ in
momentum space. Thus, different electron ejection angles in the laboratory frame
correspond to different ejection times. Together with the correlated kinetic energy
release of the coulomb exploding molecules an unambiguous clock running from
0-8 fs with a few 100 as resolution can be envisioned.

In direct relation to this experiment, we studied the influence of the long
range potential of the parent ion on the final momentum. This effect is also

159



Summary

called Coulomb asymmetry. From the theoretical point of view this is also an
highly interesting question since the current models ignore the ion potential once
the electron is liberated and at most correct for it empirically. As during both
ionization steps the molecule has different charge states, we can expect Coulomb
asymmetry to vary accordingly. The results of this study have to be taken into
account when interpreting the relative electron emission angle in the molecular
clock.

Results & Outlook

Laser Induced Electron Diffraction

To predict interference minima and maxima in electron momentum space de-
pending on the intensity and the internuclear distance we have developed two
simple models. However, we must admit, that we did not succeed in observing
laser induced electron diffraction. The reason for this is probably mainly due
to the scattering geometry that complicates the situation considerably. Interfer-
ence effects are to be expected only at the very limit of electron energies where
the statistics is � 10−4 of the primary channel. The strong dependence of the
internuclear distance decreases the statistics to 10−8-10−10. The high electron en-
ergies occupy a large phase space further reducing the density of electrons. Also,
high electron energies demand high magnetic fields whose artefacts can only be
avoided on the cost of resolution in the time-of-flight direction. Finally, the un-
certainty of the peak intensity also broadens the possible electron energies where
interference is expected to be observable.

From our measurements we have to draw the conclusion that LIED in tangen-
tial scattering geometry is destined to fail. The perpendicular scattering geometry
seems much more promising and will have to be studied in the near future. How-
ever, due to the little dipole moment of the neutral hydrogen active alignment is
not possible. One could either resort to other molecules such as oxygen and ni-
trogen, where a well established rotational wavepacket control would easily allow
for the perpendicular scattering geometry. Or, one can think of a pump-probe
experiment on H2 with two sub 10 fs pulses, in order to have the pump pulse
removing the first electron and inducing the dissociation. The probe pulse would
have to be perpendicularly polarized with respect to the pump to have the second
electron wavepacket moving transverse to the molecular axis. By adjusting the
delay between the two pulses, one could even choose the width of the molecular
double slit.

The potential of LIED as a tool for time resolved structural imaging still lies
largely uncovered and proof-of-principle experiments are strongly required. The
predictive power of the model presented here could be refined introducing (1)
weighing factors for the diffracting electron depending on tunneling probability
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and (2) elastic scattering cross sections. Also, including directly emitted electrons
in the model would enhance its predictive power considerably.

CTMC Simulation

We have developed a classical model of the process called charge resonance en-
hanced ionization (CREI) which was implemented by means of a CTMC simu-
lation. In CREI the H+

2 ion produced in the laser pulse dissociates under the
regiment of the alternating electric field. When it reaches a certain range of criti-
cal internuclear distances (6-11 a.u.) the probability for a second electron removal
is highly increased. Our simulation initializes a micro canonical ensemble of the
H+

2 and dissociates the molecule along predefined potential energy surfaces. The
simulation is in qualitative agreement with the experimental data concerning the
critical internuclear separations associated with CREI. In linear light, it correctly
reproduces a recapturing of low energy electrons when the pulse has faded away.
The particular strength of the model is the prediction of the distortion of the
final electron momentum due to the parent ions coulomb potential.

Certainly, the simulation has a large potential for improvement. The most
urgent is the implementation of the adaptive stepsize algorithm. A doubtless
ambitious goal would be the extension of the simulation to multiple electrons,
modeling the enhanced ionization from the very start with a neutral molecule.
This would probably mean that a semiclassical approach would have to be em-
ployed, where each ionization step is calculated with the tunneling formulas in
section 2.2.4. Although their validity is limited to the tunneling regime, they
would probably produce better results in terms of critical internuclear separa-
tion.

Coulomb Asymmetry, Coulomb Focusing & PLD

For the first time we have examined the ionization dynamics in 40 fs pulses with
circular polarization. Several important results were found:

1. Coulomb asymmetry: We have demonstrated that Coulomb asymmetry
has only a small effect on the primary ionization step. The observable elec-
tron emission angles in the molecular frame depart only 8-10◦ from a model
that neglects the ion potential. For the second ionization a large influence
of the ion potential on the outgoing electron wave is to be observed. Due to
the charge state dependence of Coulomb asymmetry the relative emission
angle between the two electrons of a double ionization is decreased between
30◦ and 60◦ depending on the KER and the electron energy. Thereby is
the large variation related to the internuclear separation at the time of the
second electron removal: the larger the separation, the stronger Coulomb
asymmetry. Along with the increasing deflection comes a refraining of the
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electron momentum. Data sets at different pulse durations (10-60 fs) and
with both isotopes (H2 and D2) exclude a pulse envelope effect as a possible
cause.

2. Phase Locked Dissociation: The rotating laser field in conjunction with
the anisotropic ionization probability supplies a clock that makes the tem-
poral imaging of the double ionization possible. A temporal relation be-
tween first ionization and dissociation is established even at these “long”
pulse durations. When a certain dissociation channel dominates, the time
between first and second ionization can be deduced from the KER. We
find for our pulse parameters that CREI commences about 5 cycles or
13.5 ± 1.3 fs after the creation of the H+

2 and ceases about 10 cycles or
27±2.7 fs thereafter. Furthermore, the data suggest that the electron pop-
ulation of H+

2 is trapped on one of the protons either 0.5, 1.5 or 2.5 laser
cycles after the transition to the 2pσu is made.

3. Coulomb Focusing: Distortion of the CREI electron momentum compo-
nent transverse to the plane of polarization during the ionization is negligi-
ble and does not depend on the internuclear separation. In circular light the
transverse momentum distribution strongly resembles the initial tunneling
wavepacket whereas in linear light the transverse momentum is distorted
due to a strong coulomb focusing of the backscattered electron wavepacket.
In this case a small dependence from the internuclear separation at which
the second ionization occurs can be distinguished. This dependence is at-
tributed to Coulomb focusing of the returning electron wavepacket.

As always, an improvement in momentum resolution would be a worthwhile
enterprise for the described experiments.

Although we have determined the magnitude of Coulomb asymmetry (CA)
for the two charge states, we have learned that CA strongly depends on the
internuclear distance. Since H2+

2 is not stable, we could not determine the sole
influence of the charge state on the outgoing electron. A solution to this would be
either to study a molecule as N2 whose doubly charged ion can also survive or to
produce the two charge states in a vertical transition via single photon absorbtion
in the presence of a laser field.

For further studies of the nuclear dynamics of the dissociation a pump-probe
scheme would be helpful, where the primary ionization including the coupling to
the ungerade state is produced with a linearly polarized, low intensity (Imax < 2.5·
1014 W/cm2), short (8 fs) pump pulse. The probe pulse could be a synchronized
train of attosecond pulses over a few laser cycles that can be delayed with respect
to the pump pulse. Every attosecond pulse projects the dissociating wavepacket
onto the coulomb explosion curve with equal probability, regardless of any critical
internuclear distance. The constant temporal spacing of the attosecond pulses
can be used to directly monitor the dissociating nuclear wavepacket.
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To resolve the theoretically predicted critical internuclear distance would be a
challenge that goes beyond simple resolution improvement. Bondsoftening could
be isolated at very low intensities (Imax < 1.0 · 1014 W/cm2) but then the CREI
channel is closed. Probably, one would have to go to higher intensities where
above threshold dissociation dominates. Further, intensity envelope effects will
have to be excluded as much as possible by target collimation below the focal
dimensions.

The Molecular Clock

Finally, we have investigated the two-hand molecular clock in a proof-of-principle
experiment. Therefore we have correlated the kinetic energy release (KER) with
the relative electron emission angle. We observe a dependence of the emission
angle with the KER that is absent in longer pulse data.

For a pulse duration of 8±1 fs and a peak intensity of (12± 2) · 1014 W/cm2

we find that the sequential double ionization produces fragments of 7.5 eV and
10.5 eV. The KER dependence of the relative electron emission angle suggests
that this range of KER is produced within a half laser cycle or 1.35 fs. We can
resolve at least four steps yielding a temporal resolution of 350 as. However,
we cannot unambiguously identify the number of laser cycles between first and
second ionization. The KER would be in agreement with 2-3 cycles corresponding
to 5.4 fs and 8.1 fs.

Although we lack a model that fully explains the observations, we can reason
that the molecular structure, i.e. the manifold of intermediate excited states,
plays a crucial role that has to be disentangled to completely grasp the fast
sequential double ionization. Higher resolution experiments as well as the de-
velopment of a profound model that has the capability to take highly excited
states into account will be necessary to achieve this goal. Contrary to intuition
we suspect that increasing the peak intensity while keeping the pulse duration
at 7 fs will not make a cleaner experiment. Higher intensity would also produce
higher energy electrons that can be detected only on the cost of losing resolution.
The largest increase in resolution is to be expected from a restriction of the fo-
cal volume by making the target thinner than the focal length. Control of the
carrier-envelope-offset (CEO) phase will be the logical next step and the key that
unites coherent control and attophysics in all of the discussed processes.
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Chapter 9

Zusammenfassung

In der vorliegenden Arbeit wurden Studien an molekularem Wasserstoff und
seinem Isotop in intensiven, ultrakurzen Laserpulsen sowohl experimenteller, als
auch theoretischer Natur, durchgeführt, mit dem Ziel, die Grenze zur Attosekun-
denphysik (10−18 s) zu überqueren, ohne auf den expliziten Einsatz von At-
tosekundenlaserpulsen angewiesen sein zu müssen. Stattdessen wollten wir demon-
strieren, daß eine Kontrolle der Elektronendynamik auf einer Zeitskala, kürzer als
eine Schwingung des Laserfeldes (2.7 fs), möglich ist, nur unter Einsatz der noch
recht jungen experimentellen COLTRIMS Methode. Zwei Schlüsselexperimente
sollten dies beweisen:

1. Laserinduzierte Elektronenbeugung : Verwendung des im Laserfeld oszil-
lierenden, freien Elektrons zur Beugung am Molekül.

2. Die molekulare Uhr : Zeitaufgelöste Messung der Doppelionisation des Moleküls
vermittels korrelierter Elektronen- und Kernwellenpakete.

Das Prinzip laserinduzierter Elektronenbeugung basiert auf dem bekannten
Rescattering Mechanismus; in linear polarisiertem Licht kann das durch Tun-
nelionisation freigesetzte Elektron aufgrund des antreibenden elektrischen Laser-
feldes zum Molekülion zurückkehren und an dessen Potential streuen. Dieser
Prozess findet innerhalb von einigen hundert Attosekunden statt und ist damit
in den Bereich der Attophysik einzuordnen.

Für den Fall eines homonuklearen, diatomaren Moleküls, wie es das Wasser-
stoffmolekül ist, sind zwei prinzipiell verschiedene Streugeometrien möglich: Zum
einen die senkrechte Geometrie, die zum klassischen Doppelspaltversuch korre-
spondiert, und in der das Elektronenwellenpaket senkrecht zur Molekülachse auf
dieselbe gelenkt wird. Zum anderen ist die parallele oder tangentielle Streu-
geometrie denkbar, in der das Laserfeld die Elektronenwelle parallel über das
Molekül führt. Experimentelle Randbedingungen zwangen uns die letztere Vari-
ante auf.

Im Gegensatz zur Beugung muß für die molekulare Uhr zirkular polarisiertes
Licht eingesetzt werden. Das rotierende elektrische Feld des Lasers bildet die
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absolute Phase des Lasers auf den Elektronenimpuls ab. Eine Periode des Laser-
feldes wird so auf 360◦ im Impulsraum übersetzt. Folglich entspricht der gemessene
Zwischenwinkel zwischen zwei Elektronen einem Zeitunterschied in der Emission,
welcher, gleichwohl mehrdeutig in dieser Meßgröße allein, durch Hinzunahme
der korrelierten Explosionsenergie der beiden Protonen, auf bis zu drei Laser-
perioden ausgedehnt werden kann. Diese Korrelation zwischen nuklearem und
elektronischem Wellenpaket gibt der molekularen Uhr ihren Namen und erlaubt
die Vermessung der sequentiellen Doppelionisation über 8 fs mit bis zu 100 as
Zeitauflösung.

In direkter Verbindung mit diesem Experiment sind Untersuchungen zum
Einfluss des langreichweitigen Ionenfeldes auf den Elektronenimpuls von großem
Interesse. Aber auch vom theoretischen Standpunkt aus ist die Frage hochak-
tuell, da theoretische Arbeiten diesen Einfluss bislang geflissentlich ignorieren,
bzw. empirisch (weg)korrigieren. Die auftretende Deformation des Impulses wird
Coulomb Asymmetrie genannt. Da bei beiden Ionisationsschritten das Molekül
jeweils unterschiedliche Ladungszustände hat, ist zu erwarten, daß dieser Effekt
entsprechend variiert. Das ist bei der Interpretation des Zwischenwinkels in der
molekularen Uhr zu berücksichtigen.

Ergebnisse und Ausblick

Laserinduzierte Elektronenbeugung

Zur Vorhersage der Position der Interferenzmuster wurden zwei Modelle mit un-
terschiedlichen Ansätzen entwickelt. Leider konnten wir keine Beugung im Elek-
tronenimpulsraum nachweisen. Als Hauptursache ist sicherlich die unvorteil-
hafte Streugeometrie zu benennen, welche die Suche nach Interferenzeffekten
erheblich kompliziert. Einerseits sind Interferenzminima und -maxima nur bei
den höchstenergetischen Elektronen nachzuweisen, deren relative Wahrschein-
lichkeit bei nur � 10−4 der Einfachionisation liegt. Die starke Abhängikeit der
Beugungsmuster vom internuklearen Abstand verringert die auswertbare Statis-
tik weiter, sodaß am Ende ein elastisch gestreutes Elektron der richtigen En-
ergie eine Wahrscheinlichkeit von 10−8-10−10 relativ zur Einfachionisation hat.
Die hohe Energie impliziert einen maximalen Phasenraum, sodaß die Phasen-
raumdichte zusätzlich ausgedünnt wird. Hohe Elektronenenergien verlangen vom
Experiment außerdem hohe Magnetfelder, dessen Artefakte nur auf Kosten der
Flugzeitauflösung zu umgehen sind. Schließlich erschwert die unumgängliche, ex-
perimentelle Unbestimmtheit der Intensität die Suche nach dem Energieband, in
dem die Interferenzen zu erwarten sind.

Unsere Ergebnisse legen den Schluß nahe, daß die tangentielle Geometrie
denkbar ungeeignet ist, lichtinduzierte Elektronenbeugung nachzuweisen. Die
senkrechte Geometrie scheint vielversprechender zu sein und wird in naher Zu-
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kunft untersucht werden. Jedoch ist eine aktive Ausrichtung des Wasserstoff-
moleküls aufgrund seines geringen Dipolmomentes nicht möglich. Stattdessen
könnte man auf andere Moleküle ausweichen, wie O2 oder N2, für die erprobte
Ausrichtungstechniken existieren und eine senkrechte Ausrichtung leicht zuließen,
sodaß in einem Pump-Probe Experiment das Molekül erst ausgerichtet und an-
schließend ionisiert wird. In der Tat sind solche Messungen in diesem Moment in
Gange. Für H2 käme nur ein geometrisches Ausrichten in Frage. Auch hier kann
wieder ein Pump-Probe Schema angedacht werden, in dem ein sub 10 fs Pump-
Puls das erste Elektron entfernt und die Dissoziation einleitet. Der nachfolgende,
ebenfalls sehr kurze und intensive Probe-Pulse müsste zum ersten senkrecht po-
larisiert sein, damit das zweite Elektron sich senkrecht zur Molekülachse bewegt.
Durchstimmen der Verzögerung zwischen beiden Pulsen erlaubt dann sogar das
Einstellen des Abstandes des molekularen Doppelspalts.

Das Potential von laserinduzierter Elektronenbeugung als ein Werkzeug zur
zeitaufgelösten Strukturbestimmung liegt noch immer ungenutzt und Experi-
mente zur Demonstration des Funktionsprinzips sind noch immer dringend nötig.
Wie an anderer Stelle bereits erwähnt wurde, sind Nachfolgeexperimente im
Gange. Das entwickelte einfache Modell zur Vorhersage der Beugungsmuster
sollte weiterentwickelt werden durch die Einführung von Gewichtsfaktoren für
das streuende Elektron, die (1) von der Tunnelwahrscheinlichkeit bestimmt sind
und (2) der Ausbreitung des Wellenpakets zum Zeitpunkt der Streuung Rech-
nung tragen. Die Berücksichtigung der direkten Elektronen würde schließlich ein
vollständiges Bild des Prozesses geben.

CTMC Simulation

Wir haben ein klassisches Model des Doppelionisationsmechanismus’ charge reso-
nance enhanced ionization (CREI) entwickelt und in einer Monte-Carlo (CTMC)
Simulation implementiert. Besagter Mechanismus bezeichnet eine (verzögerte)
Variante der sequentiellen Doppelionisation bei der das im Laserpuls erzeugte
H+

2 Ion dissoziiert. Das wechselnde Laserfeld zieht die Ladung von einem Pro-
ton zum anderen und schwächt so die Bindung des Moleküls mit der Folge, daß
das Molekülion auseinanderläuft. In einem bestimmten internuklearen Abstand
von ca. 6-11 a.u. ist die Wahrscheinlichkeit zur Ionisation des zweiten Elektrons
stark erhöht. Unsere Simulation initialisiert ein mikrokanonisches Ensemble des
Molekülions und dissoziiert das Molekül entlang der exakten Potentialkurven. Die
Simulation ist in qualitativer Übereinstimmung mit den experimentellen Daten
in Bezug auf die kritischen internuklearen Abstände. In linearem Licht wird bei
0 eV ein Dip im Energiespektrum der Photoelektronen korrekt reproduziert, der
das Wiedereinfangen niederenergetischer Elektronen nach dem Puls zur Ursache
hat. Die besondere Stärke jedoch ist die Vorhersage der Verzerrung der Elektro-
nenimpulse aufgrund des langreichweitigen Kernpotentials.

Sicherlich hat die Simulation noch ein großes Verbesserungspotential. Am
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dringlichsten ist hierbei die Implementation eines schrittweite-adaptiven Algo-
rithmus’. Ein langfristiges und zweifellos ehrgeiziges Ziel wäre die Erweiterung
des Models auf zwei und mehr Elektronen, um die gesamte Doppelionisations-
dynamik beschreiben zu können. Wahrscheinlich würde das bedeuten, daß der
semiklassische Ansatz gewählt werden müsste, d.h. anstelle eines mikrokanon-
ischen Ensembles die Tunnelionisationsraten an den Anfang der Simulation zu
stellen. Dies würde sicherlich auch die kritischen internuklearen Abstände besser
reproduzieren.

Coulomb Asymmetry, Coulomb Focusing & PLD

Zum ersten Mal haben wir die vollständige Ionisationsdynamik von H2 in zirku-
lar polarisierten, 40 fs Laserpulsen untersucht. Dabei wurden folgende wichtige
Ergebnisse gefunden:

• Coulomb Asymmetrie: Wir haben gezeigt, daß Coulomb Asymmetrie
im ersten Ionisationsschritt nur einen kleinen Einfluss hat. Die observablen
Elektronenimpulse unterscheiden sich im Emissionswinkel, in Abhängigkeit
von der Intensität, nur um 8-10◦ von der Vorhersage eines einfachen Modells
ohne Berücksichtigung des Ionenfeldes. Beim zweiten Ionisationsschritt be-
wirkt der höhere Ladungszustand des zurückbleibenden Ions eine deutlich
stärkere Abweichung im Emissionswinkel, nämlich 30-60◦. Hierbei hängt die
hohe Schwankungsbreite mit dem internuklearen Abstand zum Zeitpunkt
der zweiten Ionisation zusammen: je größer der Abstand, desto größer
der Effekt der Coulomb Asymmetrie. Einhergehend mit der zunehmenden
Ablenkung erfolgt auch eine Abbremsung, d.h. eine Verringerung des Elek-
tronenimpulses. Daß dies kein dynamischer Effekt der Pulseinhüllenden ist,
konnte durch Messungen mit unterschiedlicher Pulsdauer (10-60 fs) und an
beiden Isotopen (H2 und D2) ausgeschlossen werden.

• Phase Locked Dissociation: Das rotierende Laserfeld im Zusammen-
spiel mit der stark anisotropen Ionisationswahrscheinlichkeit des Molekül-
ions erzeugt eine Uhr, die in der Explosionsenergie der Doppelionisation
abgelesen werden kann und ein Abbild der Dissoziationsdynamik erlaubt.
Hierbei bewirkt die Bedingung des Zusammenfallens von Polarisation und
Molekülachse für den Start der Dissoziation eine Kopplung der absoluten
Laserphase zum internuklearen Abstand und somit der Explosionsenergie.
Es kann sogar ein zeitlicher Zusammenhang zwischen erstem und zweitem
Ionisationsschritt für CREI hergestellt werden. Wir finden, daß CREI 5
Feldschwingungen oder 13.5±1.3 fs nach der Erzeugung des H+

2 einsetzt und
während weiterer 5 Schwingungen andauert. Weiterhin lassen die Daten
den Schluß zu, daß die Elektronenpopulation im H+

2 entweder 0.5, 1.5 oder
2.5 Schwingungen nach dem Übergang auf den 2pσu Zustand an einem der
Protonen lokalisiert.

168



Zusammenfassung

• Coulomb Focusing: Trotz des großen Einflusses des Ionenpotentials auf
den Elektronenimpuls in der Polarisationsebene konnten wir keinen Ef-
fekt in der Richtung senkrecht zur Polarization feststellen. Im Rahmen
der Meßgenauigkeit war keine Abhängigkeit vom internuklearen Abstand
zu beobachten. In zirkularem Licht bleibt folglich die transversale Im-
pulsverteilung zum Zeitpunkt der Tunnelionisation erhalten, während in
linearem Licht der transversale Impuls aufgrund von Coulomb Focusing
verzerrt ist. Der Vergleich linearer mit zirkularer Polarisation offenbart,
daß Coulomb Focusing praktisch nur für das zurückstreuende Elektron von
Bedeutung ist. Dabei nimmt der Effekt auf das tunnelnde Elektron mit
dem internuklearen Abstand zu.

Wie immer, ist auch hier eine Verbesserung der Impulsauflösung ein lohnendes
Unternehmen.

Obwohl wir das Ausmaß der Coulomb Asymmetrie für beide Ladungszustände
bestimmt haben, ist doch ebenso deutlich geworden, daß dieser Effekt stark vom
internuklearen Abstand abhängt. Da H2+

2 nicht stabil ist, konnten wir diese
beiden Parameter nicht trennen. Als Ausweg würde sich entweder ein anderes
Molekül anbieten, etwa wie N2, dessen doppelt geladenes Ion gebunden bleiben
kann, oder aber die Einphotonenionisation in Gegenwart eines Laserfeldes, wobei
die Photonenenergie jeweils auf die beiden Ionisationsschwellen abgestimmt sein
müßte.

Weitere Untersuchungen der Dissoziationsdynamik verlangen nach Pump-
Probe Experimenten, wobei der linear polarisierte 8 fs Pump-Puls von nicht
zu hoher Intensität (Imax < 2.5 · 1014 W/cm2) die Einfachionisation und den
anschließenden Übergang auf den ungeraden, dissoziativen Zustand durchführt.
Der Probe-Puls könnte ein Attosekundenpulszug sein, dessen Verzögerung zum
Pump-Puls variabel sein müßte. Jeder Attosekundenpuls projiziert das dissozi-
ierende Wellenpaket auf die Coulombexplosionskurve mit gleicher Wahrschein-
lichkeit, unabhängig von einem kritischen Abstand, sodaß der konstante zeitliche
Abstand zwischen Pulsen eine Streakkamera für das dissoziierende Molekül bildet.

Um schließlich den vorhergesagten, diskreten Charakter der kritischen inter-
nuklearen Abstände zu identifizieren, ist ebenfalls mehr als nur die einfache Ver-
besserung der Auflösung nötig. Man müsste zum einen die beiden Dissoziations-
kanäle isolieren, zum anderen Effekte aufgrund der Pulseinhüllenden ausschließen.
Bondsoftening kann bei sehr niedrigen Intensitäten (Imax < 1.0 · 1014 W/cm2)
isoliert werden, nur ist dann auch der CREI Kanal verschlossen. Wahrscheinlich
führt der Weg eher über höhere Intensitäten und die dann bevorzugte above
threshold dissociation.

169



Zusammenfassung

The Molecular Clock

Schließlich haben wir die molekulare Uhr in einem exemplarischen System – H2

in 7 fs, zirkular polarisierten Laserpulsen – demonstriert. Dafür haben wir die
kinetische Energie der Ionen, als dem Stundenzeiger, mit dem Zwischenwinkel
zwischen der emittierten Elektronen, dem Minutenzeiger, korreliert. Wir können
eine deutliche Korrelation zwischen beiden Zeigern feststellen, welche bei längeren
Pulsdauern nicht zu beobachten ist.

Bei einer Pulsdauer von 8±1 fs und einer Maximalintensität von (12 ± 2) ·
1014 W/cm2 beobachten wir sequentielle Ionisation, die für H2 Protonen mit
einer Gesamtenergie von 7.5-10.5 eV erzeugt. Die Abhängigkeit des Zwischen-
winkels der beiden Elektronen von der Explosionsenergie der Protonen läßt da-
rauf schließen, daß die Ionisation innerhalb einer halben Laserschwingung oder
1.35 fs abläuft. Da wir mindestens vier Einzelschritte auflösen können, besitzen
wir eine zeitliche Auflösung des zweiten Ionisationsschritts von 350 as. Anhand
der Protonenenergie können wir jedoch nicht eindeutig auf die Zeit zwischen er-
stem und zweitem Ionisationsschritt schließen. Vereinbar mit den Daten wären
2-3 Schwingungen des Laserfeldes oder eine Zeitdauer von 5.4-8.1 fs.

Obwohl unser einfaches Modell die exakte Korrelation nicht erklären kann,
sind wir überzeugt, daß die molekulare Struktur, d.h. die Mannigfaltigkeit der an-
geregten, elektronischen Zustände, eine grundlegende Rolle bei dem beobachteten
Prozeß spielt. Diese Beiträge müssen identifiziert werden, um die sequentielle
Doppelionisation vollständig zu erfassen. Experimente mit höherer Auflösung,
sowie die Entwicklung eines korrekten Modells mit der Fähigkeit, die angeregten
Zustände über den 2pσu hinaus zu berücksichtigen, sind notwendig um dieses Ziel
zu erreichen. Der naheliegenden Annahme, daß eine höhere Intensität bei gle-
icher Pulsdauer ein klareres Experiment liefern würde, müssen wir entgegenhal-
ten, daß eine höhere Intensität auch größere Elektronenimpulse nach sich ziehen
würden, die nur auf Kosten der Auflösung detektiert werden können. Ein viel
bedeutsamerer Einwand ist jedoch, daß die Zählrate schon bei den verwendenten
Intensitäten an der Grenze der Koinzidenzrate lag. Aus diesem Grund ist von
einer Verbesserung des Grundvakuums und einer Kollimierung des Gastargets
unterhalb der Fokusausdehnung der größte Gewinn zu erwarten.

Die Kontrolle oder zumindest Stabilisierung der absoluten Phase (CEO phase)
wäre dann der logische nächste Schritt und Schlüssel um Coherent Control und
Attophysik zu vereinigen.
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Appendix A

Atomic Unit Conversion &
Formulas

dimension formula SI units
mass me 9.10938 · 10−31 kg
charge qe 1.60218 · 10−19 C
length a0 5.29177 · 10−11 m
velocity v0 2.18769 · 106 m s−1

time a0/v0 2.41888 · 10−17 s
momentum mev0 1.99285 · 10−24 kg m s−1

angular momentum ~ = a0mev0 1.05457 · 10−34 kg m2 s−1

frequency v0/(2πa0) 6.57969 · 1015 Hz
angular frequency v0/a0 4.13414 · 1016 Hz
energy e2/(4πε0a0) 27.2116 eV = 1 hartree
action ~ = e2/(4πε0v0) 1.05457 · 10−34 J s
electric field e/(4πε0a

2
0) 5.14221 · 1011 V/m

magnetic field ~/(ea2
0) 2.35052 · 105 T

intensity 1/2 cε0(e/(4πε0a
2
0))

2 3.50953 · 1016 W/cm2

constant formula SI units atomic units
Planck’s constant h 6.62608 · 10−34 J s 1
elementary charge qe 1.60218 · 10−19 C 1
electron mass me 9.10938 · 10−31 kg 1
proton mass mp 1.67262 · 10−27 kg 1836.15
atomic mass unit amu = 1

12m(12C) 1.66054 · 10−27 kg 1822.89
velocity of light c 2.99792 · 108 m/s 137.04
influence constant ε0 8.85419 · 10−12 As/(Vm) 1/(4π)
induction constant µ0 = 1/(c2ε0) 4π · 10−7 Vs/(Am) 4π/137.042
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Atomic Unit Conversion & Formulas

Useful Formulas
Keldysh Parameter for H2 Single Ionization from the equilibrium internuclear
separation Re = 1.4 a.u. (Ip=15.5 eV):

γ = 2.78

√
1

Up[eV ]
(A.1)

Ponderomotive potential Up

Up[eV ] = 9.33 · I[1014W/cm2] · λ2[µm] (A.2)

Magnetic field from gyration period:

B[gauss] =
357.2

Tgyr[ns]
(A.3)

Calculation of intensity Imax from radial momentum p in circular light

Imax[1014W/cm2] = 2.2776 · p2[a.u.] (A.4)

Energy to wavelength conversion

λ(e−)[au] =
6.48√
E[eV ]

(A.5)

λ(p, n)[au] =
0.148√
E[eV ]

(A.6)

λ(ω)[au] =
6.56√
E[keV ]

(A.7)
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Appendix B

Data: Circular Polarization

B.1 Experimental Parameters

d2_circ_030829

spectrometer
e− extract. 6.8 cm e− drift 16.0 cm
ion extract. 20.3 cm ion drift 47.0 cm
E-Field 5.5 V/cm B-Field 10.3 G

ion rate e− rate
jet on 1.3 kHz jet on 9.5 kHz
dark 30 Hz dark 1 kHz

laser
ellipticity 1 major axis z2+y2 (circ.)
rep. rate 30 kHz pulse energy 3.9 µJ
pulse duration (40±5) fs Imax (1.8±0.3) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.8

jet D2

∅ nozzle ∼ 0.02 mm ∅ skimmer 0.3 mm
stagn. press. 0.5 Bar T ∼ 80 K

173



B.1 Experimental Parameters Data: Circular Polarization

d2_circ_040512

spectrometer
e− extract. 6.8 cm e− drift 16.0 cm
ion extract. 20.3 cm ion drift 47.0 cm
E-Field 5.8 V/cm B-Field 10.8 G

laser
ellipticity 1 major axis z2+y2 (circ.)
rep. rate 30 kHz pulse energy µJ
pulse duration (40±5) fs Imax (1.9±0.3) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.8

jet D2

∅ nozzle ∼ 0.02 mm ∅ skimmer 0.3 mm
stagn. press. 2 Bar T ∼ 80 K

d2_circ_040905 and h2_circ_040906b

spectrometer
e− extract. 6.8 cm e− drift 15.5 cm
ion extract. 14.8 cm ion drift 0.0 cm
E-Field 3.4 V/cm B-Field 12.7 G

ion rate e− rate
jet on 2.2 kHz jet on 7.8 kHz
jet off 650 Hz jet off 3 kHz
dark 20 Hz dark 300 Hz

laser
ellipticity 1 major axis z2+y2 (circ.)
rep. rate 30 kHz pulse energy 4 µJ
pulse duration (40±5) fs Imax (4.0±1.0) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.8

jet He:H2/D2 as 40:2
∅ nozzle ∼ 0.01 mm ∅ skimmer 0.3 mm
stagn. press. 3 Bar T ∼ 15 K
p source 5.0 · 10−8 mBar ∆p source ∼ 2.5 · 10−4 mBar
p collimator n.a. ∆p collimator n.a.
p main 1.6 · 10−9 mBar ∆p main n.a.

The peak intensity determined by the ion momenta of single ionization yields
3 1014 W/cm2. However, pulse energy and relative strength of the dissociation
channels suggest a higher intensity. The error of the pulse duration is also rather
optimistic.
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Data: Circular Polarization B.1 Experimental Parameters

h2_circ_050115

spectrometer
e− extract. 6.8 cm e− drift 15.5 cm
ion extract. 14.8 cm ion drift 0.0 cm
E-Field 22.9 V/cm B-Field 16.5 G

ion rate e− rate
jet on 1.3 kHz jet on 3.2 kHz
jet off 50 Hz jet off 170 Hz
dark 25 Hz dark 130 Hz

laser
ellipticity 1 major axis z2+y2 (circ.)
rep. rate 30 kHz pulse energy 3.7 µJ
pulse duration (40±5) fs Imax (3.0±0.8) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.65

jet (two stages) H2

∅ nozzle ∼ 0.01 mm ∅ skimmer 0.3 mm
stagn. press. 1 Bar T ∼ 30 K
p source 6.9 · 10−8 mBar ∆p source ∼ 4 · 10−4 mBar
p collimator 2.5 · 10−8 mBar ∆p collimator ∼ 5 · 10−6 mBar
p main 8 · 10−10 mBar ∆p main ∼ 1 · 10−9 mBar
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B.1 Experimental Parameters Data: Circular Polarization

h2/d2_circ_050129

spectrometer
e− extract. 6.8 cm e− drift 15.5 cm
ion extract. 14.8 cm ion drift 0.0 cm
E-Field 22.9 V/cm B-Field 18.7 G

ion rate e− rate
jet on 90 Hz jet on 260 Hz
jet off 25 Hz jet off 110 Hz
dark 15 Hz dark 90 Hz

laser
ellipticity 1 major axis z2+y2 (circ.)
rep. rate 585 Hz pulse energy 9.8 mJ
pulse duration (10±1) fs Imax (2.5±0.5) 1015 W/cm2

Keldysh P. for SI γ ≈ 0.23

jet (two stages) He:H2:D2 as 36:2:2
∅ nozzle ∼ 0.01 mm ∅ skimmer 0.3 mm
stagn. press. 1.5 Bar T ∼ 30 K
p source 4.6 · 10−8 mBar ∆p source ∼ 2 · 10−4 mBar
p collimator 2.3 · 10−8 mBar ∆p collimator ∼ 2 · 10−6 mBar
p main 5 · 10−10 mBar ∆p main ∼ 1 · 10−9 mBar

The peak intensity was determined from the He+ ion momentum, which exhibited
a radial momentum of about 3 a.u.. The intensity determined from the H+

2 ion
or electron momentum yields the wrong intensity (∼ 6.0±0.5 1014 W/cm2) due
to saturation effects.
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Data: Circular Polarization B.1 Experimental Parameters

h2/d2_circ_050303-04,04b

spectrometer
e− extract. 6.8 cm e− drift 15.5 cm
ion extract. 14.8 cm ion drift 0.0 cm
E-Field 22.9 V/cm B-Field 23.8 G

ion rate e− rate
jet on 230 Hz jet on 490 Hz
jet off 30 Hz jet off 200 Hz
dark 20 Hz dark 190 Hz

laser
ellipticity 1 major axis z2+y2 (circ.)
rep. rate 585 Hz pulse energy 3.8 µJ
pulse duration (7±0.5) fs Imax (1.0-1.4±0.3) 1015 W/cm2

Keldysh P. for SI γ ≈ 0.29

jet (two stages) He:H2:D2 as 40:2:4
∅ nozzle ∼ 0.01 mm ∅ skimmer 0.3 mm
stagn. press. 1.5 Bar T ∼ 30 K
p source ∼ 10−7 mBar ∆p source ∼ 1 · 10−4 mBar
p collimator ∼ 10−7 mBar ∆p collimator ∼ 4 · 10−7 mBar
p main ∼ 2 · 10−10 mBar ∆p main not available

Again, the peak intensity was determined from the He+ ion momentum, which
exhibited a radial momentum of about 2.1 a.u. (h2/d2_circ_050304b), 2.3 a.u.
(h2/d2_circ_050303) and 2.5 a.u. (h2/d2_circ_050304). The intensity deter-
mined from the H+

2 ion or electron momentum yields the wrong intensity (∼
(4-5)±0.5 1014 W/cm2) due to saturation effects.

177



B.1 Experimental Parameters Data: Circular Polarization

h2_circ_050319 and 21

spectrometer
e− extract. 6.9 cm e− drift 21.8 cm
ion extract. 15.4 cm ion drift 0 cm
E-Field 23.4 V/cm B-Field 21.0 G
ion rate 0.4 kHz e− rate 0.8 kHz

laser
ellipticity -1 and 1 major axis z2+y2 (circ.)
rep. rate 60 kHz pulse energy 2.5µJ
pulse dur. (40±5) fs Imax (6±1) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.47

jet (two stages) H2

∅ nozzle ∼ 0.01 mm ∅ skimmer 0.3 mm
stagn. press. 2 Bar T 50 K
p source 8.0 · 10−8 mBar ∆p source ∼ 9 · 10−5 mBar
p collimator 2.8 · 10−8 mBar ∆p collimator ∼ 2 · 10−6 mBar
p main 5.4 · 10−10 mBar ∆p main � 3 · 10−9 mBar

While the peak intensity determined from the electron or H+
2 momentum suggests

an intensity of (2.4± 0.2) · 1014 W/cm2 the shift of the ion kinetic energy release
in the CREI channel with the pulse length (see run h2_circ_050320) suggests
an higher peak intensity as laid out in section 6.3.2, p. 123.

h2_circ_050320

spectrometer
e− extract. 6.9 cm e− drift 21.8 cm
ion extract. 15.4 cm ion drift 0 cm
E-Field 23.4 V/cm B-Field 21.0 G
ion rate 0.4 kHz e− rate 0.8 kHz

laser
ellipticity -1 major axis z2+y2 (circ.)
rep. rate 60 kHz pulse energy 3.8µJ
pulse dur. (60±5) fs Imax (6±1) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.47

jet (two stages) H2

∅ nozzle ∼ 0.01 mm ∅ skimmer 0.3 mm
stagn. press. 2 Bar T 50 K
p source 8.0 · 10−8 mBar ∆p source ∼ 9 · 10−5 mBar
p collimator 2.8 · 10−8 mBar ∆p collimator ∼ 2 · 10−6 mBar
p main 5.4 · 10−10 mBar ∆p main � 3 · 10−9 mBar
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Data: Circular Polarization B.2 Graphical Representation

Here the same argument as for the preceding run concerning the peak intensity
is applicable. This run has a longer pulse duration but a higher pulse energy
resulting in approximately the same intensity as runs h2_circ_050319 & _21.

B.2 Graphical Representation
Each row corresponds to a single experiment. The row label indicates whether
H2 or D2 was examined regardless of actual histogram labels.

B.2.1 Intensity Calibration Data

B.2.2 Resolution

B.2.3 Ion Momenta

The first detected ion determines the channel (BS, ATD, CREI or Recollision)
of that event through its momentum. From there on the event is labeled and
treated accordingly.

B.2.4 Ion Kinetic Energy Release

For the dissociation channels of the H+
2 molecular ion the KER is simply taken

as twice the proton kinetic energy. In CREI and Recollision two protons are
required and their sum energy is plotted. The contents of every channel have
been normalized to account for their different probabilities.

B.2.5 Electron Energies

The contents of every channel have been normalized to account for their different
probabilities.
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B.2 Graphical Representation Data: Circular Polarization
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Data: Circular Polarization B.2 Graphical Representation
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B.2 Graphical Representation Data: Circular Polarization
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Data: Circular Polarization B.2 Graphical Representation
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B.2 Graphical Representation Data: Circular Polarization
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Data: Circular Polarization B.2 Graphical Representation
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B.2 Graphical Representation Data: Circular Polarization
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Data: Circular Polarization B.2 Graphical Representation
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B.2 Graphical Representation Data: Circular Polarization
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Data: Circular Polarization B.2 Graphical Representation
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Appendix C

Data: Linear Polarization

C.1 Experimental Parameters

d2_hor_020630

spectrometer
e− extract. 6.8 cm e− drift 16.0 cm
ion extract. 20.3 cm ion drift 47.0 cm
E-Field 5.7 V/cm B-Field 6.7 G

ion rate 0.7 kHz e− rate 2.2 kHz
D+

2 signal attenuated by 1/24

laser
ellipticity 0 major axis z
rep. rate 30 kHz pulse energy 2.3 µJ
pulse duration (42±7) fs Imax (1.0±0.2) 1014 W/cm2

Keldysh P. for SI γ ≈ 1.13

jet (single stage) D2

∅ nozzle ∼ 0.02 mm ∅ skimmer 1.0 mm
stagn. press. 2.0 Bar T ∼ 80 K
p source ∼ 10−7 mBar ∆p source ∼ 5.5 · 10−5 mBar
p main ∼ 5 · 10−10 mBar ∆p main n.a.
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C.1 Experimental Parameters Data: Linear Polarization

d2_hor_020628

spectrometer
e− extract. 6.8 cm e− drift 16.0 cm
ion extract. 20.3 cm ion drift 47.0 cm
E-Field 5.7 V/cm B-Field 6.7 G

ion rate 4.8 kHz e− rate 13 kHz
D+

2 signal attenuated by 1/26

laser
ellipticity 0 major axis z
rep. rate 30 kHz pulse energy 3.5 µJ
pulse duration (42±7) fs Imax (1.5±0.2) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.92

jet (single stage) D2

∅ nozzle ∼ 0.02 mm ∅ skimmer 1.0 mm
stagn. press. 1.5 Bar T ∼ 80 K
p source ∼ 10−7 mBar ∆p source ∼ 4 · 10−5 mBar
p main ∼ 5 · 10−10 mBar ∆p main n.a.

d2_hor_030825

spectrometer
e− extract. 6.8 cm e− drift 16.0 cm
ion extract. 20.3 cm ion drift 47.0 cm
E-Field 6.5 V/cm B-Field 9.3 G

ion rate e− rate
jet on 2.6 kHz jet on 13 kHz
jet off 150 Hz jet off 800 Hz
dark <20 Hz dark 50 Hz
D+

2 signal attenuated by 1/26

laser
ellipticity 0 major axis z
rep. rate 30 kHz pulse energy 4 µJ
pulse duration (42±7) fs Imax (2.5±0.4) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.72

jet (single stage) D2

∅ nozzle ∼ 0.02 mm ∅ skimmer 1.0 mm
stagn. press. 0.1 Bar T 300 K
p source 7 · 10−7 mBar ∆p source ∼ 2 · 10−5 mBar
p main 7 · 10−10 mBar ∆p main ∼ 1.6 · 10−9 mBar

192



Data: Linear Polarization C.2 Graphical Representation

d2_hor_030828

spectrometer
e− extract. 6.8 cm e− drift 16.0 cm
ion extract. 20.3 cm ion drift 47.0 cm
E-Field 6.5 V/cm B-Field 8.3 G

ion rate e− rate
jet on 1.6 kHz jet on 8.5 kHz
dark 200 Hz dark 20 Hz
D+

2 signal attenuated by 1/24

laser
ellipticity 0 major axis z
rep. rate 30 kHz pulse energy 3.6 µJ
pulse duration (42±7) fs Imax (2.0±0.4) 1014 W/cm2

Keldysh P. for SI γ ≈ 0.80

jet (single stage) D2

∅ nozzle ∼ 0.02 mm ∅ skimmer 1.0 mm
stagn. press. 0.1 Bar T 300 K
p source 7 · 10−7 mBar ∆p source ∼ 2 · 10−5 mBar
p main 7 · 10−10 mBar ∆p main ∼ 1.6 · 10−9 mBar

C.2 Graphical Representation

Each row corresponds to a single experiment. The row label indicates whether
H2 or D2 was examined regardless of actual histogram labels.

C.2.1 Intensity Calibration Data

C.2.2 Resolution

C.2.3 Ion Momenta

The first detected ion determines the channel (BS, ATD, CREI or Recollision)
of that event through its momentum. From there on the event is labeled and
treated accordingly.

C.2.4 Ion Energies

For the dissociation channels of the H+
2 molecular ion the KER is simply taken

as twice the proton kinetic energy. In CREI and Recollision two protons are
required and their sum energy is plotted. The contents of every channel have
been normalized to account for their different probabilities.
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C.2 Graphical Representation Data: Linear Polarization

C.2.5 Electron Energies

The contents of every channel have been normalized to account for their different
probabilities.
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Data: Linear Polarization C.2 Graphical Representation
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C.2 Graphical Representation Data: Linear Polarization

px(e
-) vs px(H2 

+) py(e
-) vs py(H2 

+) pz(e
-) vs pz(H2 

+)

-4

-3

-2

-1

0

1

2

3

4

mean :  0.00727572
FWHM :  0.213022

d
2_

h
o

r_
02

06
30

mean :  -0.0260794
FWHM :  0.475201

mean :  -0.000684252
FWHM :  0.129964

-4

-3

-2

-1

0

1

2

3

4

mean :  -0.00738979
FWHM :  0.31047

d
2_

h
o

r_
02

06
28

mean :  -0.0396801
FWHM :  0.532885

mean :  -0.0431715
FWHM :  0.19698

-4

-3

-2

-1

0

1

2

3

4

mean :  -0.00164636
FWHM :  0.399698

d
2_

h
o

r_
03

08
28

mean :  0.0820147
FWHM :  3.22269

mean :  0.157454
FWHM :  0.144058

-4

-3

-2

-1

0

1

2

3

4

-4 -3 -2 -1 0 1 2 3 4

mean :  0.0432414
FWHM :  0.34306

d
2_

h
o

r_
03

08
25

a

-4 -3 -2 -1 0 1 2 3 4

mean :  -0.155753
FWHM :  3.67192

-4 -3 -2 -1 0 1 2 3 4

mean :  -0.0201414
FWHM :  0.190549

196



Data: Linear Polarization C.2 Graphical Representation
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C.2 Graphical Representation Data: Linear Polarization
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Data: Linear Polarization C.2 Graphical Representation
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Appendix D

Detector Resolution

Results of the spectrometer simulation (see section 3.3.3, p. 3.3.3). We only
present a selection of principally different spectrometer and field properties cor-
responding to the values of the indicated runs.

The horizontal axis shows the emission angle in the polarization plane φ,
with 0◦ corresponding to an initial momentum aligned along the TOF- or z-axis
pointing away from the detector. The vertical axis shows the initial kinetic energy
in eV of the ion or electron. Note the different scales for electrons and ions. The
color encodes the errors in kinetic energy ∆Ekin and emission angle ∆φ for both,
electron and ion, detectors. Clearly, the errors have to be considered as a lower
limit of the actual resolution.

For both detectors we have assumed the following errors:

∆x = 0.5mm

∆y = 0.5mm

∆t = 0.5ns .

The white cut-out indicates the acceptance angle of the employed combination
of spectrometer geometry and electric and magnetic fields.
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Appendix E

Simple Man’s Model: Envelope
Integration

In this section we examine two key predictions of the Simple Man’s model con-
cerned with the observable final momentum, i.e. after the pulse has faded away:

1. the maximum drift momentum 2
√

Up for tunneling at the zero crossing of
the electric field in linear light and

2. the direction of the final momentum in circular light (ε = 1) with respect
to the electric field at the instant of ionization.

To examine these questions we integrate numerically the equation

vf∫
v0

d~v = − e

me

tf∫
t0

~E(t)dt (E.1)

with

~E(t) = E0(t) ·

 0
ε cos(ωt + φ0)
sin(ωt + φ0)

 . (E.2)

This corresponds to a free electron created at some arbitrary time within the
laser pulse. We perform the calculations with four different pulse shapes E0(t):

gaussian : E0 exp
[
− (t/(2σ))2]

secans hyperbolicus : E0 2/(exp
[
1.31t/t 1

2

]
+ exp

[
−1.31t/t 1

2

]
)

lorentzian : E0 1/(1 + (t/t 1
2
)2)

trapezoidal :

{
t < 0.1tend E0(t) = E0

t ≥ 0.1tend E0 (1− 1/0.9(t/tend − 0.1))

}
.
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Simple Man’s Model: Envelope Integration

With σ = t 1
2
/
√

2 log 2 and t 1
2

being the half FWHM duration of the pulse. In
any case we assume the initial velocity to be zero v0 ≡ 0. The integration is
stopped at five times the pulse FWHM after the pulse maximum, which is when
the final momentum vf is determined (tf = 10t 1

2
). In the upper panel of fig. E.1

we show the pulse envelopes for the maximum integration interval. Additionally
the electric field component in the z-axis is shown. For every t0 we set the CEO
phase φ0 = −ωt0 to ascertain that the initial electric field along the z-axis is zero
for every integration interval. For every pulse envelope a series (of temporally
equally spaced) integrations with −2t 1

2
≤ t0 ≤ 2t 1

2
is done. We use a FWHM of

10 fs and a stepsize of 0.027 as.
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Simple Man’s Model: Envelope Integration
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Fig. E.1. Upper panel: Electric field along z-axis for different pulse envelopes. In-
dicated is the range of t0 and the end of the integration tf . The peak field
strength corresponds to an intensity of 4.5 · 1014 W/cm2 in circular light.
Lower left: Final electron energy in linear light with ~E(t0) = 0. Lower
right: Angle between final drift momentum and the initial electric field in
circular light.
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Vorbei! ein dummes Wort. Warum vorbei?
Vorbei und reines Nicht: vollkommenes Einerlei!
Was soll uns denn das ewge Schaffen?
Geschaffenes zu Nichts hinwegzuraffen?
»Da ists vorbei!« Was ist daran zu lesen?
Es ist so gut, als wär es nicht gewesen,
Und treibt sich doch im Kreis, als wenn es wäre!
Ich liebte mir dafür das Ewigleere.

Mephistopheles
in “Faust, Der Tragödie zweiter Teil”

J.W. von Goethe

The end.
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