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Chapter 1. Towards sub-atomic control of 

matter. 
 

Curiosity and imagination backed up with creativity and persistence drive 

those who consciously enter the club of natural scientists. The tease of the unknown 

makes them spending long days and nights in the lab trying to unveil the mysteries 

of nature. Harvesting knowledge cuts through the struggle and frustration of failed 

attempts, which are entirely compensated with a rewarding feeling of satisfaction 

when (if) finally the experiment (real or numerical) works and a conclusive 

explanation of the results can be found. 

From a historical perspective most of the research findings form a database 

for a certain scientific field. Upon reaching critical mass the collected knowledge 

leads to the formulation of a qualitatively new vision, which can explain and 

generalise the previous results and open prospectives for future research.  

Chapter 1 describes the current status of strong-field light-matter 

interactions in its historical context and emphasizes the scientific endeavour towards 

the fundamental control of matter in space and time. 
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1.1. A history of light. 
An enormous scientific heritage bridges the state-of-the-art understanding of 

the nature of light and the ancient perceptions of human vision, which was thought 

to occur through special thin sensors stretching out from the eyes to the surrounding 

objects. Since the XVII century the nature of light, its propagation and interaction 

with matter became a subject of hot debate which still maintains its topicality 

nowadays. The parallel coexistence of Newton’s “corpuscular” theory of light and 

the early wave theory of Huygens lasted till the beginning of the XIX century, when 

the now famous experiments by Thomas Young brought the discovery of 

interference and diffraction of light. The explanation of these phenomena was found 

to lie in the framework of the wave theory, which was further conceptualised by 

Augustin Fresnel, who was also the first to prove the transverse character of light 

waves. The dominance of wave theory of light was further strengthened by the 

development of Maxwell’s electromagnetic field theory in the second half of the 

XIX century. Experimental discovery of electromagnetic waves by Hertz in 1886 

perfectly confirmed Maxwell’s predictions and established the modern view of 

propagating light as an electromagnetic wave.  

The beginning of the XX century coincided with the greatest revolution in 

physics. To the great surprise of all the scientific community the all-round tested and 

verified Maxwell’s laws failed to explain the radiation spectrum of a heated body. 

The solution was offered by Max Planck, who introduced a hypothesis of quantum 

properties of electromagnetic radiation. Therefore the previously rejected 

corpuscular theory of light turned out to be relevant when considering interaction of 

light with matter. The experimental observation of electron ejection from a metal 

plate irradiated by light – the phenomenon presently known as the photoeffect – 

became the first proof of the quantum nature of light. The theory of the photoeffect, 

developed in 1905 by Einstein from the quantum hypothesis of Planck, requires that 

a photon energy exceeds the binding energy of the electron involved.  This 

requirement sets the lower boundary for the frequency of light (photon energy) 

capable of inducing a photoeffect for a given system under a condition of a weak 
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electric field. The development of lasers providing strong electromagnetic radiation 

allowed for observation of non-linear light-matter interactions with the involvement 

of multiple photons. Multi-photon ionisation (MPI) – ionisation of atoms via 

absorption of multiple photons – generalises the Einstein requirement for the atomic 

photoeffect: electron ejection occurs if the total energy of the absorbed photons 

exceeds the ionisation potential of an atom. In the following section we will consider 

the main ionisation mechanisms in strong laser fields. 

 

1.2. Ionisation mechanisms in strong laser fields. 
Atomic ionisation mechanisms are usually classified according to the 

relative strength of the laser field invoked. In general ionisation of an atom can be 

characterised with three energies: the binding energy of an electron in the absence of 

a laser field (or in other terms the ionisation potential of an atom IP), the photon 

energy ħω and the ponderomotive energy of a free electron in the laser field Up. The 

ponderomotive enegy is related to the laser intensity Ilaser and frequency ω as  

 

Up=Ilaser/4ω2         (1) 

 

in the system of atomic units (e=me=ħ=1). If a photon energy exceeds the atomic 

ionisation potential (ħω>IP) single-photon ionisation occurs. This mechanism is 

operative for example in ionisation of a noble-gas atom by high-frequency XUV 

radiation. In the opposite case of low-energy photons (ħω<IP) strong-field MPI 

takes place. If the laser field is relatively weak so that Up<<ħω one can assume that 

the bound atomic states are not affected by the laser field and then ionisation can be 

described in terms of perturbation theory.  

At stronger laser fields the ponderomotive energy of a free electron may 

become comparable to the photon energy (Up≥ħω). Under these conditions the 

ionisation threshold as well as the bound states of an atom experience an ac-Stark 

shift in the oscillating laser field and the interaction becomes non-perturbative. At a 

certain value of the ac-Stark shift a high-lying Rydberg state may resonantly couple 
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with an integer number of laser photons. Ionisation via intermediate resonant states 

is called Resonance-Enhanced Multi-Photon Ionisation (REMPI), since the 

ionisation rate in this case is always significantly larger than in the case of direct 

MPI. Properties of electrons resulting from REMPI and direct MPI processes will be 

discussed in PART II of this thesis.  

At sufficiently high laser intensities and/or low frequencies when Up 

approaches the value of the atomic ionisation potential IP, distortion of the 

ionisation threshold in the direction of the laser polarisation creates a potential 

barrier which an electron can tunnel through. Further increase of the laser intensity 

lowers the potential barrier below the ground state, which leads to over-the-barrier 

ionisation. 

It is a common practice to distinguish between conventional photoionisation 

(single-photon ionisation or MPI) and quasi-static ionisation (tunnelling or over-the-

barrier ionisation). The distinction between these types of ionisation is usually 

linked to the value of the Keldysh parameter γ=(IP/2Up)1/2 [1], the dominant 

ionisation mechanism being quasi-static when γ≤1 and single- or multi-photon when 

γ≥1. Coexistence of multi-photon and tunnelling ionisation mechanisms in the 

parameter region where γ~1 has been discussed by Ivanov et al [2]. In a classical 

description of an MPI process an electron moves “vertically” along the atomic 

potential well in the classically allowed region, while being heated by the shaking 

walls of the potential well. In a quasi-static tunnelling regime an electron moves 

“horizontally” under a potential barrier without changing its energy. At γ~1 a quasi-

static picture is not applicable since the potential barrier moves non-adiabatically 

changing the electron energy during tunnelling.  Therefore at γ~1 horizontal 

tunnelling of an electron is combined with vertical multi-photon energy absorption 

in the classically forbidden region (see Figure 1-1). 

An important qualitative difference between MPI and tunnelling ionisation 

lies in the frequency dependence of ionisation rates. In the case of MPI the strong 

dependence on the radiation frequency is determined by the number of photons 

required for ionisation and by the frequency-dependent ionisation cross-section. The 
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tunnelling ionisation rate shows an exponential dependence on the laser field as 

given by the Ammosov-Delone-Krainov (ADK) theory [3], but is independent of the 

laser frequency. 

 
Figure 1-1. Tunneling ionisation channel, with the possibility of changing the 
electron energy during tunneling due to the oscillation of the barrier (non-adiabatic 
tunnelling). The figure is taken from M Yu Ivanov, O Smirnova and M Spanner 
2005 J. Mod. Opt. 52 165-84 [2]. 
 

Most of experiments on strong-field ionisation of atoms using intense 800 

nm radiation of a Ti: Sapphire laser were performed in the MPI regime. Only a few 

experiments on Helium [4, 5, 6] were carried out at the transition to the tunnelling 

regime. The recent development of intense mid-infrared lasers [7] allows a 

significant extension of the parameter range into the tunnelling regime. In practice it 

is a non-trivial task to determine which of the mechanisms is dominant in the 

experiment. Evaluation of the Keldysh parameter requires knowledge of the laser 

intensity, which usually can only be roughly estimated. The situation is further 

complicated by the distribution of laser intensities over the focal volume and the 

temporal profile of the laser pulse.  However careful study of electron properties 

resulting from strong-field ionisation of atoms sometimes allows extraction of 

experimental observables, which may be associated with one or the other ionisation 
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mechanism. For example, Ni et al [8] observed that the electron energy spectra 

resulting from ionisation of high-lying Rydberg states of Xenon atoms by far-

infrared radiation (108 μm) of a free-electron laser in the presence of a DC electric 

field contained a unique feature, which could only be explained in terms of an MPI 

mechanism. The characteristic properties of electron spectra at the transition from 

multi-photon to tunnelling regime for visible and near-infrared radiation will be 

discussed in PART II of this thesis.  

Ionisation is the first step for the majority of strong-field processes in atomic 

physics. In larger systems such as molecules and clusters ionisation can induce 

interesting dynamics of electrons and nuclei. The following section gives an 

overview of the main strong-field phenomena observed in atoms, molecules and 

clusters. 

 

1.3. Strong-field phenomena in atoms, molecules and 

clusters. 

1.3.1. Atoms. 

Among all the quantum systems interacting with strong laser fields the atom 

is a fundamental object of research. Extensive studies in this field led to the 

conclusion that there exist a number of phenomena resulting from strong-field laser-

atom interactions that can be described in the framework of a universal three-step 

model [9, 10, 11, 12]. The essential physics can be understood using a semi-classical 

picture (see Figure 1-2). In the first step of this model an electron tunnels and 

emerges outside the potential barrier formed by the combined laser field and the 

atomic potential with zero initial velocity. In the second step the electron is driven 

by the laser field as a free particle, the ionic potential is neglected. After about half a 

cycle of free propagation some of the electrons may return to the core. Electron re-

scattering on the parent ion forms the third principal step of the model. This last 

scattering event determines the energetics of the main strong-field atomic 

phenomena. Elastic electron scattering with the absorption of extra photons from the 
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laser field leads to the production of high-energy electrons in above-threshold 

ionisation (ATI), the phenomenon described in detail in PART II of this thesis. If the 

instantaneous energy of the returning electron exceeds the binding energy of a 

bound electron, inelastic scattering can lead to two-electron ionisation, known as 

non-sequential double ionisation [13, 5]. Finally, recombination of the returning 

electron to the ground state leads to the emission of a high-energy photon, the 

phenomenon known as high-order harmonic generation (HHG) [14]. 

 
Figure 1-2. Illustration of the tree-step model. Initially, the electron is pulled away 
from the atom (a, b), but after the field reverses, the electron is driven back (c) 
where it can ‘recollide’ during a small fraction of the laser oscillation cycle (d). The 
figure is taken from P B Corkum and F Krausz 2007 Nature Phys. 3 381 [20]. 
 

From a quantum-mechanical point of view the re-scattering model can be 

described as follows. The electron wave-function splits upon ionisation into a free 

and a bound component. The free component propagates as a wave-packet along the 

classical trajectories in the laser field. Upon the return of the electron wave-packet 

the two components of the wave-function interfere leading to the process of ATI or 

HHG [15]. 

In the time domain the process of HHG from multi-cycle laser pulses occurs 

in a series of attosecond XUV pulses, produced every half an optical cycle of the 

fundamental frequency. Generation of an isolated attosecond pulse becomes possible 

when the HHG process is confined to a single recombination event per laser pulse. 

This has been achieved by using few-cycle driving pulses [16, 17] or applying 

polarisation-gating technique [18, 19]. Application of attosecond pulse trains and 

isolated attosecond pulses synchronised with the dressing infrared field has been 
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demonstrated in a number of experiments on strong-field atomic interactions (see 

[20] and references therein). 

1.3.2. Molecules. 

The interaction of strong laser fields with molecules is largely determined 

by the additional degrees of freedom present in molecules as compared to atoms. 

Excitation and probing of vibrational and rotational molecular motion under the 

influence of a strong laser field has been an active research topic in the last decade 

[21]. Recently, the influence of molecular alignment on HHG and ATI has been 

theoretically demonstrated [22]. While molecular rotation and vibration typically 

occur on a picosecond time scale, ionisation of molecules induces nuclear and 

electronic dynamics on femtosecond and attosecond time scales, respectively. 

Depending on the experimental conditions a femtosecond process of molecular 

dissociation can involve different physical mechanisms, which can be 

experimentally determined from the momentum or energy spectra of the molecular 

fragments and femtosecond pump-probe measurements [e.g. 23, 24].  

Monitoring electron dynamics in molecules has become possible with the 

development of attosecond technology. The emerging ability to control electron 

motion within a molecule [25] opens important perspectives for biochemical control. 

On the other hand electron motion induced by a laser field can be used for 

measuring the structure of the molecule itself. A number of molecular imaging 

techniques exploiting the unique properties of recollision electrons have been 

proposed and demonstrated, such as laser-induced electron diffraction [26, 27], 

electron holography [28] and tomographic reconstruction [29, 30, 31]. Simultaneous 

measurement of structure and dynamics of small molecules with sub-atomic spatial 

and temporal resolution is the state-of-the-art in strong-field molecular science [32]. 

 

1.3.3. Clusters. 

Extension of the fundamental aspects of strong-field interaction with matter 

towards potential applications requires a transition from atoms and small molecules 
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to larger systems, such as large organic molecules, solids or surfaces. In contrast to 

atoms where most of the observed phenomena can be described in the single active 

electron approximation (SAE) [33] the physics of large quantum systems is 

essentially determined by their multi-electron response to strong fields. While 

experimental and theoretical tools correctly addressing multi-electron effects in 

complex quantum systems are still to be developed, important knowledge can be 

obtained from the physics of clusters. The high local density and nanometer size 

determine the unique properties of clusters and make them a bridge system between 

solids and the gas phase.  

Strong field ionisation of clusters followed by fragmentation into positive 

ions and electrons has been extensively studied both experimentally and numerically 

[34]. Very efficient laser energy absorption in clusters leads to a number of 

remarkable phenomena such as the production of highly charged and energetic ions 

[35], keV electrons [36, 37, 38], X-ray emission [39] and even nuclear fusion [40]. 

The efficiency of laser-cluster energy coupling can be significantly enhanced under 

selected experimental conditions determined by an optimal combination of an 

average cluster size, laser intensity, pulse duration and pulse shape. In Chapter 5 we 

present an optimal-control experiment aimed at the enhancement of highly charged 

ion yields resulting from ionisation of large Xenon clusters with shaped laser pulses.  

The cluster size is the major aspect of laser-cluster interaction since it 

determines the relative position of the system between atoms and solids and 

therefore qualitatively determines the mechanism of laser energy transfer to clusters. 

Numerical simulations for size-selected clusters presented in Chapter 6 demonstrate 

a transition from molecular to plasma behaviour for increasing cluster sizes. For 

medium-sized clusters of several hundreds atoms we have identified a regime of 

coexistence of the both mechanisms in a single cluster expansion. We propose an 

experiment where numerical predictions can be verified on size-selected clusters.  

In analogy with molecules femtosecond dynamics of cluster fragmentation 

is accompanied by attosecond dynamics of electrons within an ionised cluster [41, 

42]. However in contrast to small molecules, where electron behaviour can still be 

predicted by solving the Schrödinger equation, such complex systems as clusters 
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only allow making model assumptions about their transient evolution. The challenge 

to experimentally determine the character of electron dynamics makes clusters a 

relevant and interesting system for attosecond probing [43].  

The development of X-ray free-electron lasers (XFEL) in Germany, the 

USA and Japan opens a new parameter range for laser-cluster interactions. 

Moreover, potential application of XFEL for X-ray diffraction imaging on single 

bio-molecules stimulates further interest to the physics of clusters in this new regime 

since clusters can be considered as a reasonable and practical gas-phase prototype 

system of large biological samples. The dynamics of cluster fragmentation in 

response to XFEL radiation can give an idea of the damage threshold for a bio-

molecule, which sets the limit for obtaining structural information of an unperturbed 

sample [44,  45].  

Attosecond probing of cluster ionisation and fragmentation and X-ray 

diffraction imaging of size-selected clusters with high temporal resolution provide 

the motivation for the future research on clusters.  

 

1.4. Look forward. 
The primary goal of scientists in physics, chemistry and biology is the 

measurement and control of matter on the most fundamental level both in space and 

time. For this to become possible development of new technologies goes hand in 

hand with the most fundamental of research. Understanding behaviour of electrons 

strongly driven in an atom by a laser field brought us to the development of 

attosecond technology, which in turn opens new exciting possibilities in 

fundamental science [20, 46].  

Development of new light sources covering previously inaccessible spectral 

ranges on both sides of the visible light allows access to the hardly explored regimes 

of light-matter interactions [7, 47], where new phenomena may be observed and new 

information about the dynamics and structure of matter can be extracted.  

Among the other promising and rapidly developing techniques attosecond 

pump/attosecond probe spectroscopy and single-pulse ultra-short X-ray imaging of 
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macromolecules should become possible in the nearest future, which will allow 

capturing the motion of electrons and atoms with subatomic spatio-temporal 

resolution undoubtedly boosting further progress in science and technology. 
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Chapter 2. Cornerstones of ATI. 
 

The most fundamental phenomena in nature are also the most desirable to be 

thoroughly understood since they are the basis for advanced scientific theories and 

concepts serving as indications for the future research directions. Continuous 

development of new experimental tools and techniques requires continuous 

reconsideration of the well-known phenomena, bringing them to the next level of 

understanding. 

More than a hundred years have passed since Einstein published his 

explanation of the photoeffect and established the concept of an ionisation threshold. 

At that time single-photon ionisation was the only experimentally achievable 

process. Sixty years later advancement of laser technology provided the possibility 

of atomic ionisation via the absorption of multiple photons. The possibility of multi-

photon ionisation (MPI) led to a generalisation of Einstein’s concept of a threshold 

photon energy required for the photoeffect. A second departure from the initial 

theory of the photoeffect came with the observation of above-threshold ionisation 

(ATI) [48] in 1979: at sufficiently high laser intensity an atom was shown to absorb 

photons above the ionisation threshold. The discovery of ATI became the first 

experimental manifestation of a strong-field light-matter interactions and has 

remained an active subject of research ever since.  

Chapter 2 gives an overview of the major aspects of atomic ATI, crucial for 

shaping of the modern understanding of this phenomenon, and highlights the open 

questions in the field, which are addressed in Chapter 3 of this thesis. 
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2.1. ATI in the multi-photon regime. 
 

Following the natural development of laser technology the vast majority of 

experimental work in atomic physics lies in the multi-photon regime, which requires 

only moderate intensities at optical frequencies. Note that for hydrogen atoms 

(IP=0.5 a.u.) that are irradiated by an 800 nm Ti:Sapphire laser (ω=0.057 a.u.), the 

Keldysh parameter (which has been introduced above in section 1.2) becomes equal 

to 1 when Ilaser = 3.25×10-3 a.u. = 1.14×1014 W/cm2. A strong support of the multi-

photon theory of ionisation was provided by Agostini et al [48] who demonstrated in 

their experiment that a photoelectron energy spectrum resulting from ATI exhibits 

peaks separated by the photon energy (see Figure 2-1). 

 

 
Figure 2-1. Energy spectra of the emitted electrons for two photon energies: circles, 
ħω=2.34 eV, I=8×1012 W/cm2; triangles, ħω=1.17 eV, I=4×1013 W/cm2. The solid 
curves have been hand drawn through the experimental points. The figure is taken 
from P Agostini et al 1979 Phys. Rev. Lett. 42 1127 [48] 

 

2.1.1. Role of the ponderomotive potential. 

The absolute position of ATI peaks in the photoelectron energy spectra 

strongly depends on the ionisation regime. In the long-pulse regime, when the 
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duration of the ionising laser pulse is longer than the time it takes a photoelectron to 

leave the interaction volume, the positions of ATI peaks in the energy spectrum are 

given by  

 

Elong pulse=(n+s)ħω-IP        (2) 

 

where n is the minimum number of photons with energy ħω necessary to 

overcome the ionisation potential IP, and s=0,1,2… is the number of photons 

absorbed by the atom above the ionisation threshold and consequently the number of 

the ATI order. In the short-pulse regime (i.e. when the duration of the ionising laser 

pulse is shorter than the time it takes a photoelectron to leave the interaction volume, 

typically below 1ps) the ATI peaks in the photoelectron spectrum shift to lower 

energies by the value of the ponderomotive potential Up:  

 

Eshort pulse=(n+s)ħω-(IP+Up)      (3)  

 

This effect takes place since the ionisation potential of an atom increases in 

the presence of an intense field by Up [49] and consequently the kinetic energy of 

the photoelectrons is reduced by the same amount. If the laser pulse is long, the 

ionised electron leaves the laser field when the field is still on and the electron 

compensates for the reduction of its initial kinetic energy by converting the 

ponderomotive energy in the laser field into kinetic energy. Conversely, in the short-

pulse regime electrons do not gain any energy from the laser field after ionisation 

has occurred, and therefore the energy spectrum maps the actual kinetic energy of 

the electron at the moment of ionisation. 
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2.1.2. Freeman resonances. 

 

A next milestone in the physics of ATI was the work by Freeman et al [50], 

who demonstrated that in the short-pulse regime each of the low-energy ATI peaks 

breaks up into a series of narrow peaks (see Figure 2-2).  

 

 
 
Figure 2-2. Kinetic energy of photoelectrons emitted from Xenon. At the pulse 
duration of 0.4 ps the individual ATI peaks break up into a narrow fine structre. The 
figure is taken from R R Freeman et al 1987 Phys. Rev. Lett. 59 1092 [50] 

 

These sub-structures within each ATI peak, presently known as Freeman 

resonances, are related to the Rydberg states of an atom. Similar to the ionisation 

potential, the energies of Rydberg states are ponderomotively increased in a strong 

laser field (ac Stark shift). When a Stark-shifted Rydberg level comes into resonance 

with an integer number of laser photons, resonant enhancement of ionisation takes 

place. The position of the corresponding peak in the photoelectron energy spectrum 

is independent of the temporal and spatial profile of the laser pulse (incl. the peak 
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laser intensity). Rather, Freeman resonances give rise to peaks in the photoelectron 

spectrum that are given by  

 

Eshort pulse, resonant=nħω-Eb       (4) 

 

where Eb is the binding energy of the respective Rydberg level and n will 

generally be a low number. Importantly, the intensity of the laser, which entered 

Eqn. (3) through Up, does not appear in Eqn. (4). Thus it turns out to be impossible 

to obtain the intensity dependence of the ponderomotive Stark shifts at a single 

wavelength. However, monitoring the energy of a given Freeman resonance while 

scanning the wavelength provides the intensity and wavelength dependence of the 

corresponding Stark shift. Changing the wavelength between 575 and 675 nm and 

measuring photoelectron spectra of xenon ionised by150 fs laser pulses with 

intensity up to 3×1013 W/cm2 Agostini et al [51] concluded that Stark shifts of the 

most excited Rydberg states are close to the ponderomotive value Up. 

 The original explanation of experimentally observed Freeman resonances 

suggested that enhancement of the ionisation rate occurs at one specific intensity 

which also provides the ac Stark shift of the excited Rydberg state into resonance. 

Thus it assumes that ionisation from the excited state occurs before the resonant 

intensity changed significantly, which requires that ionisation takes place mainly at 

the peak pulse intensity, where the intensity changes slowly. An alternative model 

[52] suggested that the narrow peaks in the photoelectron ATI spectra come from a 

two-step process that involves actual population transfer from the ground state to the 

ac-Stark shifted Rydberg levels, which are consequently ionised by one or more 

photons. Essentially this model suggests that the populated intermediate Rydberg 

state can survive during the laser pulse so that ionisation does not necessarily occur 

at the resonant intensity, but may take place at any other intensity at later times 

within the laser pulse. The energy of electrons ionised from the same state is 

independent of the ionising intensity since both the ionisation threshold and the 

corresponding Rydberg state shift by Up. Thus both models predict identical 
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photoelectron spectra with ATI peak positions in the energy spectrum that are 

independent of the peak laser intensity. On the other hand, for non-ponderomotively 

shifted states, the predictions of the two models diverge. Gibson et al [53] 

demonstrated experimental results in favour of the first model by presenting 

photoelectron spectra of argon, ionised by a 120 fs laser pulse at 308 nm. The use of 

ultra-violet radiation allowed them to observe ionisation via low-lying states with an 

ac Stark shift different from the ponderomotive energy Up. The two-step model 

involving population transfer predicts an intensity dependence of the spectra in this 

case, since the ponderomotive shift changes from the moment of the resonant 

Rydberg level population to the moment of the electron ionisation. However, the 

spectra measured over a range of intensities did not show any intensity dependent 

broadening of the resonant peaks, which allowed the authors to conclude that the 

electron peaks resulted from the resonance enhanced ionisation rate. 

Later experiments provided strong arguments in support of the two-step 

model, by demonstrating the phenomenon called channel switching (e.g. ref [54]). In 

their experiment Schyja et al [54] observed a qualitative change of the photoelectron 

momentum spectra of xenon, ionised by a 100 fs laser pulse at 800 nm, with the 

intensity increasing from 1.2×1013 W/cm2 to 4×1013 W/cm2. The photoelectron 

kinetic energy and angular distributions could be interpreted in terms of the model 

of ac Stark shifted resonances. At intensities up to around 3×1013 W/cm2 ionisation 

was shown to occur via 8-photon resonantly excited Rydberg states of the f-series. 

Upon further increase of the intensity channel switching occurred leading to 

ionisation via 9-photon resonantly excited g-series. This phenomenon proves that 

the intensity, at which a Rydberg level is tuned into resonance with an integer 

number of photons may differ significantly from the intensity, at which the actual 

ionisation occurs. 

2.1.3. High-energy plateau. 

In the following years attention of the strong-field research community 

concentrated on the high-energy region of ATI electron spectra, the landmark being 

the discovery of the plateau in the ATI photoelectron spectra [55] similar to the one 
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observed in high-harmonic generation (HHG) (see Figure 2-3). So far the low-

energy part of the photoelectron energy spectra could be described by the semi-

classical theory of ionisation, which considers classical motion of the ionised 

electron in the oscillating laser field after it has tunnelled into the continuum with 

zero momentum [9, 56, 57]. According to this theory a cut-off must be observed at a 

kinetic energy equal to 2Up, where Up is the ponderomotive energy. The appearance 

of the cut-off is related to the maximum kinetic energy an electron can acquire due 

to classical motion in the laser field after it has been ionised. However, the 

appearance of electrons with energies higher than 2Up could not be explained by the 

semi-classical theory and the interaction of the free electron with the parent ion core 

upon ionisation had to be taken into account, which allowed to explain the 

production of electrons with energies up to 10Up [11, 58].  

 
Figure 2-3. ATI spectra from Argon with 40 fs, 630 nm pulses at intensities of 
6×1013 W/cm2 (a), 1.2×1014 W/cm2 (b), 2.4×1014 W/cm2 (c), and 4.4×1014 W/cm2 (d) 
The figure is taken from G G Paulus et al 1994 Phys. Rev. Lett. 72 2851 [55]. 

 

High-resolution experiments in the plateau region of xenon [59] and argon 

[60] ATI electron spectra revealed the presence of narrow individual peaks within 
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single ATI orders. The independence of the position of these narrow peaks on the 

intensity pointed at their resonant character. However the appearance of this sub-

structure could not be explained in terms of resonant enhancement of ionisation via 

intermediate Rydberg states which account for the appearance of Freeman 

resonances in the low orders of ATI spectra. Numerical solution of the time-

dependent Schrödinger equation (TDSE) for a model argon atom in the SAE 

approximation [61, 62] revealed that the envelope of the ATI spectrum was related 

to bunching of the tunnelling wave packet on the first re-encounter with its parent 

ion, followed by backscattering of such bunches on subsequent encounters. 

Interference between bunches produced in different optical cycles accounted for the 

appearance of the resonant sub-structure in the plateau region. A detailed 

comparison between high-resolution experimental photoelectron spectra and high-

precision TDSE calculations in the SAE approximation for argon demonstrated a 

very good quantitative agreement over a wide range of electron kinetic energies and 

laser intensities [63]. 

The recent measurements of photoelectron energy spectra with few-cycle 

pulses [64] showed that the ATI plateau behaves similarly for long and few-cycle 

pulses. Namely, the ATI plateau is present at linear laser polarisation and disappears 

when the polarisation becomes circular. This observation confirms the hypothesis 

that the ATI plateau is due to rescattering of electrons from the parent ion within one 

optical cycle after ionisation. Furthermore the authors observed the absence of any 

structure in the photoelectron spectra measured with few-cycle pulses, which 

allowed them to conclude that atomic resonances do not play a role at the few-cycle 

limit. 

2.1.4. Angular distributions of photoelectrons. 

The discovery of a plateau in the ATI photoelectron spectrum was 

accompanied by the observation of a dramatic qualitative change in the angular 

distributions at the onset of the plateau [65]. In the long pulse regime (pulse duration 

50 ps) the angular distributions of high-energy photoelectrons from xenon and 

krypton displayed unexpected structures at an angle of 45 degrees with respect to the 
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laser polarisation axis. Examination of the evolution of the time-dependent wave 

function calculated in the SAE approximation revealed a strong interaction of the 

ionised electrons with the ion core before they leave the vicinity of the atom. While 

the experimental parameters implied an intermediate regime between multi-photon 

and tunnelling, the authors observed in the calculations that the off-axis structures in 

the angular distributions are caused by backscattering of the tunnelling component 

of the wave function. Later classical calculations of Paulus et al [58] showed that for 

a given photoelectron energy and number of return times there is a minimum angle 

at which the photoelectron could have scattered off the ion core, thus relating the 

off-axis structures in the angular distributions in [65] to the scattering angles. 

Similar off-axis structures in the electron angular distributions were 

observed in the short-pulse regime of ATI. Using 110 fs laser pulses, Nandor et al 

[66] performed extensive measurements of angle-resolved photoelectron spectra of 

xenon at 800 nm, for various intensities in the range 1013 -1014 W/cm2. They showed 

that at each intensity studied, the angular distributions of high-order ATI peaks 

display abrupt variations at the onset of the plateau region. Furthermore, angular 

distributions of the low-order ATI peaks exhibited rich structure, which partly was 

related to the angular momenta of the corresponding Rydberg-resonant 

photoelectrons (so-called “jets”) and partly remained unidentified (“wings” in the 

authors’ terminology). Note that such structures in the angular distributions were not 

observed in argon either experimentally or in calculations [63], which demonstrates 

a major difference between the responses of the two atoms to the strong laser field 

and implies the need for precise calculations for xenon. 

The development of photoelectron imaging techniques provided further 

insight into multi-photon ionisation processes. Specifically, the simultaneous 

observation of electron energy and angular distributions facilitated the identification 

and classification of ionisation mechanisms. The dependence of electron angular 

distributions within each ATI peak on the intermediate resonant state that the 

electron goes through before ionisation was naturally expected since the discovery 

of Freeman resonances [50]. Indeed, examination of the energy and angular 

distributions of xenon atoms ionised by a ps laser at 620 and 640 nm for intensities 
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between 1013 W/cm2 and 1014 W/cm2 allowed Helm et al [67] to identify the 

intermediate state resonances that dominate ionisation in the low intensity range. At 

higher intensities the appearance of continuously distributed low-energy electrons 

suggested that an additional ionisation mechanism became operative. 

A number of experiments followed, where electron momentum distributions 

were measured. Making use of an imaging spectrometer Helm et al [68] observed 

the simultaneous appearance of resonant and non-resonant ionisation in helium and 

a change of the dominant ionisation path upon increase of the laser intensity from 6-

photon resonant to 7-photon non-resonant to 7-photon resonant ionisation. These 

experiments were performed at wavelengths between 310 and 330 nm and 

intensities between 8×1013 W/cm2 and 5×1014 W/cm2. Distinct differences in the 

angular distributions could be observed for the different ionisation channels studied. 

Channel switching from 8- to 9-photon resonant ionisation of xenon at 800 nm was 

observed by Hansch et al [69] in the range of intensities between 1×1013 W/cm2 and 

5×1013 W/cm2. In the same way Schyja et al observed switching of ionisation 

channels in ATI of xenon [54] and argon [70] ionised by 800 nm laser light.  

A careful quantitative comparison of experimental electron-momentum 

distributions with theoretical volume integrated spectra was carried out by Wiehle et 

al [71] for argon ionised at 800 nm, allowing the authors to identify such processes 

as channel switching, multi-photon resonant and non-resonant ionisation, and ac 

Stark splitting. 

 

2.1.5. Wavelength-dependence of photoelectron spectra. 

Measurement of photoelectron spectra at a number of laser intensities and at 

a fixed frequency (usually 800 nm) is the conventional method of ATI studies. As 

one can see this approach allowed describing many of the main phenomena in the 

physics of ATI, such as channel switching. However, the limited range of 

experimentally available intensities and the inability of having smooth intensity 

variations restrict the observed phenomena to a relatively narrow set of parameters. 
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An attempt to broaden the range of parameters was performed by Maharjan et al 

[72] by measuring 2D ATI photoelectron spectra of argon at a number of 

frequencies and intensities. Although being of significant interest, their results 

cannot be used to follow any trends in the physical processes, but rather should be 

considered as results of independent experiments, each performed at a given set of 

laser parameters.  

The adequate measurements of wavelength-dependent ATI photoelectron 

spectra performed in a limited range of parameters proved to be useful for 

monitoring the invoked ionisation channels. Varying a laser wavelength between 

592 and 616 nm and measuring photoelectron energy and angular distributions 

Rottke et al [73] observed channel switching from 6- to 7-photon resonant ionisation 

in Xenon. 

Continuous variation of laser frequency in Xenon ATI photoelectron energy 

measurements was performed by Kaminski et al [74] in the range of wavelengths 

between 500 and 650 nm and intensities between 1012 and 1013 W/cm2. Measuring 

photoelectron energy and angular distributions as a function of the ionising 

wavelength allowed the authors to observe the transition between resonant and non-

resonant ionisation channels and to identify the excited states involved in the 

ionisation process. 

In our experiments described in Chapter 3 we aimed to collect data that 

could provide continuous trends in photoelectron spectra measured over a wide 

range of laser wavelengths from 600 to 800 nm and from 1200 to 1600 nm, and both 

in argon and xenon. Choosing an adequate wavelength step we track the smooth 

evolution of the properties of the ATI photoelectron spectra as a function of the laser 

wavelength, which provides a deep insight into the nature of the underlying 

ionisation processes. We obtain excellent quantitative agreement between our 

experimental results and the results of TDSE calculations, integrated over the laser 

focus volume.  
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2.2. ATI in the tunnelling regime. 
 

As mentioned above the majority of previous experimental work on ATI has 

been conducted in the multi-photon regime. However the present accessibility of 

high laser intensities encourages the exploration of ATI properties in the tunnelling 

regime, where the Keldysh parameter γ<1. In early experiments Mevel et al [75] 

presented an interesting demonstration of the qualitative evolution of ATI spectra at 

the transition from the multi-photon to the tunnelling regime by studying rare-gas 

atoms with increasing ionisation potential. They have observed the gradual 

disappearance of ATI structure from xenon to helium in accordance with the 

transition of Keldysh parameter through unity.  

The disappearance of the ATI peak structure is related to the spatiotemporal 

intensity distribution in the laser focus. As pointed out in section 2.1.1 in the short-

pulse regime the ATI photoelectron spectra are shifted to lower energies by the 

value of the ponderomotive potential Up. At high laser intensities the value of Up 

may significantly exceed the photon energy and thus the separation between the ATI 

peaks. For example, at 800 nm the photon energy ħω=1.55 eV and one obtains Up = 

6 eV at the peak laser intensity of 1014 W/cm2. Correspondingly, low intensities 

present in the focal volume lead to smaller ponderomotive shifts. In spite of the 

generally high non-linearity of the ionisation process, the resulting photoelectron 

spectra contain significant contributions from both high and low intensities, since 

the high ionisation rate at the peak laser intensity is compensated by a larger 

presence of lower intensities in the focal volume. Therefore in the tunnelling regime, 

where the peak laser intensity is high, one can expect the ATI peak structure to be 

completely washed out due to the fact that all laser intensities below the peak laser 

intensity are present in the focal volume.  

Note that in the few-cycle regime the disappearance of ATI peak structure 

can be due to a different reason. From the time-domain point of view ATI is a 

periodic process, and a typical ATI spectrum arises from the repetition of the 

process every laser cycle. As shown by Wickenhauser et al in their simulations the 
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number of peaks in the ATI spectra increases with the number of laser cycles 

relevant for the ionisation process [76]. The loss of conventional ATI structure and 

the onset of an interference pattern resulting from different spectral components of a 

few-cycle laser pulse has been recently theoretically predicted by Martiny et al [77].  

Thus, the loss of ATI structure is generally expected in the few-cycle limit 

and/or at the transition to the tunnelling regime. However, recent high-resolution 

experiments [78, 79] have demonstrated the persistence of the structures into the 

tunnelling regime. The structure observed by Alnaser et al [78] in ion momentum 

distributions measured along the polarisation direction as a function of intensity in 

neon and argon at 400 nm (multi-photon regime) and 800 nm (tunnelling regime) 

suggests the importance of a resonant ionisation mechanism in both cases. However, 

the authors could not assign the Rydberg states that could be responsible for the 

observed structure. 

Rudenko et al [79] reported measurements of ion momentum distributions 

for helium, neon and argon at 800 nm and intensities 0.15-2.0×1015 W/cm2, which 

spans a broad range of Keldysh parameter γ from 1.1 to 0.29. They observed a 

remarkably rich ATI-like structure in the low-energy region of the ion momentum 

spectra, which was preserved deep into the tunnelling regime, contrary to the 

expected featureless energy distribution (Figure 2-4). The independence of the 

position of the observed ATI-like peaks on the laser peak intensity and the 

disappearance of the peaks upon shortening the pulse from 25 to 6 fs allowed the 

authors to suggest that the observed structures originate from resonant ionisation 

which remains operational even in the tunnelling regime. This hypothesis was 

confirmed by their high-resolution measurements of electron momentum spectra for 

neon at 25 fs demonstrating an intensity independent fine structure within separate 

ATI orders.  

Furthermore, two-dimensional photoelectron momentum spectra measured 

by Rudenko et al. in [79] in the tunnelling regime demonstrated unexpectedly 

complex structures within the first few ATI orders, characterised by highly 

oscillatory angular distributions. The features were significantly washed out when 

the laser pulse duration was reduced from 25 to 6-7 fs. Similar structures were 
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observed by Maharjan et al [72] for argon in a wavelength range from 400 to 800 

nm and peak intensities corresponding to γ<1. While some of the observed features 

could be identified as Freeman resonances, part of the structure remained of unclear 

origin.  

 
Figure 2-4. Electron momentum distribution parallel and perpendicular to the laser 
polarisation direction. (a) He, 25 fs, 0.6 PW cm−2. (b) Ar, 25 fs, 0.5 PW cm−2. (c)Ne, 
25 fs, 0.6 PW cm−2. (d) Ne, 6–7 fs, 0.5 PW cm−2. Vertical cuts show regions where 
the spectrometer has no resolution in the transverse direction. The figure is taken 
from A Rudenko et al 2004 J. Phys. B 37 L407 [79]. 

 

A few theoretical attempts to explain the observed structures have been 

reported. TDSE calculations supported by classical-trajectory Monte-Carlo 

calculations with tunnelling (CTMC-T) performed by Arbo et al [80] for a hydrogen 

atom at ω=0.05 a.u. (λ=910 nm) for a number of intensities in the transition regime 

(γ~1) demonstrated a good qualitative agreement with the experimental results of 



Chapter 2 

 28

Rudenko [79] and suggested that the observed features could be attributed to the 

interference between different trajectories of the continuum electrons in the 

combined laser and Coulomb field of the parent ion. Such an interpretation is also 

consistent with the ability of the angular distribution to stay constant over a wide 

energy range as observed by Maharjan [72]. However, Arbo et al highlight the 

independence of the interference pattern of the ion core potential, since in this 

theoretical frame the continuum electron propagates at large distances from the ion 

upon tunnelling, where the core potential does not play any important role, while 

Rudenko [79] and Alnaser [78] argued for the atomic core dependency of the 

structures observed in their experiments. 

Wickenhauser et al [81] presented simulations of electron–momentum 

distributions for argon ionised by a 10 fs (few-cycle) laser pulse at 400 and 800 nm 

for peak intensities in the range 1.7-3.9×1014 W/cm2, which corresponds to the 

transition regime from multi-photon to tunnelling ionisation with γ ranging from 

1.75 to 0.85. Comparing electron–momentum spectra resulting from numerical 

solutions of TDSE and, from a model based on Strong Field Approximation (SFA), 

the authors observed qualitative agreement between the two approaches in the high-

energy regions of the spectrum. However, the spectra exhibited considerable 

differences within the first ATI order. The radial fan-like structures obtained in 

TDSE calculations, which were observed in the experiments of Rudenko and 

Maharjan, become significantly distorted in SFA calculations. 

These observations were further confirmed by Chen et al [82] who carried 

out calculations of ATI electron-momentum spectra for different atoms ionised by 

10 fs laser pulses of various intensities at wavelengths ranging from 400 to 800 nm. 

By turning on and off the Coulomb potential tail in TDSE simulations as well as 

comparing to the results of SFA the authors concluded that in agreement with Arbo 

[80] and Wickenhauser [81] the radial fan-like structures in the electron momentum 

spectra within the first ATI order observed by Rudenko and Maharjan are due to the 

long range Coulomb potential. Chen et al [82] have derived an empirical rule to 

predict the dominant orbital angular momentum of the initial state responsible for 

these low-energy electron momentum distributions at a given laser peak intensity 
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and associated this momentum with the minimum number of photons needed to 

ionise the atom. Morishita et al [83] developed a further comparison of TDSE 

calculations to the experiments of Maharjan and Rudenko. They performed laser 

focus volume integration in their simulations and showed that a quantitative 

comparison of theoretical calculations at a given peak laser intensity with 

experimental results of Rudenko and Maharjan was inadequate since at high laser 

peak intensities an atom can be completely singly ionised before the peak intensity 

is reached. Qualitatively the main spectral features of Rudenko and Maharjan have 

been reproduced with resonant-like structures being attributed to Freeman 

resonances and radial fan-like structures within the first ATI order characterized by 

a dominant angular momentum that only slowly varies with intensity and hence can 

survive volume integration and show up in the experiment. However no physical 

interpretation of the dominant angular momentum has been provided. 

In spite of the variety of experimental observations and theoretical 

descriptions of the ATI electron momentum spectra, a consistent understanding of 

all the observed features is missing at the moment. In Chapter 3 we present the 

results of TDSE calculations over a wide range of parameters, which allow us to 

assert a comprehensive overview of the electron momentum spectra evolution with 

the laser wavelength and intensity both in the multi-photon and in the tunnelling 

regimes, in the infrared and in the visible wavelength ranges. 
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Chapter 3. Wavelength-dependent ATI in 

Xenon and Argon. 
 

Chapter 3 presents the experimental results on ATI in Xenon and Argon 

carried out over a wide range of laser wavelengths from 600 to 800 nm and from 

1200 to 1600 nm. Photoelectron momentum spectra recorded with an imaging 

spectrometer are carefully reproduced in TDSE calculations. Generally the electron 

momentum spectra contain a superposition of contributions with a different origin. 

Our goal is to disentangle the observed patterns into separate contributions and to 

link them to the various processes taking place in the ionisation of the atom.  

Continuous variation of the laser wavelength allows measuring a smooth 

evolution of the properties of the ATI photoelectron spectra as a function of the laser 

wavelength, where a number of consecutive channel-switching effects can be 

identified. Inspection of the electron kinetic energy spectra and the angular 

distributions of the resonantly ionised electrons allow us to reliably assign the 

intermediate Rydberg states involved in the ionisation process.  

Furthermore we identify and describe two characteristic patterns 

contributing to the photoelectron momentum spectra: a radial pattern appearing in 

the momentum maps within the first ATI ring (further referred to as the low-energy 

region) and an off-axis pattern observed within the whole detectable energy range 

above the first ATI order (further referred to as the high-energy region). Preliminary 

analysis of these patterns has been carried out and general trends on their evolution 

with the laser wavelength and laser intensity observed in our experimental data as 

well as in the TDSE calculations over a broad range of parameters are investigated 

and described in detail. 

The chapter is organised as follows. Sections 3.1 and 3.2 describe the 

methods and approaches used in the experiment and in the TDSE calculations. 

Experimental results for Xenon and Argon obtained between 600 and 800 nm and 

the analysis of resonant ionisation, dominating the spectra in the visible wavelength 
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range, are presented in sections 3.3 and 3.5, respectively. Sections 3.4 and 3.6 

present experimental results in Xenon and Argon in the infrared wavelength range 

between 1200 and 1600 nm. The final sections 3.7 and 3.8 are devoted to the 

discussion of the radial pattern in the low-energy region and the off-axis pattern 

observed in the high-energy region of the momentum spectra. The chapter is 

summarised in section 3.9. 
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3.1. Experimental methods. 
 

We use a commercial laser system consisting of an optical parametric 

amplifier (OPA, Coherent Opera) pumped by 1 mJ of a Coherent kilohertz 

Ti:Sapphire amplifier system (800 nm, 50 fs). The signal output wavelength of the 

OPA system varies between 1200 and 1600 nm with a FWHM of 10-15 nm. The 

central wavelength is determined with a monochromator with an accuracy of 2 nm. 

For the experiments in the visible wavelength range, where the wavelength varies 

from 600 to 800 nm, the OPA output passes through a BBO doubling crystal. A 

schematic of the experimental setup is shown in Figure 3-1.  

 
Figure 3-1. Schematic of the experimental setup. The laser beam is focused with a 
spherical mirror onto a jet of Argon or Xenon. The laser polarisation is 
perpendicular to the detection axis of the velocity map imaging electron 
spectrometer. Electrons created in the interaction region are extracted with a dc 
electric field and are accelerated towards a 2D position sensitive detector, consisting 
of a dual MCP and a phosphor screen. The impact of the electrons causes 
fluorescence of the phosphor screen, which is recorded with a computer controlled 
CCD camera. 
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The linearly polarised laser beam propagates into the vacuum chamber and 

is focused onto a gas jet pulsed at 25 Hz and synchronised with the laser using a 

spherical normal-incidence silver mirror (f=75 mm). The synchronisation of the 

pulsed gas input with the laser allows having a sufficiently high number of 

ionisation events per laser shot while keeping a relatively low pressure in the 

interaction vacuum chamber. Typically the pressure in the interaction chamber is 

kept around 10-7 - 10-6 mbar during experiments. Without the gas jet, the background 

pressure is approximately 10-8 mbar. The backing gas pressure was kept sufficiently 

low to avoid clustering. Space charge effects are avoided by adjustment of the gas 

concentration in the interaction region, which in turn can be influenced by the delay 

of the gas input with respect to the laser. The ejected electrons propagate in the 

Velocity Map Imaging (VMI) spectrometer towards a 2D position sensitive detector, 

consisting of a dual MCP and a phosphor screen. The impact of the electrons causes 

fluorescence of the phosphor screen, which is recorded with a computer controlled 

CCD camera. The experimental images presented in this chapter contain electron 

signals accumulated during one to five minutes of acquisition time. The polarisation 

of the laser beam is parallel to the MCP detector and perpendicular to the static 

electric field. Using the VMI spectrometer in the ion time of flight mode we 

determined the maximum laser pulse energy at every wavelength that provided a 

constant ratio between singly and doubly charged ions. In the imaging wavelength 

scans the laser intensity was reduced where necessary so that the contribution from 

the doubly charged ions did not exceed 2% of the singly charged ion signal.  

Images recorded in the experiment represent 2D projections of the original 

3D distribution of the photoelectron velocity vectors. Applying an iterative Abel 

inversion procedure [84] to the recorded 2D projections one can reconstruct the 3D 

velocity and angular distribution P(v,θ) of the photoelectrons and therefore obtain 

photoelectron momentum maps. 

In order to obtain photoelectron kinetic energy distributions from the 3D 

velocity and angular distribution an integration over the polar angle θ has to be 

carried out: 
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 P(v)=2π∫P(v,θ)v2sinθdθ       (5) 

 

and a conversion from the velocity to the energy distribution performed  

 

P(E) = P(v)/mv        (6) 

 

The angular distributions can be acquired by integration of the 3D velocity 

and angular distribution, obtained from the inversion of the experimental images, 

over a certain velocity range around the position of a particular feature in the 

photoelectron spectrum. 

 

3.2. Theoretical treatment.  
 

The experimental results presented in this chapter are directly compared to 

the results obtained from the numerical solutions of a 3D TDSE within the SAE 

approximation [33]. This approximation considers only the response of the 

outermost valence electron to the laser field.  

In order to solve the TDSE for Xenon we use the code based on the method 

outlined in ref [85] with a pseudo-potential described in ref [86]. Solution of TDSE 

for Argon relies on the original numerical algorithm [87], which allows to 

significantly reduce calculation time. Application of this algorithm for calculations 

of ATI electron spectra in a model Argon atom was demonstrated in [61]. Both 

codes provide the energy-resolved electron angular distributions (in the form of an 

expansion over a series of Legendre polynomials in the case of Xenon), which can 

be subsequently converted into a 2D momemtum map for comparison to the 

experimentally recorded images. We note that due to the SAE approximation and 

due to the nonrelativistic approximation the models used in the numerical 

simulations do not take into account angular coupling with the ionic core as well as 

spin-orbit splitting. For this reason all levels belonging to the same configuration 

degenerate (i.e. there exists a single energy level for a given set of quantum numbers 
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n, l and m), which has to be taken into account when comparing to the experimental 

level energies provided in the NIST atomic database (http://physics.nist.gov/cgi-

bin/ASD).  

For an adequate comparison to the experiment the results of the TDSE 

calculations must be integrated over the laser focal volume. The necessity of this 

procedure was previously highlighted in [71] and [83]. In the calcualtions presented 

in this chapter the volume integration was performed using the prescription 

described in [88] and assumes a Gaussian focus in an infinitely extended medium. 

The temporal profile of the laser pulse is modelled with a sine-squared envelope 

typically containing 60 optical cycles. The laser polarisation is linear. 

 

3.3. Xenon in the visible frequency range. 
 

The experimental images presented in this section were obtained by 

summing the electron yield during one minute of acquisition time. The left panel in 

Figure 3-2 shows an example of a raw experimental image obtained for ionisation of 

Xenon with 700 nm laser light. The right panel in Figure 3-2 shows a 2D slice 

through the 3D velocity and angular distribution reconstructed from the 

experimental image in the left panel. The laser polarisation is vertical in all the 

figures in this chapter.  

Several contributions can be distinguished in the 2D photoelectron 

momentum spectrum. The most prominent one peaks along the laser polarisation 

axis and consists of a series of relatively broad features. When the 2D momentum 

distributions are converted to energy distributions, these features are spaced by the 

energy of one photon. In the 2D momentum maps this translates into a series of 

concentric rings spaced with radii that increase with the square root of the 

photoelectron kinetic energy. We use these spectral structures for the electron 

energy calibration of the experimental images. Within the broad ATI features 

narrow sub-structures can be observed, which continue into the area away from the 

polarisation axis and form the second major contribution to the photoelectron 
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momentum spectrum. Highly oscillatory angular distributions are characteristic for 

these narrow features. In the low-energy region the spectrum contains cross-like 

structures fanning out from the centre of the image, which were observed in earlier 

experimental and theoretical studies of ATI [66, 54, 72, 79-83]. Furthermore, an 

additional weak off-axis pattern can be observed in the high-energy region.  

 

 

Figure 3-2.  Left: raw experimental image resulting from ATI of Xenon atom at 
700 nm. Right: 2D slice through the 3D velocity and angular distribution obtained 
from the raw image by applying an iterative Abel inversion procedure. 

 

The superposition of many patterns on a single momentum map corresponds 

to the photoelectrons involved in different ionisation mechanisms. In this 

experiment we aim to explore how the momentum spectra evolve as a function of 

the laser intensity and the laser wavelength1 and try to identify the processes 

responsible for the creation of the observed patterns. 

3.3.1. Intensity dependence of the electron momentum spectra. 

 

                                                 
1 In the following sections of this chapter only the wavelength dependence 

of the experimental photoelectron spectra will be discussed, since the relatively low 

ionisation rate in Argon and in Xenon in the infrared frequency range did not allow 

us to study the intensity dependence of the momentum spectra. 
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In order to explore the evolution of the momentum spectra with the laser 

intensity photoelectron momentum maps were recorded at 700 nm for various 

intensities. The laser pulse energy measured in the experiment was varied from 25 to 

60 μJ by inserting a neutral density filter in the path of the laser beam. Calibration of 

the intensity in the experiment was performed in two ways: by a direct comparison 

of the recorded momentum maps to the results of the TDSE calculations and by 

monitoring the emergence of the classical cut-off in the angle-integrated spectra.  

Figure 3-3 shows a series of photoelectron momentum maps acquired at 700 

nm at various laser intensities, where the experimental images presented in the left 

column are compared to the results of calculations in the right column. The vertical 

and horizontal axes in Figure 3-3 show the electron momenta in the range between –

1 and 1 a.u. parallel and perpendicular to the laser polarisation, respectively. This 

momentum scale corresponds to the electron kinetic energies up to 13.6 eV. The 

low-energy part of the momentum spectra is presented in Figure 3-4, where the 

electron momenta up to 0.4 a.u are shown, corresponding to the kinetic energy up to 

around 2.2 eV. The colour scale Figure 3-4 is adapted to emphasize the off-axis 

structures of the momentum spectrum. The calculations are simulations of the 

experiment including full 3D volume averaging, assuming a laser focus up to an 

intensity specified by a value of the vector potential Amax = (Ilaser/ω2)1/2 = Flaser/ω, 

where Flaser is the amplitude of the laser field. The peak laser intensity used in the 

calculations was chosen to provide the best fit to the experimental data. Careful 

comparison of the experimental and calculated momentum maps provides a very 

accurate way to determine the laser intensity, since the rich intensity-dependent 

structure observed in the experimental momentum maps allows to fine-tune the 

value of the vector potential in the calculations in order to find the best match. 

Assignment of the matching pairs shows that the experiment covers the range of 

intensities from 3.4×1013 W/cm2 to 9.5×1013 W/cm2 with an estimated error of less 

than 5%. In the analysis of the following results we will use the intensity calibration 

derived from the comparison of the experimental and theoretical momentum maps. 
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Figure 3-3. Experimental (left column) and calculated (right column) momentum 
maps of photoelectrons ionised from xenon at 700 nm and at various intensities 
increasing from top to bottom: 25 μJ, Amax=0.48 a.u. (3.4×1013 W/cm2); 30 μJ, 
Amax=0.55 a.u. (4.5×1013 W/cm2); 35 μJ, Amax=0.63 a.u. (5.9×1013 W/cm2); 40 μJ, 
Amax=0.66 a.u. (6.4×1013 W/cm2); 45 μJ, Amax=0.71 a.u. (7.5×1013 W/cm2); 50 μJ, 
Amax=0.75 a.u. (8.3×1013 W/cm2); 60 μJ, Amax=0.8 a.u. (9.5×1013 W/cm2). The 
logarithmic false-colour scale covers 5 orders of magnitude. 
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Figure 3-4.  The same as in the previous figure zoomed in on the low-energy part. 
The logarithmic false-colour scale covers 5 orders of magnitude. The black circles 
show the contribution from electrons, corresponding to one-photon ionisation via 
5g/5f Rydberg state. 
 

Figure 3-5 shows experimental photoelectron kinetic energy spectra 

corresponding to the data shown in the previous two figures. The photoelectron 

spectra were integrated within ±10 degrees with respect to the polarisation axis and 

normalised to the integral over the total energy range. The arrows indicate the 
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predicted positions of the classical 2Up cut-offs, where Up is the ponderomotive 

energy related to the laser frequency ω and intensity Ilaser as in Eqn. (1). The curves 

are plotted with an arbitrary vertical offset for convenience of presentation. 

 

Figure 3-5. Normalised photoelectron spectra integrated within ±10 degrees along 
the polarisation axis at 700 nm and at various intensities. The 2Up cut-offs predicted 
on the basis of the comparison of the momentum maps are indicated with arrows. 
(a) 2Up=3 eV (3.4×1013 W/cm2); (b) 2Up=4 eV (4.5×1013 W/cm2); (c) 2Up=5.5 eV 
(5.9×1013 W/cm2); (d) 2Up=6 eV (6.4×1013 W/cm2); (e) 2Up=7 eV (7.5×1013 
W/cm2); (f) 2Up=8 eV (8.3×1013 W/cm2); (g) 2Up=8.7 eV (9.5×1013 W/cm2). The 
curves are plotted with an arbitrary vertical offset for convenience of presentation. 

 

In the evolution of the momentum maps with intensity in Figure 3-4 we can 

distinguish the development of two qualitatively different contributions. One 

contribution corresponds to electrons with an absolute value of the momentum 
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below 0.2 a. u., i.e. a kinetic energy below 0.5 eV. Highly oscillatory angular 

distributions and a continuous energy distribution extending down to zero 

characterise this low-energy part of the photoelectron spectrum. The features 

observed in the low-energy region will be discussed in section 3.7. At values of the 

electron momentum higher than 0.2 a. u. the momentum maps are dominated by 

sharp oscillatory features, which can be attributed to one-photon resonantly 

enhanced ionisation, as we will show below.  

Assuming a ponderomotive Stark shift of high-lying Rydberg levels we 

expect that ionisation via a selected resonant state will always result in a 

photoelectron with the same kinetic energy independent of the laser intensity. The 

energy level of a Rydberg state experiences the same shift as the ionisation 

threshold, and therefore, as given by Eqn. (4), the final kinetic energy of a 

photoelectron depends only on the energy of the photon involved in the ionisation 

and not on the laser intensity. The influence of the rising intensity will mainly be 

reflected in the increasing ponderomotive energy (being a measure of the Stark shift 

effect) and hence in the number of photons necessary in order to couple resonantly 

to a given Stark-shifted Rydberg state. A change in the number of photons required 

for resonant population of a Rydberg series is known as channel switching. We note 

that variation of the laser intensity at a constant laser frequency is the conventional 

but not the only way to observe the phenomenon of channel switching, since 

variation of the laser frequency leads to the equivalent effect, as we will demonstrate 

below. Due to parity-selection rules (in the dipole approximation) channel switching 

is accompanied by alternation between odd- and even-parity Rydberg states 

involved in the ionisation. Namely, since the ground state of the Xenon atom (5p) 

has odd parity (l=1), population of Rydberg states with odd-l is only allowed with an 

even number of photons, whereas population of even-l resonant states requires an 

odd number of photons.  

Figure 3-6 shows the experimental and the corresponding theoretical full-

angle integrated photoelectron spectra at various intensities. Taking into account the 

above-mentioned considerations we choose to monitor the development of the 
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resonant feature at the kinetic energy 1.2 eV (selected with a circle in Figure 3-4) as 

a function of intensity.  

   
Figure 3-6. Angle-integrated and normalised experimental photoelectron spectra at 
a central wavelength of 700 nm (left) and angle-integrated theoretical spectra (right) 
at the intensities given in Figure 3-5: (a) 3.4×1013 W/cm2; (b) 4.5×1013 W/cm2; (c) 
5.9×1013 W/cm2; (d) 6.4×1013 W/cm2; (e) 7.5×1013 W/cm2; (f) 8.3×1013 W/cm2; (g) 
9.5×1013 W/cm2.  

 

The evolution of its angular distribution is expected to follow a switching of 

the ionisation channel as the intensity rises. Figure 3-7 shows angular distributions 

acquired by integration of the 3D velocity and angular distribution, obtained from 

the inversion of the experimental images, over a small velocity range corresponding 

to the energy range of 0.1 eV around the position of the resonant peak centred at 1.2 

eV in the photoelectron spectra. At the lowest intensity in our experiment, 3.4×1013 

W/cm2, the angular distribution of the resonant feature at 1.2 eV contains five 

minima between 0 and 180 degrees, demonstrating that l=5 is the dominant angular 
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momentum of the photoelectrons. According to the selection rule for the orbital 

quantum number absorption of one photon changes the orbital angular momentum 

by one. Since we consider one-photon ionisation from an intermediate Rydberg 

state, the orbital angular momentum of this state is l=4 or l=6. Subtracting the 

energy of one photon (1.77 eV at 700 nm) from the photoelectron kinetic energy we 

obtain the negative of the binding energy for the corresponding intermediate state 

Eb=0.57 eV. This allows identifying the resonant state involved in the ionisation as 

5g, which shifts into resonance with seven photons at an intensity of 1.8×1013 

W/cm2, which is available in the laser focus volume. We note that excitation of the 

5g state (having even parity (l=4)) by means of a 7-photon transition is consistent 

with the parity selection rule. We note that one-photon ionisation has a propensity 

to, but does not always lead to the change of the orbital angular momentum by one. 

Since the ionisation process may involve the absorption of two and emission of one 

photon, the orbital angular momentum may change by three. An example of a 

photoelectron spectrum suggesting the involvement of such an ionisation scheme 

will be shown below. 

At 4.5×1013 W/cm2 the ionisation still proceeds via the 5g state leading to 5 

minima in the photoelectron angular distribution, as shown in Figure 3-7. However, 

a qualitative change can be observed in the momentum maps as the intensity reaches 

5.9×1013 W/cm2, when the Stark shift at the peak intensity of the laser is such that 

resonant population of the Rydberg states cannot be obtained with 7 photons 

anymore. A switch to the (8+1)-photon channel then occurs. This channel switching 

allows ionisation via Rydberg states with odd parity. Indeed, the angular distribution 

of the selected resonant feature shows the appearance of a maximum at 90 degrees 

in the calculations at 5.9×1013 W/cm2, which confirms that the main ionisation 

contribution comes from the 5f state.  

With the onset of the f-series a new peak at a lower kinetic energy (0.85 eV) 

appears in the experimental and theoretical photoelectron spectra (see Figure 3-6). 

The binding energy (around 0.9 eV) and the angular distribution, with 4 minima 

between 0 and 180 degrees identify this contribution as one-photon ionisation via 
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the 4f state. The appearance of the 4f resonance in the photoelectron spectrum 

occurs at 6.4×1013 W/cm2, when the laser peak intensity exceeds the appearance 

threshold for the 4f resonance via 8-photon resonant excitation (6.15×1013 W/cm2). 

A further increase in the intensity leads to the dominance of the 4f resonance in the 

photoelectron spectra as can be seen from Figure 3-4 and Figure 3-6.  

 
Figure 3-7. Experimental (left) and theoretical (right) angular distributions 
calculated for ionisation at a central wavelength of 700 nm and at photoelectron 
kinetic energies corresponding to one-photon ionisation via 5g/5f  (E=1.2 eV) 
Rydberg states at the same intensities as given in Figure 3-5: (a) 3.4×1013 W/cm2; 
(b) 4.5×1013 W/cm2; (c) 5.9×1013 W/cm2; (d) 6.4×1013 W/cm2; (e) 7.5×1013 W/cm2; 
(f) 8.3×1013 W/cm2; (g) 9.5×1013 W/cm2.  

 

To summarise, monitoring the evolution of the ionisation via intermediate 

Rydberg states as a function of the intensity at 700 nm we have observed channel 
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switching from (7+1)-photon ionisation via the g-series to (8+1)-photon ionisation 

via the f-series at an intensity around 6×1013 W/cm2. A similar switching from 

(8+1)-photon ionisation via the f-series to (9+1)-photon ionisation via the g-series 

was observed in xenon at 800 nm in [66,54]. In our experiment the 800 nm 

wavelength was on the edge of the efficiency curve of the OPA system, therefore we 

chose to study the intensity dependence of the photoelectron momentum spectrum at 

700 nm, close to the maximum of the efficiency curve, which provides a larger 

range of available intensities. 

 

3.3.2. Wavelength dependence of the electron momentum 

spectra. 

 

In this section we aim to explore the evolution of the main properties of the 

energy- and angular-resolved photoelectron spectra as a function of the laser 

wavelength. Electron spectra were measured at 21 wavelengths in the range from 

600 to 800 nm with a step of 10 nm. In Figure 3-8 experimental momentum maps at 

several wavelengths are compared to the results of the corresponding volume-

integrated TDSE calculations. The values of the maximum vector potential in the 

calculations are chosen for the best matching to the experimental results. The data of 

Figure 3-8 zoomed in on the low-energy part (electron kinetic energies up to around 

2 eV) is shown in Figure 3-9, where the colour scale is adapted to emphasize the off-

axis structures of the momentum spectrum. The comparison shows a good 

agreement between the experimental and theoretical results. 
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Figure 3-8. Comparison of the experimental (left column) and the calculated (right 
column) momentum maps of photoelectrons ionised from xenon at (from top to 
bottom) 800 nm, Amax=0.77 a. u., 6.7×1013 W/cm2; 770 nm, Amax=0.7 a. u., 6×1013 
W/cm2; 730 nm, Amax=0.54 a. u., 3.9×1013 W/cm2, 700 nm, Amax=0.55 a. u., 4.5×1013 
W/cm2; 680 nm, Amax=0.45 a. u., 3.2×1013 W/cm2; 650 nm, Amax=0.52 a. u., 4.6×1013 
W/cm2; 600 nm, Amax=0.53 a. u. , 5.7×1013 W/cm2. The logarithmic false-colour 
scale covers 4 orders of magnitude. 
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Figure 3-9. The same as in Figure 3-8 zoomed in on the low-energy part (from top 
to bottom): 800 nm, Amax=0.77 a. u., 6.7×1013 W/cm2; 770 nm, Amax=0.7 a. u., 
6×1013 W/cm2; 730 nm, Amax=0.54 a. u., 3.9×1013 W/cm2, 700 nm, Amax=0.55 a. u., 
4.5×1013 W/cm2; 680 nm, Amax=0.45 a. u., 3.2×1013 W/cm2; 650 nm, Amax=0.52 a. u., 
4.6×1013 W/cm2; 600 nm, Amax=0.53 a. u. , 5.7×1013 W/cm2. The logarithmic false-
colour scale covers 4 orders of magnitude. The black circles show the contribution 
from electrons, corresponding to one-photon ionisation via intermediate Rydberg 
states. 
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Resonant ionisation. Interpretation of the experimental results. 
 

An example of an experimental photoelectron kinetic energy spectrum 

recorded at 700 nm is shown in Figure 3-10. The conversion procedure from the 3D 

velocity and angular distribution, obtained in the experiment, to the electron kinetic 

energy distribution is described in section 3.1. Choosing an appropriate angular 

integration range we can make the distinction between the on- and off-axis 

contributions to the photoelectron spectra. By doing so we hope to distinguish 

between resonant and non-resonant ionisation contributions, which have 

qualitatively different angular distributions reflecting the nature of the ionisation 

process. 

 
Figure 3-10. Experimental PES integrated beyond ±30 degrees from the polarisation 
axis (squares) and within ±10 degrees along the polarisation axis (triangles) at the 
laser wavelength 700 nm (frequency 0.065 a.u.).  

 

 In the case of non-resonant ionisation, the electron is ionised from the 

ground state of the atom by the absorption of many laser photons. Therefore the 

angular distribution of the photoionised electron is strongly aligned along the 

polarisation axis. On the other hand, electrons that are first excited to an 

intermediate Rydberg level and that are subsequently ionised in a low-order process, 

are expected to have an angular distribution that reflects the orbital angular 



Wavelength-dependent ATI in Argon and Xenon 

 53

momentum of the Rydberg state, generally implying a significant off-axis 

component.  

The two curves shown in Figure 3-10 correspond to the angular integration 

range within ±10 degrees along the polarisation axis and beyond ±30 degrees from 

the polarisation axis, respectively. The curves are plotted with an arbitrary vertical 

offset and are shown only for the first two ATI orders for clarity. One can observe a 

significant difference between the spectra: the PES integrated away from the laser 

polarisation axis contains narrow sub-structures recurring every ATI order (labelled 

as 5g and 6g), whereas in the PES integrated along the polarisation axis the 

spectrum is dominated by broad features (labelled as NR), separated by the energy 

of one photon. This is in line with our expectations: broad non-resonant features are 

characterised by narrow angular distributions and hence are mostly observable along 

the polarisation axis. In contrast, narrow resonant features are characterised by broad 

angular distributions and dominate the PES away from the polarisation axis. 

Monitoring the kinetic energy of a particular resonant or non-resonant 

feature in the photoelectron spectra as a function of the laser frequency one can 

obtain a linear dependence according to Eqns. (3) and (4), respectively, with a slope 

corresponding to the number of photons involved in the ionisation process. In the 

case of non-resonant ionisation the linear frequency dependence is only possible 

under the condition of constant value of the ponderomotive energy (Eqn. (3)). 

However, in the present experimental dataset the laser intensity could not be strictly 

controlled throughout the wavelength scan. As mentioned above the laser intensity 

was adapted in order to assure the dominance of the singly charged ion contribution 

in the photoelectron spectra. Moreover we have observed sensitivity of the 

appearance of the resonant features to variations of the ponderomotive energy, 

which points towards a simultaneous action of resonant and non-resonant ionisation. 

As we show below an overlap of both contributions in a photoelectron energy 

spectrum may lead to their constructive interference and modulate the relative 

amplitude of the resonant sub-structure. An example of a continuous linear 

frequency dependence of the resonant features in the experimental photoelectron 

kinetic energy spectra will be shown below in section 3.5. 



Chapter 3 

 54

 
Figure 3-11. Experimental PES integrated over polar angles beyond ±30 degrees 
from the polarisation axis and downshifted by the energy of one photon. 
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In order to identify the intermediate resonant states involved in the low-

order photoionisation processes we plot the experimental photoelectron spectrum 

downshifted by the energy of one photon at a number of laser wavelengths (Figure 

3-11). As a result of this procedure suggested by Maharjan et al [72], the position of 

a peak corresponding to a particular resonance becomes independent of the 

wavelength and corresponds to the negative of the binding energy of this resonance. 

To minimize interference with non-resonant ionisation as much as possible, which 

may hinder the identification of the resonant sub-structures, photoelectron spectra 

integrated beyond ±30 degrees from the polarisation axis will be considered. The 

spectra are normalised so that ∫P(E)dE=1 and are plotted on a common scale.  

Assignment of the resonant states was performed in the following way: the 

binding energy corresponding to a peak observed in the spectrum is compared to the 

NIST atomic database (http://physics.nist.gov/cgi-bin/ASD), which allows to 

determine the principal quantum number of the contributing Rydberg state. 

However, for states with a high orbital angular momentum the quantum defect is 

negligible, so that a peak observed in the spectrum with a given binding energy can 

be attributed to different angular momentum states with the same principal quantum 

number. A unique assignment of the peaks observed in the photoelectron spectra 

requires inspection of the angular distributions. Figure 3-12 shows experimental 

angular distributions of the photoelectrons appearing in the photoelectron spectra 

within the first ATI order at the position of the peaks attributed to ionisation via 4l, 

5l, 6l, and 7l Rydberg states. 

At 800 nm peaks in the spectrum are observable at binding energies of 0.6, 

0.4 and 0.3 eV. The corresponding binding energies for 5l, 6l and 7l resonances with 

high orbital angular momentum l according to NIST are 0.55, 0.38 and 0.28 eV, 

which is in reasonable agreement within the accuracy of the experiment. In order to 

determine the ionisation channel responsible for the appearance of these resonances 

we need to know the laser intensity used in the experiment. At 800 nm the estimated 

value is 6.7×1013 W/cm2, which means that 11-photon ionisation is possible (closing 

of 10- and 11-photon channels is expected at 5.6×1013 W/cm2 and 8.2×1013 W/cm2, 
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respectively). Ionisation from the f-series via (10+1)-photon ionisation is allowed by 

the parity selection rules. However, resonant population of the 4f state with 10 

photons at 800 nm requires an intensity equal to 7.1×1013 W/cm2, which exceeds the 

peak laser intensity in the experiment. Therefore the 4f state is not present in the 

spectra under these conditions.  

Figure 3-12 a-c show the angular distributions evaluated for photoelectrons 

resulting from one-photon ionisation via resonant states 7l, 6l and 5l.  At 800 nm the 

angular distributions contain 5 minima between 0 and 180 degrees, consistent with 

g-character of the corresponding resonant states. The nearest parity-allowed multi-

photon resonance for the g-series observed in the PES involves 9 photons. The 

intensity required in order to shift the 5g Rydberg state into resonance with 9 

photons of 800 nm light equals 4.1×1013 W/cm2 and is available in the laser focus 

volume. When the wavelength of the laser is decreased the appearance of the 4f 

resonance can be observed. At 770 nm the 4f and 5g states are equally present in the 

spectrum. Estimates of the intensity at this wavelength give 6.0×1013 W/cm2. At 770 

nm closing of 9- and 10-photon channels is expected at 4.1×1013 W/cm2 and 7×1013 

W/cm2, respectively Hence, both (9+1)-photon resonant enhanced ionisation (via g-

states) and (8+1)-photon resonant enhanced ionisation (via f-states) may be 

anticipated. Resonant population of the 4f and 5g states with 8 and, respectively, 9 

photons at 770 nm requires intensities equal to 2.8×1013 W/cm2 and 5.1×1013 W/cm2, 

both easily available in the laser focus volume.  

The relative importance of the 4f resonance grows upon the further decrease 

of the laser wavelength down to 740 nm. At this wavelength the 5g resonance is just 

on the edge of the appearance threshold: the laser intensity required in order to shift 

the 5g state into resonance with 9 photons equals the peak laser intensity (6.4×1013 

W/cm2). At the same time the resonant population of the 4f state with 8 photons still 

remains possible in the laser focus volume leading to the dominance of the 4f state 

in the spectrum. Assignment of this peak is fully confirmed by the presence of 4 

minima in the angular distributions for the wavelengths between 770 nm and 740 

nm. 
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Figure 3-12. Experimental angular distributions calculated at photoelectron kinetic 
energies resulting from one-photon ionisation resonantly enhanced by resonant 
states: 7l (a), 6l (b), 5l (c), and 4l (d). The angular distributions were acquired by 
integration of the 3D velocity and angular distribution over a small velocity range 
corresponding to an energy range of 0.1 eV around the position of a particular 
resonant peak in the photoelectron spectrum. The angular distributions are shown 
only for those wavelengths where the corresponding peaks in the photoelectron 
spectrum were observed. The curves within each panel in Figure 3-12 are plotted 
with an arbitrary offset for clarity of presentation. 
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At 730 nm the experimental peak laser intensity drops to 3.9×1013 W/cm2, 

opening the 9-photon channel. The peak laser intensity turns to be below the 

appearance threshold for the 4f state in (8+1)-photon ionisation channel (4.4×1013 

W/cm2). The dominant peak in the photoelectron spectrum thus can be attributed to 

(8+1)-photon ionisation via a 6l state, where l is odd as required by the parity 

selection rule. Consequently, we expect an even number of minima in the angular 

distributions of the photoionised electrons. Inspection of the angular distributions 

evaluated at different wavelengths around the peak corresponding to ionisation via a 

6l state, shows predominantly 5 minima between 0 and 180 degrees. A slight 

broadening of the dip at 90 degrees, which can be observed at 730, 720 and 710 nm 

hints at the emergence of 6 minima between 0 and 180 degrees, which allows 

assignment to the h-series (l=5). The appearance intensity for the 6h state is 3.4×1013 

W/cm2. The broadening observable on the low-energy side of the 6h resonance is 

due to 9-photon non-resonant ionisation. A broad peak present in the spectra for 730 

to 700 nm around the binding energy 1.3 eV is related to the low-energy (below 0.5 

eV) pattern in the momentum maps, which is discussed in section 3.7 

At 700 nm the estimated peak laser intensity is 4.5×1013 W/cm2 which is the 

transition intensity between 9 and 8-photon channels at this wavelength. 

Accordingly we observe the emergence of the resonances from the g-series ionised 

via (7+1)-photon channel. The 8-photon channel remains responsible for ionisation 

enhanced by the g-series Rydberg states at wavelengths down to 640 nm as 

confirmed by the presence of 5 minima in the corresponding angular distributions in 

the this wavelength range. 

At the short-wavelength end of our measurements, the (6+1)-photon channel 

becomes operative and the spectra are again dominated by the f-series. The angular 

distributions corresponding to the 5l and 6l at 600 nm show 4 minima in agreement 

with one-photon ionisation from the f-states. At 600 nm the estimated laser peak 

intensity is 5.7×1013 W/cm2. Spectra measured under comparable conditions are 

known in literature. Kaminski et al [74] observed 6-photon resonant ionisation via 

the f-series in the wavelength range from 600 to 636 nm. Mevel et al [75] observed 
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f-series in 6-photon resonant ionisation of xenon at 617 nm with 6.2×1013 W/cm2 

peak intensity. Agostini et al [51] reported photoelectron spectra taken at 600 nm 

with the peak intensity around 5×1013 W/cm2, where in addition to 6-photon 

resonant ionisation from the 4f state, peaks attributed to 7p and 8p were observed. In 

our experiment the spectrum measured at 600 nm contains a peak at a binding 

energy of 0.7 eV, which could be attributed to ionisation from 8p. The angular 

distribution evaluated for this peak contains 4 minima, which does not contradict to 

the assignment of this peak as 8p. Ionisation from 8p can proceed, for example by 

the absorption of two and the emission of one photon, leading to the change of the 

orbital angular momentum from l=1 to l=4. Alternatively the angular distribution 

corresponding to the ionisation from this state may be affected by the close presence 

of the f-series. Helm et al [67] raise a discussion about the origin of the feature at the 

low-energy side from the 4f resonance, which was also observed by Mevel et al [75] 

and Agostini et al [51] and traditionally attributed to ionisation via 7p state. In our 

experiment this feature can be observed from 630 to 600 nm at the binding energy 

around 1.3 – 1.4 eV and is related to the pattern in the low-energy (below 0.5 eV) 

region of the momentum map (see section 3.7). The narrow angular distribution of 

this feature suggests its non-resonant origin.  

To summarise this section, we have observed the evolution of the resonant 

ionisation channel as a function of the laser wavelength in the range from 800 to 600 

nm. A number of channel-switching effects have been identified – from 9-photon 

resonant ionisation at 800 nm to 6-photon resonant ionisation at 600 nm. Inspecting 

the electron kinetic energy spectra and the angular distributions of the resonantly 

ionised electrons we have reliably assigned the intermediate Rydberg states involved 

in the ionisation process. All the experimental results have been carefully 

reproduced in the TDSE calculations as follows from the comparison of the 

photoelectron momentum maps.  
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Resonant ionisation. Calculations with constant Up. 
 

Unlike in the experiment, control over the laser intensity in the TDSE 

calculations is a straightforward operation. Control of the intensity gives the 

possibility of monitoring the non-resonant, strongly intensity-dependent ionisation, 

its evolution with the laser wavelength and interaction with the resonant 

contributions in the electron spectra. According to Eqn. (3), the photoelectron 

kinetic energy in a non-resonant ionisation process depends on the laser intensity 

through the ponderomotive energy Eqn. (1). Hence we choose to explore the 

wavelength-dependence of ATI spectra that are calculated at a constant value of the 

maximum ponderomotive energy in the laser pulse. Requiring a constant laser 

intensity would lead to a nonlinear frequency dependence, whereas a constant 

ponderomotive energy provides a linear dependence of the electron kinetic energy 

on the laser frequency, which facilitates the comparison with the resonant 

contribution.  

In the following calculations we choose Up = 2.45 eV, which corresponds to 

a maximum of the vector potential Amax=0.6 a.u. At this value of the vector potential 

both resonant and non-resonant contributions have comparable importance and can 

be simultaneously observed in the full-angle integrated photoelectron spectra 

obtained in TDSE calculations (top left panel in Figure 3-13). The photoelectron 

spectra presented in Figure 3-13 are integrated over the laser focus volume and 

plotted in a contour plot as a function of the laser frequency. Two sets of branches 

observable in the contour plot can be fitted according to Eqns. (3) and (4) in section 

2.1 with slopes corresponding to high-order (n=11, 12, 13 photons, solid lines) and 

low-order (n=1, 2, 3 photons, dotted lines) ionisation processes for non-resonant and 

resonant ionisation, respectively.  

Comparing the contour plots for photoelectron spectra integrated along and 

away from the laser polarisation axis (top right and bottom left panels in Figure 

3-13, respectively) one can observe that integration along the polarisation axis leads 

to a contour plot where narrow resonant features are alternated with broad non-

resonant contributions. On the contrary, the presence of the non-resonant features is  
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Figure 3-13. Calculations at Amax=0.6 a. u.: contour plots showing the frequency 
dependence of the photoelectron energy spectra integrated over the laser focus 
volume and over the full angle range (top left); within ±10 degrees along the 
polarisation axis (top right); beyond ±30 degrees from the polarisation axis (shown 
for two different energy scales, bottom). The spectra are arbitrarily divided by ω10.  
The common colour scale covers three orders of magnitude. Two sets of branches 
observable in the contour plot are fitted according to Eqns. (3) and (4) in section 2.1 
with slopes corresponding to high-order (n=11, 12, 13 photons, solid lines) and 
low-order (n=1, 2, 3 photons, dotted lines) ionisation processes for non-resonant 
and resonant ionisation, respectively. 

 

strongly suppressed in the PES integrated away from the polarisation axis, where 

resonant features become the dominant contribution. This is further illustrated in 
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Figure 3-14 presenting vertical cuts through Figure 3-13 at 800 nm. The curves are 

plotted with an arbitrary offset and are shown only for the first two ATI orders for 

clarity of presentation. The photoelectron spectrum integrated away from the laser 

polarisation axis (dash-dotted curve) entirely consists of narrow sub-structures, 

whereas an alternation of narrow resonant and broad non-resonant features is 

observed in the photoelectron spectrum integrated along the polarisation axis. 

 

 
Figure 3-14. Calculated PES integrated beyond ±30 degrees from the polarisation 
axis (thick line) and within ±10 degrees along the polarisation axis (thin line) at 
laser frequency 0.057 a.u. (800 nm) and the maximum of the vector potential A=0.6 
a.u. 

 

Knowing the laser intensity we can determine the position of the non-

resonant ATI peaks in the electron energy spectrum. However, closer inspection of 

the calculated photoelectron spectra shows that the position of the non-resonant 

branches cannot be directly related to the value of the maximum of vector potential 

used in the calculations, since the ponderomotive shift induced by the laser is not 

exclusively determined by the peak laser intensity, but depends to a large extent on 

the presence of slightly lower intensities in the laser focal volume. The range of 



Chapter 3 

 64

intensities contributing to the ponderomotive shift of the ionisation threshold 

determines the width of the non-resonant branches. In order to establish the value of 

the “effective” intensity responsible for the position of the non-resonant branches, 

we need to evaluate the relative weight of all the intensities that are present in the 

laser focus, as given by the product of the intensity-dependent energy-integrated 

ionisation yield ( )∫
E

I dEEP  and the intensity-dependent laser volume element: 

 

( ) ( )∫ ∂
∂=

E
I dI

I
VdEEPIP ,  I≤Imax 

 

where Imax is the peak intensity in the laser focal volume and dI
I
V

∂
∂

is the volume 

element experiencing an intensity between I and I+dI. Here it is implicitly assumed 

that the main effect of a small-intensity shift is the corresponding ponderomotive 

shift of the photoelectron spectrum. This is an approximation, as the photoelectron 

spectrum not only shifts but also changes shape when the intensity is changed. 

In Figure 3-15 a series of curves are shown, corresponding to the relative 

weight (as defined above) of the individual intensities in the laser focus, for selected 

values of the maximum of the vector potential in the laser focus and for ω=0.06 a. u. 

(760 nm). Interestingly, important differences occur between these curves near the 

high-energy end. If the peak vector potential is 1 a.u., then the main contribution to 

the photoionisation comes from the parts of the laser focus, where 0.98<A<1 a.u. On 

the other hand, if the peak vector potential is 0.8 a.u., the dominant contribution 

comes from the parts of the laser focus where A≈0.75 a.u. The top left panel in 

Figure 3-13 shows results of the fits of the calculated full-angle integrated PES at 

A=0.6 a.u. We can fit non-resonant branches with linear functions of frequency 

Ekin=nω-IP-A2/4 using the “effective” value of vector potential A=0.53 a.u. As 

before the ionisation potential IP =12.13 eV (0.446 a.u.). The width of the branches 

is determined by intensities in the focal volume corresponding to 0.45<A<0.6 a.u.  
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Figure 3-15. Photoelectron yield integrated over all kinetic energies weighted with 
the intensity-dependent laser volume element as a function of individual intensities 
in the laser focus for laser frequency ω=0.06 a. u. and for selected values of the 
maximum of the vector potential Amax in the laser focus. 

 

Notably, the non-resonant contribution is competitive with the resonant 

contribution at this relatively low value of the vector potential (Figure 3-13). 

Furthermore, it has an effect on the appearance of the resonant sub-structure in the 

contour plot. The resonant sub-structure is most prominent whenever it overlaps 

with a non-resonant branch. For example, at the laser frequency 0.061 a.u. resonant 

sub-structures are very prominent within the first ATI order around kinetic energy 

equal to 1 eV. Remarkably, the first-order resonant ionisation branch crosses over at 

this laser frequency and kinetic energy with a 9-photon non-resonant ionisation 

branch. In contrast, at a laser frequency of 0.066 a.u. the resonant sub-structures are 

hardly observable within the first order due to the absence of non-resonant 

ionisation. In other words, at a relatively low intensity we can observe constructive 

interference between resonant and non-resonant ionisation processes. Nevertheless, 

resonant sub-structures can be well resolved on top of the non-resonant 

contributions. 
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In order to identify the resonant Rydberg states in the calculated spectra we 

plot angle-integrated photoelectron spectra downshifted by the energy of one photon 

(Figure 3-16).  

 

Figure 3-16. Calculated PES at Amax=0.6 a.u. integrated beyond ±30 degrees from 
the polarisation axis and downshifted by the energy of one photon. 
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As in the analysis of the experimental spectra we present photoelectron spectra 

integrated beyond ±30 degrees from the polarisation axis in order to suppress to 

some extent the influence of the non-resonant contribution. Assignment of the 

resonant peaks in the electron energy spectra includes comparison of their binding 

energies to the NIST database and the inspection of the corresponding electron 

angular distributions.  

The angular distributions are presented in Figure 3-17 as a function of the 

laser frequency. In order to make these plots calculated angular-resolved 

photoelectron spectra were integrated within 0.1 eV around the photoelectron kinetic 

energies given by Eqn. (4). This way we can monitor the evolution of the angular 

distribution with the laser frequency for photoelectrons ionised via a particular 

Rydberg state with binding energy Eb. Figure 3-17 shows angular distributions 

corresponding to one-photon ionisation from 4l, 5l, 6l, and 7l Rydberg states. The 

angular distributions are not normalised. Using Figure 3-17, the observed 

wavelength dependence of the photoelectron spectra can now be interpreted. 

The evolution of the electron energy spectra with the laser frequency shows 

the following trend. At a laser frequency of 0.057 a. u. (800 nm) the spectrum is 

dominated by peaks corresponding to (9+1)-photon ionisation via Rydberg states of 

the g-series. Accordingly the angular distributions in the bottom three panels in 

Figure 3-17 show 5 minima between 0 and 180 degrees. At ω=0.058 a.u. (785 nm) 

the 9-photon channel opens and ionisation from the 4f state occurs via the (8+1)-

channel, which now becomes the main contribution in the spectrum, whereas the 

relative contribution of the highest states from the g-series (which still can be 

ionised via the (9+1)-channel) is strongly decreased.  

The (8+1)-photon channel remains operative up to ω=0.065 a.u. The angular 

distributions in the top panel of Figure 3-17 contain 4 minima at the frequencies 

ranging between 0.058 and 0.064 a.u., consistent with the presence of the 4f peak in 

the spectra. At ω=0.065 a.u. the Stark shift required for 8-photon resonant 

population of the 4f state (Up=2.86 eV) exceeds the value of the ponderomotive 

energy at the peak laser intensity (Up=2.45 eV), leading to the absence of the 4f peak  
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Figure 3-17. Calculations at A=0.6 a. u.: angular distributions calculated at 
photoelectron kinetic energies resulting from one-photon ionisation resonantly 
enhanced by resonant states (from top to bottom): 4l (Eb = 0.84 eV), 5l (Eb = 0.57 
eV), 6l (Eb = 0.4 eV), 7l (Eb = 0.3 eV). 
 

from the spectrum. Unlike the lowest state of the f-series, the angular distributions in 

the bottom three panels of Figure 3-17 contain an additional peak at 90 degrees in 

the frequency range from 0.059 to 0.065 a. u., increasing the number of minima up 

to 6, which implies involvement of the h-series. Both f- and h-series are allowed by 

the parity selection rule for the 8-photon resonant population. 

Opening of the 8-photon channel at ω=0.067 a.u. (680 nm) allows the 

appearance of the g-series ionised via (7+1)-photon ionisation. The g-series remains 

in the spectrum until the next channel opening, which occurs at ω=0.074 a. u. (615 

nm). Consistent with the g-character the angular distributions in the bottom three 

panels of Figure 3-17 contain 5 minima at this frequency range. At the high-

frequency end (ω>0.074 a.u.) the spectra are again dominated by the contribution 

from the f-series involved in (6+1)-photon ionisation, followed by the presence of 4 

minima in the angular distribution for the 4f peak in the bottom panel of Figure 

3-17. 

In the calculations we have a possibility to inspect the population 

distribution over the bound Rydberg states at the end of the laser pulse. Assuming 
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that the states contributing to the ionisation process keep significant residual 

population we can determine possible candidates responsible for the photoelectron 

angular distributions containing 6 minima. First, we check the population 

distribution at the frequencies where the angular distributions contain 5 minima in 

order to confirm involvement of g-series. At the laser frequency 0.057 a.u. 98% of 

all the population remains in the ground state, and the rest is distributed 

predominantly over the bound Rydberg states with even orbital angular momenta 

(see Table 3-1). The population of the other states is lower by more than two orders 

of magnitude. At a frequency of 0.07 a.u. the major population remains in l=4.  

 
ω, a.u. l=0 l=1 l=2 l=3 l=4 l=5 

0.057 0.01 --- 0.04 --- 0.1 --- 

0.070 0.03 --- 0.05 --- 0.5 --- 

0.062 --- --- 0.003 0.01 --- 0.02

 

Table 3-1.  The population distribution (in percent of the total population) over the 
bound Rydberg states at the end of the laser pulse for different laser frequencies. 

 

The dominance of l=4 is in agreement with assignment of the g-series being 

responsible for the observation of 5 minima in the angular distributions. The 

population of Rydberg states at ω=0.062 a.u., where the angular distributions show 6 

minima, remains mainly in l=5 and l=3. The presence of l=3 and l=5 suggests 

involvement of f- and h-states, therefore we can attribute the series of resonant peaks 

observable for the frequencies between 0.059 and 0.065 a. u. to the f-series with a 

possible overlap with the h-series for the states with the principal quantum number 

higher than 5 (since 6h is the lowest state in the h-series). Involvement of both f- and 

h-states is consistent with the appearance of 6 minima in the angular distribution. 

Ionisation via the h-state with the absorption of one photon leads to the angular 

momentum of the photoelectron l=6. The presence of the 4f resonance in the 

photoelectron energy spectrum suggests that other states from the f-series may also 
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be expected. Ionisation via an f-state resulting in 6 minima in the photoelectron 

angular distribution may occur for example via the absorption of two and emission 

of one photon.  

A schematic diagram of channel switching in Xenon with the varying laser 

frequency is demonstrated in Figure 3-18 at a constant value of the ponderomotive 

energy. The horizontal dashed line labelled as E5l at 11.58 eV corresponds to the 

level-energy of the 5f or 5g Rydberg states with respect to the ground state in Xenon 

in the absence of a laser field. In the presence of the laser field the ionisation 

threshold and the energy levels of the high-lying Rydberg states (such as 5f and 5g) 

shift upwards by the value of the ponderomotive energy Up. In Figure 3-18 the 

ponderomotively shifted ionisation threshold and the 5l state are shown for Up=2.45 

eV, which we assume to correspond to the peak laser intensity. Solid lines in Figure 

3-18 show the energy that can be reached by an integer number of photons from the 

ground state as a function of the laser frequency. These lines extrapolate to zero 

energy when ω→0. Resonant excitation of a ponderomotively shifted Rydberg level 

occurs when it is matched with an integer number of laser photons. Naturally this 

resonance does not have to occur at the peak laser intensity, but can be reached 

somewhere in the laser focal volume corresponding to smaller ponderomotive shifts. 

For example, at ω=0.063 a.u. (720 nm) 8 photons can resonantly populate a 5l 

Rydberg state ponderomotively shifted by 2.13 eV available at the intensity just 

below the peak laser intensity. Subsequently, the atom can be ionised from the 

excited Rydberg state with just one extra photon. The parity selection rules require 

that (8+1)-photon ionisation in Xenon involve an intermediate Rydberg state with an 

odd orbital angular momentum. Therefore, at 0.063 a.u. (8+1)-photon resonant 

ionisation occurs via the 5f state (l=3). The ponderomotive shift required for the 

resonant population of a certain Rydberg level grows with the laser frequency and at 

some point reaches the maximum value available in the laser field. Further increase 

of the laser frequency enforces channel switching – the number of photons involved 

in the resonant excitation of the Rydberg level decreases by one. For example, 

resonant population of the 5l state with 7 photons at ω=0.069 a.u. occurs at Up=1.56 

eV. The orbital angular momentum of the intermediate resonant state must have 
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even parity according to the selection rules, thus (7+1)-photon ionisation occurs at 

0.069 a.u. via the 5g state (l=4).  

At 0.066 a.u. (690 nm) resonant population of the 5l state with 7 photons 

can occur at Up=1 eV followed by one-photon ionisation into continuum (note that 

the intensity at which ionisation from the excited Rydberg state occurs can be higher 

than the intensity at which the resonant excitation took place). However at this 

frequency, 9-photon non-resonant ionisation at the peak laser intensity is more 

favourable than 7-photon excitation of the resonance at a reduced intensity when 

Up=1 eV. Therefore the electron energy spectra in Figure 3-16 contain only the non-

resonant contribution. At 0.067 a.u. 8-photon channel opening takes place and a 

probability for non-resonant ionisation with 8 photons becomes comparable to the 

one for resonant ionisation via the (7+1)-photon channel. 

 
Figure 3-18. Schematic diagram of channel switching in Xenon as a function of 
laser frequency at a constant value of the ponderomotive energy Up=2.45 eV. Thick 
arrows show the order of the resonant excitation of the 5l Rydberg state (channel 
switching), thin arrows show the order of non-resonant ionisation (channel 
opening).  
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To summarise this section, we have observed the evolution of the resonant 

and non-resonant ionisation channels as a function of the laser wavelength in the 

range from 800 to 600 nm at a constant ponderomotive energy. We have identified a 

number of channel-switching effects – from 9-photon resonant ionisation at 800 nm 

to 6-photon resonant ionisation at 600 nm. Assignment of the involved Rydberg 

states has been confirmed by the inspection of the residual population in the 

contributing states. We have shown that the appearance of the resonant sub-structure 

in the electron energy spectra may be influenced by the presence of the non-resonant 

contribution. At relatively low laser intensity we have observed constructive 

interference between resonant and non-resonant ionisation processes. 

 

3.4. Xenon in the infrared frequency range. 
 

The experimental images presented in this section were obtained by 

summing the electron yield over more than 5 minutes of acquisition time. Electron 

momentum spectra were measured at 17 wavelengths in the range from 1200 to 

1600 nm with a step of 25 nm. In Figure 3-19 a series of experimental momentum 

maps are compared to the results of the corresponding volume-integrated TDSE 

calculations. The values of the maximum of the vector potential in the calculations 

are chosen for the best matching to the experimental results. The same data zoomed 

in on the electron kinetic energies below 2 eV is shown in Figure 3-20. The 

comparison shows a good agreement between experimental and theoretical results. 

All the experimentally observed structures are reproduced in the calculations in high 

detail. 

The momentum maps in the infrared frequency range show a significant 

qualitative difference in comparison to the momentum maps obtained in the visible 

frequency range. In the visible frequency range the momentum spectra are 

dominated by the contributions from resonance-enhanced ionisation, characterised 

by highly oscillatory angular distributions. In contrast, in the infrared frequency  
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Figure 3-19. Comparison of the experimental (left column) and the calculated 
(right column) momentum maps of photoelectrons ionised from xenon at 1575 nm, 
Amax=1.0 a.u.; 1475 nm, Amax=1.0 a.u.; 1375 nm, Amax=0.91 a.u.; 1300 nm, 
Amax=0.96 a.u.; 1200 nm, Amax=0.95 a.u. The values of the maximum of the vector 
potential Amax in the calculations were chosen for the best matching to the 
experimental results. The logarithmic false-colour scale covers 4 orders of 
magnitude. Note that the calculated spectra are truncated at high energies due to a 
finite size of the grid used in the TDSE calculations. 
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Figure 3-20. The same as in the previous figure zoomed in on the low-energy part. 
The logarithmic false-colour scale covers 4 orders of magnitude. The black circles 
show the contribution from electrons, corresponding to one and two-photon 
ionisation via 6h Rydberg state. 
 

range the momentum maps are completely dominated by an off-axis pattern that 

extends from the centre of the image into the high-energy region, whereas the 

contribution from resonance-enhanced ionisation is relatively small. Inspection of 

the electron kinetic energy spectra and the angular distributions of the resonant 

contribution observable at the wavelengths between 1375 and 1200 nm (see Figure 

3-20) has identified the involvement of the 6h state. Furthermore, analysis of 

resonant features appearing in the TDSE calculations with constant ponderomotive 
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energy, corresponding to a maximum value of the vector potential of 0.95 a.u., 

provides interpretation consistent with the experimental results. 

The qualitative difference between the photoelectron momentum spectra 

observed upon the transition from the visible to the infrared frequency range may 

indicate involvement of different ionisation mechanisms. The development of the 

off-axis pattern with the laser wavelength and intensity as well as a discussion on 

possible interpretations will be presented in section 3.8. 

 

 

3.5. Argon in the visible frequency range. 
 

The experimental images presented in this section were obtained by 

summing the electron yield over 3 minutes of acquisition time. The recorded 

photoelectron momentum spectra are qualitatively similar to the case of Xenon and 

are domintated by the resonant-ionisation contributions accompanied by weaker 

contributions formed by a low-energy radial pattern and an off-axis pattern, which 

will be discussed in sections 3.7 and 3.8, respectively. In this section we will 

concentrate on the analysis of the features attributed to the mechanism of resonance-

enhanced ionisation. 

Electron spectra were measured at 21 wavelengths in the range from 600 to 

800 nm with a step of 10 nm. In Figure 3-21 and Figure 3-22 experimental 

momentum maps at several wavelengths are compared to the results of the 

corresponding volume-integrated TDSE calculations. The vertical and horizontal 

axes in Figure 3-21 show the electron momenta in the range between –1 and 1 a.u. 

parallel and perpendicular to the laser polarisation, respectively. This momentum 

scale corresponds to the electron kinetic energies up to 13.6 eV. The low-energy part 

of the momentum spectra is presented in Figure 3-22, where the electron momenta 

up to 0.4 a.u are shown, corresponding to the kinetic energy up to around 2 eV. The 

comparison shows a good agreement between the experimental and theoretical 
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results. All the structures observed in the experimental momentum spectra are well 

reproduced in the TDSE calculations.  
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Figure 3-21. Comparison of the experimental (left column) and the calculated (right 
column) momentum maps of photoelectrons ionised from argon at (from top to 
bottom) 800 nm, Amax=0.85 a. u., 0.82×1014 W/cm2; 750 nm, Amax=0.98 a. u., 
1.25×1014 W/cm2; 700 nm, Amax=0.88 a. u., 1.15×1014 W/cm2; 650 nm, Amax=0.93 a. 
u., 1.48×1014 W/cm2; 600 nm, Amax=0.78 a. u., 1.23×1014 W/cm2.  The logarithmic 
colour scales cover three orders of magnitude. 
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Figure 3-22. The same as in Figure 3-21 zoomed in on the low-energy part (from 
top to bottom): 800 nm, Amax=0.85 a. u., 0.82×1014 W/cm2; 750 nm, Amax=0.98 a. u., 
1.25×1014 W/cm2; 700 nm, Amax=0.88 a. u., 1.15×1014 W/cm2; 650 nm, Amax=0.93 a. 
u., 1.48×1014 W/cm2; 600 nm, Amax=0.78 a. u., 1.23×1014 W/cm2. The logarithmic 
colour scales cover three orders of magnitude and are adapted to emphasize the off-
axis structures of the momentum spectrum. 

 
Resonant ionisation. Interpretation of the experimental results. 

 

For an overview of our experimental results it is convenient to present the 

angle-integrated photoelectron kinetic energy spectra in a contour plot as a function 

of the laser frequency (Figure 3-23). Individual energy distributions were 

normalised so that ∫P(E)dE=1. The probability for a photoelectron to be ionised with 

a given kinetic energy at a given laser frequency is coded on a logarithmic colour 
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scale, which covers one order of magnitude. A set of continuous branches can be 

observed in Figure 3-23. Black dotted lines were calculated according to Eqn. (4), 

where Eb=0.85 eV and n varies from 1 to 5, indicating low-order ionisation 

processes involving the population of intermediate resonant states. The contour plot 

contains no signature of branches, which could be attributed to high-order non-

resonant processes.  

 

 
 

Figure 3-23. Experiment: contour plots showing the frequency dependence of the 

normalised angle-integrated photoelectron energy spectra. The logarithmic colour 

scale covers one order of magnitude. 

 

In order to identify the intermediate resonant states involved in the low-

order photoionisation processes we plot the experimental photoelectron spectrum 

integrated beyond ±25 degrees from the polarisation axis and downshifted by the 

energy of one photon at a number of laser wavelengths (Figure 3-24). The spectra 

are normalised so that ∫P(E)dE=1 and are plotted on a common scale.  

Assignment of the resonant states was performed based on the binding 

energy of peaks observed in the spectrum in combination with the photoelectron 



Chapter 3 

 84

 
Figure 3-24. Experimental normalised PES integrated over polar angles beyond ±25 
degrees from the polarisation axis and downshifted by the energy of one photon. 

 

angular distribution. Figure 3-25 and Figure 3-26 show experimental angular 

distributions of the photoelectrons appearing in the photoelectron spectra within the 

first ATI order at the position of the peaks attributed to ionisation via 4l, 5l and 6l 



Wavelength-dependent ATI in Argon and Xenon 

 85

Rydberg states, where l is the orbital angular momentum of the particular resonant 

state.  

 
Figure 3-25. Experimental angular distributions evaluated at photoelectron kinetic 
energies corresponding to one-photon ionisation via the 4f state. 
 

At 800 nm peaks in the spectrum are observable at binding energies of 0.6 

and 0.4 eV. According to the Rydberg formula this corresponds to 5l and 6l 

resonances with high orbital angular momentum l, which are expected at 0.55 and 

0.38 eV, respectively. The estimated intensity at 800 nm is 0.82×1014 W/cm2. If 

ionisation were to occur at this intensity it would require at least 14 photons in order 

to overcome the ponderomotively shifted ionisation threshold. Consequently, 

resonant population of the Rydberg states should have involved 13 photons. 

However, resonant population of a 5l state with 13 photons at 800 nm requires an 

intensity equal to 0.83×1014 W/cm2, which is just above the peak laser intensity in 

the experiment. Therefore the peaks in the spectrum are expected to be due to 12-

photon resonant ionisation. As required by the parity selection rules ionisation 

should proceed via the states with odd orbital angular momenta. At 800 nm the  
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Figure 3-26. Experimental angular distributions evaluated at photoelectron kinetic 
energies corresponding to one-photon ionisation via 6l (a, b) and 5l (c, d) resonant 
states. 
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angular distributions for the 5l and 6l resonant states (Figure 3-26) contain 6 minima 

between 0 and 180 degrees, consistent with the f- (l=3) and h-character (l=5) of the 

corresponding resonant states.  

Our present measurement can be compared to the results of Wiehle et al 

[71], where a detailed comparison between the experiment and the calculated 

photoelectron momentum spectra at 800 nm and at various intensities was 

performed. Wiehle et al attributed the structure observed in the spectrum obtained at 

0.7×1014 W/cm2 to 12-photon resonant ionisation via 4f and 5p states. In our case the 

spectrum acquired at 0.82×1014 W/cm2 contains contributions from 12-photon 

resonant ionisation via 5f and 6h states, whereas a possible contribution from the 5p 

state is completely hidden under the non-resonant contribution. 

Ionisation via (12+1)-photon resonant ionisation with involvement of the f-

series continues to dominate the spectra for the wavelengths down to 750 nm. At the 

shorter wavelengths 11-photon resonant 12-photon ionisation via the g-series 

becomes dominant. For example, at 700 nm 11-photon resonant ionisation via the 5g 

state requires the intensity of 0.93×1014 W/cm2, which is close to the peak laser 

intensity estimated as 1.15×1014 W/cm2. Channel switching from ionisation via the 

f-series at 750 nm to ionisation via the g-series at 700 nm is consistently 

accompanied by the change in the corresponding angular distributions from 4 to 5 

minima between 0 and 180 degrees in Figure 3-26. A peak appearing in the 

spectrum at 700 nm at a binding energy around 0.9 eV can be attributed to 10-

photon resonant ionisation via 4f state. Accordingly, the angular distribution in 

Figure 3-25 contains 4 minima between 0 and 180 degrees.  

The relative importance of the 4f resonance grows upon further decrease of 

the laser wavelength down to 650 nm. At this wavelength the 5g resonance is just on 

the edge of the appearance threshold. As the laser wavelength decreases, the 

intensity, where a given state shifts into resonance increases. At 650 nm the laser 

intensity required in order to shift the 5g state into resonance with 11 photons equals 

the peak laser intensity (1.5×1014 W/cm2). At the same time the resonant population 

of the 4f state (and higher f-states) with 10 photons still remains possible in the laser 
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focus volume leading to the dominance of the 4f state in the spectrum. Assignment 

of the peaks as the f-states is fully confirmed by the presence of 4 minima in the 

angular distributions. 

At the short-wavelength end of our measurements, the (9+1)-photon channel 

becomes responsible for the appearance of the g-series in the spectra, while the 

(8+1)-photon channel leads to the peak attributed to the 4f state.  The angular 

distributions corresponding to the 5l and 6l at 600 nm show 5 minima in agreement 

with one-photon ionisation from the g-states. At 600 nm the estimated laser peak 

intensity is 1.23×1014 W/cm2.  

To summarise this section, we have observed the evolution of the resonant 

ionisation channel as a function of the laser wavelength in the range from 800 to 600 

nm. A number of channel-switching effects have been identified – from 12-photon 

resonant ionisation at 800 nm to 9-photon resonant ionisation at 600 nm. Inspecting 

the electron kinetic energy spectra and the angular distributions of the resonantly 

ionised electrons we have reliably assigned the intermediate Rydberg states involved 

in the ionisation process. All the experimental results have been carefully 

reproduced in the TDSE calculations as follows from the comparison of the 

photoelectron momentum maps.  

 

Resonant ionisation. Calculations with constant Up. 
 

In contrast to the experiment, results of the TDSE calculations allow 

monitoring the evolution of the ATI spectra as a function of the laser wavelength at 

a constant value of the maximum ponderomotive energy in the laser pulse. In the 

following calculations we choose Up = 5.5 eV, which corresponds to a maximum of 

the vector potential Amax=0.9 a.u. Under these conditions the ponderomotive shift 

exceeds the photon energy in our wavelength range more than twice. Therefore any 

intensity dependent non-resonant features may not appear in the spectra as regular 

structures but are completely washed out due to the focal volume integration. We 

note that the results presented in this section cannot be used for quantitative 

comparison with the experimental results presented above due to the different 



Wavelength-dependent ATI in Argon and Xenon 

 89

intensity regimes. However, common qualitative trends can be observed as we show 

below. 

 

 
 
Figure 3-27. Calculations at Amax=0.9 a. u.: contour plots showing the frequency 
dependence of the photoelectron energy spectra integrated over the laser focus 
volume and over the full angle range (top left); within ±10 degrees along the 
polarisation axis (top right); beyond ±25 degrees from the polarisation axis (shown 
for two different energy scales, bottom). In order to enhance visibility of the spectra 
at the low-frequency edge the spectra are arbitrarily divided by ω10.  The colour 
scales cover two orders of magnitude. 
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In Figure 3-27 the focal volume averaged photoelectron spectra are 

presented as a function of the laser frequency. Branches observable in the contour 

plot can be fitted with slopes corresponding to low-order (n=1, 2, 3 photons) 

ionisation processes, indicating resonant ionisation. Comparing the contour plots for 

photoelectron spectra integrated along and away from the laser polarisation axis one 

can observe qualitative similarity. Both contour plots are dominated by a series of 

branches with narrow substructures, extrapolating to resonant Rydberg states. For 

example, the dotted lines in the contour plots extrapolate to a state with the binding 

energy 0.86 eV. Broad features appearing occasionally between the resonant 

branches are also present both in the photoelectron spectra integrated along and 

away from the laser polarisation axis. However, they are much more pronounced 

along the axis. This is further illustrated in Figure 3-28 presenting vertical cuts 

through Figure 3-27 at 700 nm.  

 

 
Figure 3-28. Calculated PES integrated beyond ±25 degrees from the polarisation 
axis (thick line) and within ±10 degrees along the polarisation axis (thin line) at a 
laser frequency of 0.065 a.u. (700 nm) and for a maximum of the vector potential of 
A=0.9 a.u. 

 

The curves are plotted with an arbitrary offset and are shown only for the first two 

ATI orders for clarity of presentation. The photoelectron spectrum integrated away 
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from the laser polarisation axis shows the dominance of narrow sub-structures, 

whereas in the photoelectron spectrum integrated along the polarisation axis the 

narrow resonant and broad non-resonant features are of comparable intensity. 

In order to identify the resonant Rydberg states in the calculated spectra we 

plot angle-integrated photoelectron spectra downshifted by the energy of one photon 

(Figure 3-29). As in the analysis of the experimental spectra we present 

photoelectron spectra integrated beyond ±25 degrees from the polarisation axis in 

order to suppress to some extent the influence of the non-resonant contribution. 

Assignment of the resonant peaks in the electron energy spectra includes 

comparison of their binding energies to the NIST database and inspection of the 

corresponding electron angular distributions.  

The angular distributions are presented in Figure 3-30 as a function of the 

laser frequency. In order to make these plots calculated angular-resolved 

photoelectron spectra were integrated within 0.1 eV around the photoelectron kinetic 

energies given by Eqn. (4). This way we can monitor the evolution of the angular 

distribution with the laser frequency for photoelectrons ionised via a particular 

Rydberg state with binding energy Eb. Figure 3-30 shows angular distributions 

corresponding to one-photon ionisation from 4l, 5l and 6l Rydberg states. The 

angular distributions are normalised.  Using Figure 3-30, the observed wavelength 

dependence of the photoelectron spectra can now be interpreted. 

At a laser frequency of 0.057 a. u. (800 nm) the spectrum contains peaks at 

Eb = 0.57 eV and Eb = 0.37 eV corresponding to (13+1)-photon ionisation via 

Rydberg states of the g-series and a peak at Eb = 0.84 eV, which can be attributed to 

(12+1)-photon ionisation via the 4f state. Accordingly the angular distributions in 

the middle and the top panels of Figure 3-30 show 5 minima and 4 minima between 

0 and 180 degrees at 800 nm. At ω=0.059 a.u. (770 nm) 13-photon resonant 

population of the g-series requires a ponderomotive shift of 5.6 eV, which is higher 

than the maximum value in the laser focus. Therefore all the peaks in the spectrum 

in this case can be attributed to the f-series or h-series ionised in the (12+1)-photon 

process. Consistent with this assignment the angular distributions in Figure 3-30 

contain 4 or 6 minima between 0 and 180 degrees at 770 nm. 
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Figure 3-29. Calculated PES at Amax=0.9 a.u. integrated beyond ±25 degrees from 

the polarisation axis and downshifted by the energy of one photon. 
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Figure 3-30. Calculations at A=0.9 a. u.: normalised angular distributions calculated 
at photoelectron kinetic energies resulting from one-photon ionisation via 4l (top), 5l 
(middle) and 6l (bottom) states. The logarithmic colour scale covers one order of 
magnitude. 
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The (12+1)-photon channel remains operative up to ω=0.062 a.u. (730 nm), 

where the maximum ponderomotive energy falls below the appearance threshold for 

the 4f resonance via 12-photon resonant ionisation. In this case the peak, which 

remains visible in the spectrum at Eb = 0.84 eV, could be still attributed to the 4f 

state involved in 10-photon resonant ionisation. However, the angular distributions 

calculated at the position of this peak contain 5 minima between 0 and 180 degrees 

for the frequencies between 0.062 a.u. and 0.065 a.u., which is inconsistent with 

one-photon ionisation via the f-series. A possible interpretation of this inconsistency 

will be discussed later in the section.  

At 0.063 a.u. (720 nm) the appearance threshold for the 5f resonance via 12-

photon ionisation exceeds the maximum ponderomotive energy, leading to the 

emergence of the g-series ionised in the (11+1)-photon process. Accordingly, the 

angular distributions corresponding to one-photon ionisation via the 5l and 6l states 

contain 5 minima (Figure 3-30). This mechanism remains operative for the 

frequencies up to 0.069 a.u., where a channel switching to the f- and h-series via the 

10-photon resonant ionisation occurs. The (10+1)-photon ionisation channel is 

responsible for the 4f resonance present at the frequencies between 0.066 a.u. and 

0.073 a.u. and for the higher states of the f-series present in the photoelectron 

spectra between 0.069 a.u. and 0.075 a.u. The corresponding angular distributions 

contain 4 or 6 minima in this frequency range, respectively. 

At 0.076 a.u. (600 nm) the spectra are again dominated by the contribution 

from the g-series involved in (9+1)-photon ionisation, followed by the presence of 5 

minima in the angular distributions in Figure 3-30. A broad peak appearing in the 

spectra between 0.074 a.u. and 0.076 a.u. at Eb = 0.84 eV, which could be possibly 

assigned to (8+1)-photon ionisation via the 4f state, demonstrates 5 minima in the 

angular distribution, inconsistent with the f-character of the intermediate resonant 

state. 

In order to explore the probable reasons for this inconsistency we exploit the 

possibility provided in the TDSE calculations to inspect the population distribution 

over the bound Rydberg states at the end of the laser pulse. Figure 3-31 shows that 

for all the frequencies in our range the residual population is mostly preserved in the 
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highest Rydberg states with the binding energy below 1 eV (note the logarithmic 

vertical scale). Labelling of the peaks has been performed comparing the observed 

binding energies to the NIST atomic database.  

 
Figure 3-31.  Distribution of the residual population in the bound Rydberg states at 
the end of the laser pulse at various laser frequencies.  

 

Assuming that the states contributing to the ionisation process keep significant 

residual population we can conclude that our assignment of the resonant peaks in 

Figure 3-29 is consistent with the observation of a significant portion of the residual 

population in the 4f state and in the states with n≥5 and l≥3. The proximity of the 4f 

state to the 6s and 4d states on the energy scale in combination with the comparable 

populations of these states as follows from Figure 3-31 may influence the angular 

distribution of the 4f resonance observable in the photoelectron spectra. We note 

that the ambiguity with the assignment of this peak arises when the dominant 

resonant ionisation channel involves an odd number of photons, which according to 

the parity selection rules requires involvement of the states with the even orbital 

angular momentum (s-, d- or g-states). Therefore, one-photon ionisation from the 6s 

or 4d states leading to the odd number of minima in the photoelectron angular 
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distributions may account for the observation of 5 minima in the angular distribution 

of the 4f peak in the photoelectron spectra. Note that resonant ionisation via the 4f 

state involves in this case one less photon compared to the ionisation via 6s or 4d 

states, therefore ionisation via 4f is relatively suppressed due to the high non-

linearity of the multiphoton processes.  

To summarise this section, we have observed the evolution of the resonant 

and non-resonant ionisation channels as a function of the laser wavelength in the 

range from 800 to 600 nm at constant ponderomotive energy. We have identified a 

number of channel-switching effects – from 13-photon resonant ionisation at 800 

nm to 9-photon resonant ionisation at 600 nm. Assignment of the involved Rydberg 

states has been confirmed by the inspection of the residual population in the 

contributing states.  

 

3.6. Argon in the infrared frequency range. 
 

The experimental images presented in this section were obtained by 

summing the electron yield over more than 5  minutes of acquisition time.  Electron 

momentum spectra were measured at 17 wavelengths in the range from 1200 to 

1600 nm with a step of 25 nm. In Figure 3-32 a series of experimental momentum 

maps are compared to the results of the corresponding volume-integrated TDSE 

calculations. The values of the maximum of the vector potential in the calculations 

are chosen for the best matching to the experimental results. Figure 3-32 shows the 

photoelectron momenta in the range between –1 and 1 a.u., which corresponds to the 

electron kinetic energies up to 13.6 eV. The low-energy part of the momentum 

spectra is presented in Figure 3-33, where the electron momenta up to 0.4 a.u are 

shown, corresponding to the kinetic energy up to around 2 eV. The comparison 

shows a good agreement between the experimental and theoretical results. All the 

experimentally observed structures are reproduced in the calculations in high detail.  



Wavelength-dependent ATI in Argon and Xenon 

 97



Chapter 3 

 98

 
 

Figure 3-32. Comparison of the experimental (left column) and the calculated (right 
column) momentum maps of photoelectrons ionised from argon at 1575 nm, 
Amax=1.5 a.u., 6.6×1013 W/cm2; 1475 nm, Amax=1.55 a.u., 8.1×1013 W/cm2; 1375 nm, 
Amax=1.5 a.u., 8.6×1013 W/cm2; 1300 nm, Amax=1.42 a.u., 8.7×1013 W/cm2; 1200 nm, 
Amax=1.4 a.u., 9.9×1013 W/cm2. The values of the maximum of the vector potential 
Amax in the calculations were chosen for the best matching to the experimental 
results. The logarithmic colour scales cover four orders of magnitude. Note that the 
calculated spectra are truncated at high energies due to a finite size of the grid used 
in the TDSE calculations. 
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Figure 3-33. The same as in Figure 3-32 zoomed in on the low-energy part (from 
top to bottom): 1575 nm, Amax=1.5 a.u., 6.6×1013 W/cm2; 1475 nm, Amax=1.55 a.u., 
8.1×1013 W/cm2; 1375 nm, Amax=1.5 a.u., 8.6×1013 W/cm2; 1300 nm, Amax=1.42 a.u., 
8.7×1013 W/cm2; 1200 nm, Amax=1.4 a.u., 9.9×1013 W/cm2. The logarithmic colour 
scales cover four orders of magnitude and are adapted to emphasize the off-axis 
structures of the momentum spectrum. 

 

Similar to the case of Xenon in the infrared frequency range the contribution 

of resonance-enhanced ionisation is significantly reduced compared to the visible 

frequency range and can not be reliably identified in the present data. The 

photoelectron momentum spectra are dominated by cross-like structures fanning out 

from the centre of the image, which continue into the high-energy region in the off-

axis area of the momentum maps. These contributions will be the subject of the 

following sections of this chapter. 



Wavelength-dependent ATI in Argon and Xenon 

 101

3.7. Low-energy pattern in Xenon and Argon. 
 

In this section we will concentrate on the pattern observed in our 

experimental data in the energy region below the first ATI order (typically below 0.5 

eV, which corresponds to the part of the electron momentum spectra below 0.2 a.u.). 

Figure 3-4 shows the evolution of the low-energy pattern with the laser intensity in 

Xenon at 700 nm. At the lowest intensity one can observe strong contributions at the 

momentum around 0.18 a.u. (kinetic energy around 0.45 eV) at zero and 45 degrees 

and weaker features at around 80 degrees away from the laser polarisation axis. 

Essentially no structure is present at lower energies. Raising the intensity to 4.5×1013 

W/cm2 we can see an extension of the observed contributions to lower energies. 

From here on and up to 8.3×1013 W/cm2 the pattern forming the low-energy region 

of the momentum maps consists of features fanning out radially from the centre of 

the image. The angular distribution contains 5 minima between 0 and 180 degrees 

and remains constant over the intensity range accessible in our experiment. 

In order to analyse the evolution of the low-energy pattern with the laser 

wavelength and intensity, we chose to monitor the number of minima in the angular 

distributions calculated at a fixed electron kinetic energy of 0.25 eV. Figure 3-34 

shows a contour plot where the number of minima between 0 and 180 degrees in the 

angular distribution (coded in the colour scale) is presented as a function of the laser 

wavelength and the maximum of the vector potential. The solid black lines are 

calculated as  

 

ω = (IP+Up)/n,         (7) 

 

where n is the number of photons, required in order to reach the 

ponderomotively shifted ionisation threshold from the ground state. In Figure 3-34 

n=7 for the uppermost curve and n=17 for the lowermost curve. This way the curves 

highlight the borders for channel closings/openings. The parabolic shape of the 

curves is related to the quadratic dependence of the ponderomotive shift on the 



Chapter 3 

 102

vector potential. A clear correlation between the channel closings/openings and the 

change in the number of minima in the angular distribution can be concluded from 

the contour plot.  

 

 
Figure 3-34. Contour plot showing the number of minima between 0 and 180 
degrees in the angular distributions in Xenon calculated at the photoelectron kinetic 
energy 0.25 eV as a function of the laser wavelength and the maximum of the 
vector potential. The solid black lines show the borders for channel 
openings/closings. 

 

Comparison of the data in the contour plot to the experimental momentum 

maps in the visible wavelength range (see Figure 3-9) confirms their quantitative 

agreement. In the infrared wavelength range the calculated momentum maps contain 

rich fine structure in the low-energy region, which is not resolvable in the 

experiment. Therefore comparison for the angular distributions in the low-energy 

region is not quite reliable here. Thus we will concentrate on the analysis of the low-

energy pattern in the visible range. 

The available experimental data on the intensity dependence of the low 

energy pattern (see Figure 3-4) at 700 nm (ω=0.065 a. u.) allows a detailed 

comparison to the results presented in the contour plot. As observed in the 
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experiment the low-energy pattern demonstrates 5 minima in the photoelectron 

angular distributions, which remain constant when the maximum of the vector 

potential is in the range between 0.55 and 0.75 a.u. Accordingly, the contour plot in 

Figure 3-34 shows 5 minima in this range of parameters. This intensity range is 

limited by the 8-photon channel closing at Amax=0.55 a.u. and 9-photon channel 

closing at Amax=0.75 a.u. Interestingly, both in the experimental and the calculated 

momentum maps the structure in the low-energy region is very well resolved within 

the 9-photon channel intensity range and becomes somewhat diffused just beyond 

that range at Amax=0.48 a.u. and Amax=0.8 a.u. (see Figure 3-4), where according to 

the contour plot transitions to the 8-photon and 10-photon channels take place. The 

appearance of the low-energy photoelectrons at the channel closing was previously 

observed and described by Schyja et al [54]. In their experiment the observation of 

the low-energy pattern was related to the 9-photon channel closing at 800 nm as the 

intensity was increased from 1.2×1013 W/cm2 to 4×1013 W/cm2. The 9-photon 

channel closing is expected at 3×1013 W/cm2 (Amax=0.52 a. u.) at 800 nm. According 

to the contour plot 6 minima are expected in the angular distribution, which is in full 

agreement with the angular distribution of the experimental low-energy pattern 

presented in [54]. 

As we have observed in our experimental data (Figure 3-4) the low-energy 

pattern is not sensitive to the channel switching effect. Monitoring the angular 

distributions of the resonantly ionised photoelectrons we could observe a channel 

switching from (7+1)-photon resonant ionisation via the g-series to (8+1)-photon 

resonant ionisation via the f-series at the intensity around 6.4×1013 W/cm2 

(Amax=0.66 a. u.). However, the low-energy pattern remained unaffected. Therefore, 

we can conclude that the low-energy pattern is not related to the resonant ionisation 

mechanism, but rather demonstrates a correlation with channel closing/opening 

effects related to non-resonant ionisation from the ground state. Remarkably, the 

correlation between the number of minima in the angular distributions of the low-

energy pattern and the conditions for channel closing/opening is much worse at high 

values of Amax for the laser frequencies above 0.06 a.u.  
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The breakdown of this correlation persists at even higher intensities as can 

be observed in the TDSE calculations for Argon (Figure 3-35). The solid black lines 

indicating channel closings/openings in Figure 3-35 are calculated with Eqn.(7), 

where n=7 for the uppermost curve and n=15 for the lowermost curve. At Amax<1 

a.u. a correlation between the channel closings/openings and the change in the 

number of minima in the angular distribution can be concluded from the contour 

plot. At higher intensities however, where Amax>1 a.u. this correlation breaks down, 

since the angular distributions become independent of the laser intensity.  

 

 
Figure 3-35. Contour plot showing the number of minima between 0 and 180 

degrees in the angular distributions in Argon calculated at the photoelectron kinetic 

energy 0.25 eV as a function of the laser wavelength and the maximum of the vector 

potential. The solid black lines show the borders for channel openings/closings. 

 

Our results can be compared to the observations made by Maharjan et al 

[72]. In their experiment the photoelectron momentum spectra measured in Argon at 

640 nm at several intensities show almost identical patterns at the intensities of 

7.08×1014 W/cm2 and 8.2×1014 W/cm2. The TDSE simulations performed by 
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Morishita et al [83] explain this observation by taking into account the effect of the 

ground state population depletion and the laser focus volume effect. They show that 

an atom can be singly ionised long before the peak intensity is reached in the pulse. 

Furthermore, inspecting the differential intensity contributions to the low-energy 

part of the photoelectron spectrum Morishita et al demonstrate that the major 

contributions to the ionisation yields come from intensities around 2×1014 W/cm2 

(Amax=1.1 a.u.). Consistent with this explanation, the angular distributions in the 

low-energy pattern in our calculations remain unchanged at Amax>1 a.u. (Figure 

3-35). We note that the low-energy pattern experimentally observed at 640 nm and 

at various intensities in [72] and calculated under the same conditions in [83] is also 

well reproduced in our calculations.  

In their theoretical study of the photoelectron momentum spectra in argon, 

neon, helium and hydrogen Chen et al [82] suggested an empirical rule for the 

prediction of the dominant angular momentum of the low-energy photoelectrons. 

According to their model the dominant angular momentum depends only on the 

number of photons absorbed. Therefore, in agreement with our findings, they 

conclude that the number of minima in the angular distributions calculated at the 

low-energy region does not change until the next channel closing. Figure 3-36 

shows the dependence of the dominant angular momentum (the number of minima 

in the angular distribution between 0 and 180 degrees) on the minimum number of 

photons needed to ionise the atom, where our results for Xenon and Argon are 

compared to the results of Chen et al for an atom ionised from an initial p state. We 

can observe a systematic deviation of our results from the results of Chen et al, 

namely, the dominant angular momentum differs by one unit in the two datasets. A 

possible reason for the quantitative deviation may be related to the particular value 

of the kinetic energy of 0.25 eV, where we count the number the minima in the 

angular distributions of the low-energy pattern, since this number may be different 

at a slightly higher energy. For example, the angular distribution in the momentum 

map calculated for Argon at 650 nm, 1.48×1014 W/cm2 in Figure 3-22 shows 5 

minima between 0 and 180 degrees at the momentum around 0.1 a.u. and 6 minima 

at the momentum around 0.2 a.u. In spite of the quantitative disagreement, the 
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general trends are similar. When the number of the absorbed photons increases by 

one the dominant angular momentum may increase or decrease by one. However, an 

overall increase of the dominant angular momentum with the raising number of the 

absorbed photons can be observed. 

 

 
 
Figure 3-36. Dependence of the dominant angular momentum on the minimum 
number of photons needed to ionise the atom. Black squares – our calculations, red 
circles – results of Chen et al [82] for an atom with an initial p orbital. 

 

To summarise our observations: 1) inspection of the low-energy pattern as a 

function of the laser wavelength and the maximum of the vector potential reveals a 

correlation between the channel closing/opening effects and the number of minima 

in the photoelectron angular distributions in the low-energy range; 2) this correlation 

breaks down at high intensities (Amax>0.9 a. u.), where the angular distributions 

remain unchanged with intensity, which suggests that the pattern originates from the 

low intensities in the laser focal volume; 3) the low-energy pattern is insensitive to 

the resonant channel switching effect; 4) when the number of the absorbed photons 

increases by one the number of minima in the angular distributions may increase or 

decrease by one; 5) an overall increase of the dominant angular momentum with 
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increasing number of absorbed photons can be observed. In addition, as follows 

from the TDSE calculations in helium (not presented here), the low-energy pattern 

does not sensitively depend on the pulse duration and can be observed even with 

few-cycle pulses. Our observations suggest non-resonant character of the low-

energy pattern, however further analysis is required in order to reveal its origin. 

 

3.8. Off-axis pattern in Xenon and Argon. 
 

As we could observe in our experimental data, the resonance-enhanced 

ionisation is strongly suppressed in the infrared frequency range and the spectra are 

dominated by intense off-axis patterns (see Figure 3-19 and Figure 3-32). However, 

the different intensity regimes used in the experiments performed in the visible and 

in the infrared wavelength ranges prevent us from drawing a conclusion on whether 

the observed qualitative transition is related to the intensity or the wavelength 

variation. The excellent agreement between the experimental data and the 

corresponding results of the TDSE calculations over the whole range of the 

experimental parameters allows us to exploit the freedom of the parameter choice 

provided in the TDSE simulations in order to reveal the origin of the experimentally 

observed effects.  

In the following calculations performed for a Xenon atom we vary the laser 

wavelength between 600 and 1600 nm while keeping a constant value of the 

maximum of the vector potential, which leads to a constant value of the 

ponderomotive energy. The evolution of the photoelectron momentum spectra with 

the laser wavelength is shown in Figure 3-37 for two values of the maximum of the 

vector potential Amax=0.6 a.u. and Amax=1 a.u., which correspond to the 

ponderomotive energy Up=2.45 eV and Up=6.8 eV, respectively. Inspection of the 

momentum spectra corresponding to Amax=0.6 a.u. (Figure 3-37 a-f) shows that 

resonant ionisation forms the dominant contribution in the visible as well as in the 

infrared wavelength range. A hint of a qualitatively different contribution appears 

only at λ=1625 nm (Figure 3-37 f), where an off-axis pattern emerges at 25 degrees  
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Figure 3-37. Photoelectron momentum spectra for Xenon ionised at Amax=0.6 a.u. a) 
– f) and Amax=1 a.u. g) – l) at various wavelengths: a), g) 600 nm, b), h) 700 nm, c), 
i) 800 nm, d), j) 1010 nm, e), k) 1300 nm, f), l) 1625 nm. The logarithmic colour 
scales cover three orders of magnitude. 
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from the polarisation axis in the centre of the momentum map and continues to 

higher energies approaching the polarisation axis (note the truncation of the 

momentum spectra at high energy for the long wavelengths due to the use of a finite 

grid size in the simulation). The evolution of the momentum spectra at higher value 

of the ponderomotive energy Up=6.8 eV is presented in Figure 3-37g-l. In this case 

the development of the off-axis pattern begins already at 800 nm and the dominance 

of the pattern at the expense of the resonant ionisation contribution can be clearly 

observed at 1300 and 1625 nm (Figure 3-37k-l). 

Therefore we can conclude that the appearance of the off-axis pattern is not 

purely determined by the transition from the visible to the infrared wavelength 

range, but also depends on the intensity regime. The experimental constraints did not 

allow us to explore the intensity dependence of the photoelectron momentum spectra 

over a wide range of parameters, keeping our experiment predominantly in the 

multiphoton regime, where the Keldysh parameter γ>1. A highly efficient code 

developed for the TDSE simulations of Argon [87] provides an opportunity to 

observe the evolution of the photoelectron momentum spectra from the multiphoton 

to the tunnelling regime.  

Figure 3-38 shows a series of momentum maps of electrons ionised from 

Argon at 640 nm at various laser intensities. The momentum map in Figure 3-38a is 

calculated for Argon at the intensity of 0.6×1014 W/cm2 (Amax=0.6 a.u.). The 

Keldysh parameter in this case is γ=1.8, corresponding to the multiphoton regime. 

The spectrum contains a strong contribution from resonant ionisation with a 

characteristic highly oscillatory angular distribution reflecting the angular 

momentum of the Rydberg state involved and a radial pattern that can be observed 

in the low-energy region, where the electron momentum is below 0.2 a.u. As the 

intensity grows up to 1.8×1014 W/cm2 (Figure 3-38 b) a new contribution develops – 

a pattern appears at 25 degrees from the polarisation axis in the centre of the 

momentum maps and continues to the high-energy region. At Amax>1 a.u. (Figure 

3-38 d-f) the off-axis pattern forms the dominant contribution in the photoelectron  
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Figure 3-38. Photoelectron momentum spectra in Argon at 640 nm for different 
intensities: a) Amax = 0.6 a.u., I = 0.6×1014 W/cm2, γ=1.8; b) Amax = 0.8 a.u., I = 
1.1×1014 W/cm2, γ=1.3; c) Amax = 1 a.u., I = 1.8×1014 W/cm2, γ=1.1; d) Amax = 1.2 
a.u., I = 2.5×1014 W/cm2, γ=0.9; e) Amax = 1.4 a.u., I = 3.5×1014 W/cm2, γ=0.8; f) 
Amax = 1.6 a.u., I = 4.5×1014 W/cm2, γ=0.7. The logarithmic colour scales cover three 
orders of magnitude. 
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momentum spectrum in the high-energy region, where the photoelectron momentum 

is larger than 0.5 a.u.  

The emergence of the off-axis pattern with high laser intensities does not 

allow us however to attribute the development of this pattern to the transition from 

the multiphoton to the tunnelling regime, since we have observed qualitatively 

similar features in Xenon (Figure 3-37) in the infrared wavelength range at γ=0.9 

(Amax=1 a.u.) and even at γ=1.6 (Amax=0.6 a.u.). This way the off-axis pattern can be 

observed both at the infrared and at the visible wavelengths, in the multiphoton and 

in the tunnelling regimes. The qualitative transition between the momentum spectra 

dominated by the contributions from resonant ionisation and the momentum spectra, 

where the resonant contribution is suppressed in favour of the off-axis pattern, is 

determined by a combination of the laser parameters, namely the ponderomotive 

energy and the photon energy. According to our observations this pattern emerges in 

the photoelectron momentum spectra when the maximum ponderomotive energy 

exceeds several times the photon energy, an approximate criterion for the 

appearance of the off-axis pattern can be the following relation: Up/ħω≥4. 

Requirement of a significant ponderomotive energy relative to the photon energy as 

well as the apparent independence of the off-axis pattern of the atomic core 

(qualitatively similar patterns observed in Argon and Xenon) allows to suggest that 

the origin of the off-axis pattern is related to the interaction of the ionised electrons 

in the continuum, which may involve interference and re-scattering on the parent 

core.  

This hypothesis is consistent with the recently published results by Chen et 

al [89], who performed a theoretical analysis of the 2D momentum spectra of high-

energy photoelectrons resulting from single ionisation of a Hydrogen atom. In the 

high-energy region above the classical 2Up cut-off they have established a good 

agreement between the solutions of TDSE and the results of the second-order 

strong-field approximation (SFA2), where the re-scattering of the returning electron 

with the target ion is included. The electron momentum spectra resulting from a 

few-cycle laser pulse appear to consist of two circular patterns displaced in the 
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opposite directions with respect to each other along the polarisation axis. Using the 

SFA2 Chen et al conclude that the electrons born and re-scattered on the parent ion 

in the successive half-cycles are responsible for the appearance of these circular 

patterns on each side of the origin, and their displacement along the polarisation axis 

is determined by the value of instantaneous vector potential at the moment of re-

scattering.  

A series of experimental and theoretical papers followed [90, 91, 92], where 

photoelectron momentum spectra from various rare gas atoms (Xe, Ar, Kr and Ne) 

were investigated in the energy region close to the 10Up cut-off. A characteristic 

high-energy pattern, the so-called back rescattered ridge (BRR), has been identified 

and interpreted as being due to the electrons rescattering on the parent ion in the 

backward direction. It has been shown that the electron angular distributions 

monitored along the BRR provide information on the differential elastic scattering 

cross-sections of the target atom. 

In our experimental data identification of BRR is problematic, since the 

experimentally accessible energy range typically did not exceed 4Up and even falls 

below 2Up in the measurements for Argon in the infrared wavelength range. 

Furthermore, the off-axis pattern can be observed in our experimental data far below 

the classical 2Up cut-off. This suggests a possibility of contribution from an 

alternative mechanism, such as interference of the ionised electrons in the 

continuum without a necessary involvement of rescattering. 

A typical structure of an ATI spectrum can be interpreted in the time domain 

by interference of the electrons generated at several birth times during the laser 

pulse, separated by one optical cycle. In ATI electrons are launched in the 

continuum predominantly close to the maxima of the electric field. At this point an 

analogy can be drawn to the phenomenon of electron interference induced by an 

attosecond pulse train in the presence of a femtosecond IR pulse [93], where the 

attosecond pulses coincide with the maxima of the IR field. Constructive 

interference of electrons, produced by the attosecond pulses separated by one optical 

cycle, results in a circular pattern in the momentum space displaced along the 

polarisation axis by the value proportional to the vector potential at the moment of 
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ionisation2. The sign of this displacement depends on the whether ionisation 

occurred close to the maximum or the minimum of the IR field, so that the 

contributions from electrons produced in consective half-cycles are displaced in the 

opposite directions along the polarisation axis. The resulting 2D momentum 

spectrum contains the areas of enhanced electron yield at the intersection points of 

the two circular interference patterns. A series of such intersection form a pattern 

qualitatively similar to the off-axis pattern observed in our experimental data. We 

note that unlike in the experiment on attosecond electron interferometry, where the 

action of an attosecond pulse can be considered as instantaneous, in the case of ATI 

there exists a finite time interval around a maximum of the IR electric field, where 

ionisation rate is non-negligible. This should lead to formation of a more 

complicated interference pattern in the momentum space. Analysis based on the 

SFA-type model may help to reveal the origin of the structures observed in our 

photoelectron momentum spectra.                                                                                                           

In conclusion, we have observed the appearance of the off-axis pattern 

under the conditions when the ponderomotive energy exceeds several times the 

photon energy. The pattern has been observed both in the infrared and in the visible 

wavelength range, in the multiphoton and in the tunnelling regimes. Recent 

attribution of high-energy photoelectron momentum spectra to the electron re-

scattering on the parent ion and a qualitative analogy of our results to the effect of 

electron interference produced by an attosecond pulse train suggest that re-scattering 

and interference of the ionised electrons in the continuum may be at the origin of the 

observed pattern. 

 

                                                 
2 We highlight that displacement of the interference patterns is proportional but not 

exactly equal to the vector potential at the moment of ionisation. This is in contrast 

to the BRR pattern, whose displacement along the polarisation axis equals the value 

of instantaneous vector potential at the moment of re-scattering. 
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3.9. Conclusion. 
 

In summary, we have presented measurements of 2D photoelectron 

momentum spectra resulting from ATI of Xenon and Argon in a wide range of 

wavelengths from 600 to 800 nm and from 1200 to 1600 nm. The collected spectra 

contain a large amount of information on the ionisation process, where several 

mechanisms of different origin may be involved. All experimental data have been 

carefully reproduced in the TDSE calculations.  

Analysis of the photoelectron spectra demonstrates the dominance of 

resonance-enhanced ionisation mechanism in the visible frequency range over a 

wide range of laser intensities both in the multiphoton and in the tunnelling regimes. 

The intermediate Rydberg states involved in the ionisation have been assigned based 

on the information extracted from the energy and angular distributions of the 

resonantly ionised electrons. A number of consecutive channel-switching effects 

have been identified as a function of the laser wavelength. 

In addition we have observed and investigated two characteristic 

contributions in the electron momentum spectra, which have attracted a lot of 

attention within the last two years.  

The radial pattern appearing in the momentum maps in the low-energy 

region within the first ATI ring was earlier observed [72, 79] and attributed to long-

range Coulomb interaction of the low-energy electrons with the ionised parent atom 

[80, 82, 83]. A systematic analysis of our results obtained in TDSE calculations 

shows that a qualitative variation of this pattern is associated with the occurrence of 

the channel closing effects. Qualitative invariance of the radial pattern at high 

intensities suggests that this contribution originates from low intensities present in 

the focal volume. 

The off-axis pattern can be observed in the photoelectron momentum maps 

practically within the whole detectable energy range above the first ATI order (up to 

around 4Up in our experiments). Recent analysis of high-energy photoelectron 

momentum distributions in the energy region around 10Up has attributed the 
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observed features to the scattering of free electrons from the ionic core [89-92]. 

Preliminary analysis carried out in the frame of the SFA model refers to a significant 

range of energies, where the off-axis pattern can be observed in our data, and 

indicates that the origin of the high-energy pattern may be related to the interference 

of the ionised electrons in the continuum without a necessary involvement of 

scattering effects [94]. 
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PART III. CLUSTERS IN STRONG 

LASER FIELDS. 
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Chapter 4. Bridging atoms and solids. 
 
  

Strong-field laser interactions with microscopic matter, such as atoms and 

small molecules, are of fundamental interest. As discussed in Chapter 1 this field has 

been extensively studied both experimentally and theoretically and continues 

attracting a lot of attention due to the appearance of new light sources, which 

provide access to new wavelength regimes. On the other hand, the main interest of 

applied research lies in the development of optical technology in macroscopic solid-

state matter. Clusters are at the interface between microscopic gas phase and the 

macroscopic condensed matter. This intermediate position makes clusters a unique 

subject of research, which both offer a wealth of interesting physical phenomena and 

are invaluable as a model system at the transition from atoms to large and complex 

structures such as bio-molecules and nanoparticles. 

In Chapter 4 we give an overview of the major experimental observations in 

the physics of clusters interacting with femtosecond infrared (800 nm) lasers, 

describe briefly the principal theoretical models of laser-cluster interaction for 

increasing cluster sizes and touch upon the current trends in the research on the 

interaction of clusters with new light sources in the XUV regime. 

 



Bridging atoms and solids 

 119

4.1. Experimental observations in the infrared regime. 
 

The special transitional nature of clusters determines their highly efficient 

interaction with intense femtosecond lasers. Having high (near solid) local density, 

clusters are able to absorb laser energy much more efficiently than isolated atoms. 

At the same time, in contrast to solids there is practically no dissipation of the 

deposited energy due to the relatively small (nanometer scale) size of clusters. As a 

consequence, almost 100% of the laser energy can be coupled into a dense cluster jet 

[95]. The high efficiency of energy absorption leads to cluster explosion, which can 

be accompanied by the emission of soft X-ray radiation [39] and the production of 

highly charged and energetic ions [35], fast electrons [36, 37, 38] and even neutrons 

[40].  

Observation of these remarkable phenomena raised a question of the 

possible ways to increase the laser-cluster coupling efficiency. In the following 

studies, a majority of experimental and theoretical work concentrated on the 

dynamics of laser-cluster interaction under various conditions, since having 

understood the dynamics of the system one can both ascertain knowledge on the 

energy absorption mechanism in clusters and obtain a possibility to control the 

outcome of the laser-cluster interaction through adjustment of laser and cluster 

parameters. 

The efficiency of laser energy deposition into a cluster was commonly 

probed by varying the laser pulse duration or making use of a pump-probe scheme. 

Measurements of laser energy absorption in clusters demonstrated that there exists 

an optimal laser pulse duration (or an optimal pump-probe delay), which depends on 

the average size of the clusters in the jet [96]. Absorption increased by more than 

50% at the optimal conditions as compared to the shortest pulse duration. Note that 

in this measurement the shortest pulse corresponded to the highest laser peak 

intensity, since the energy of the laser pulse was kept constant, while the duration 

increased. Later, Lamour et al [97] observed that the generation of soft X-ray 

photons from argon and xenon clusters can be maximised at an optimal laser pulse 
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duration. Furthermore, in experiments with a sequence of two laser pulses, kinetic 

energies of ions produced from cluster explosion were shown to strongly depend on 

the relative delay between the two pulses [98].  

In spite of the valuable insight provided by the pump-probe technique, its 

applicability is relatively limited, when many parameters play an essential role in the 

dynamics of a microscopic system. In the case of such a complex system as clusters 

the full dynamics may turn out to be more complicated than can be revealed in a 

pump-probe experiment. Rabitz et al [99] discussed a more general case of a 

stimulus-response experiment, where application of a «learning algorithm» could 

both perform coherent control over the probed system towards the optimal outcome, 

as well as reveal the properties of the system itself. In the optimal-control 

experiment the algorithm iteratively performs thousands of experiments and 

analyses the results of each of them. Application of a learning algorithm automates 

and expands the study of the parameter space and may suggest interesting solutions, 

which were not anticipated in advance of the experiment. 

Successful application of learning algorithms in optimal-control experiments 

was reinforced by the development of femtosecond pulse shaping techniques [100]. 

A programmable modulation of the complex phase function over the spectrum of a 

broadband femtosecond laser pulse allows generating diverse complicated time-

dependent laser intensity patterns. The produced variety of pulse shapes can be 

further subjected to a selection procedure under control of a learning algorithm, 

which drives the evolution of the experiment to the desired outcome.  

 In Chapter 5 we present an optimal-control experiment on the production of 

highly charged ions resulting from the interaction of large Xenon clusters with 

intense femtosecond laser pulses. In the process of optimisation we use adaptive 

pulse shaping under the control of a genetic algorithm (GA) [101]. We show that the 

formation of highly charged ions dramatically increases by using a pulse shape 

consisting of a sequence of two pulses separated by a delay dependent on the 

average cluster size and the peak laser intensity. Our experimental findings are in 

line with the results of another optimal-control experiment on optimisation of X-ray 
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emission from argon clusters, where the authors observed the formation of a double-

pulse structure as the optimal pulse shape [102].  

In summary, a large number of experimental observations indicate that there 

exists a specific time when the laser field is most efficiently coupled into the cluster. 

However, interpretation of these observations is not quite straightforward and 

requires a substantial theoretical effort. The outcome of the multiple laser-cluster 

interaction modelling attempts indicates that the mechanism of efficient energy 

coupling is strongly dependent on the parameter regime of the laser-cluster 

interaction. The following section gives a brief overview of the major models and 

mechanisms, responsible for the efficient energy coupling from the laser field into a 

cluster.  

 

4.2. The crucial role of cluster size. Mechanisms of 

cluster ionisation. 
 

As highlighted in the title of this chapter the key originality of clusters lies 

in their intermediary role between the microscopic world of atoms and the 

macroscopic world of solids. The existing techniques allow production of clusters of 

various sizes in a more or less controllable way. The scalability of clusters makes 

them an exclusive medium to study the transition from a single-particle to many-

particle system, which is equally important for applications as well as for the 

fundamental research. 

In view of possible applications clusters can serve as a model system for 

bio-molecules and nanoparticles, currently the central subjects of research in natural 

science. In such systems a size of individual objects in the sample under study is an 

essential parameter, which determines their interaction with the external laser field. 

However, the complexity of such many-body multi-electron systems does not yet 

allow their well-grounded theoretical description. The experimental techniques 

appropriately addressing the multi-electron response of complex systems to strong 

external fields also still have to be developed. In the meantime, cluster research, 
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armed with a number of tested experimental methods and theoretical modelling 

approaches, can provide a valuable insight in the behaviour of a complex gas-phase 

system subjected to a strong laser field.  

In the light of fundamental research clusters offer a unique opportunity to 

monitor the transition from the behaviour typical for single atoms or molecules to 

the properties characteristic for condensed matter. For example, a transition from 

non-crystalline structure to a crystalline lattice was observed at a critical cluster size 

of several hundred to thousand atoms. Furthermore, the electronic properties of 

clusters were found to gradually merge into those of macroscopic condensed matter 

with increasing cluster size. Changes in cluster geometry and electronic structure as 

a function of cluster size as well as size-dependent changes in inner-shell 

photoionisation using synchrotron radiation are reviewed in [103]. Recently, 

photoionisation of medium-sized (up to 104 atoms per cluster) xenon clusters with 

synchrotron radiation has been studied by angle-resolved photoelectron 

spectroscopy [104]. The photoelectron angular distribution parameter, measured as a 

function of cluster size, showed distinct differences between the angular distribution 

of the cluster photoelectrons and those of the isolated atoms. The authors attributed 

the origin of these differences to elastic photoelectron scattering. 

In the interaction of clusters with femtosecond infrared lasers cluster size is 

the critical parameter, which qualitatively determines the mechanism of laser energy 

absorption. The existing variety of theoretical models describing femtosecond laser-

cluster interaction in the infrared regime can be approximately classified into three 

groups, corresponding to small (up to the order of N=10 atoms), medium (up to the 

order of N=104 atoms) and large clusters [34]. For small clusters maximum energy 

absorption is governed by the mechanism of enhanced ionisation, which was 

previously observed in small molecules [105]. It suggests that ionisation is favoured 

when the average inter-nuclear separation between nearest-neighbour atoms in a 

cluster reaches a critical value during the cluster expansion [106]. If the average 

distance between nearest-neighbour atoms in the cluster is defined as 
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where  is the position of an ion and N the number of atoms in the cluster, then for 

small clusters the critical inter-nuclear distance was empirically found to be 

approximately 1.5 times the equilibrium distance [106].  

For medium-sized clusters, numerical simulations [107, 108] revealed that 

the maximum energy gain is related to collective motion of the quasi-free electrons 

in a cluster. Electron heating occurs due to dephasing of the motion of the electron 

cloud with respect to the driving laser field. In the driven and damped harmonic 

oscillator model of ref. [107] the cycle-averaged energy gain reaches a maximum 

when the eigenfrequency of the collective electron oscillation becomes equal to the 

laser frequency or, equivalently, when the phase shift ϕΔ  between the external 

driving field and the driven electron cloud becomes equal to 2π . Note, that for the 

resonant mechanism to be the reason for the efficient energy absorption in a cluster, 

the laser pulse must be long enough so that the resonant condition is met before the 

end of the pulse. 

For large clusters several models have been introduced to analyse the cluster 

explosion. The nanoplasma model for large clusters considers the cluster as a small, 

spherical and neutral plasma [39]. Early in the interaction, a shielding of the laser 

field occurs when the electron density rises. A field-enhancement subsequently 

occurs when – as a result of outer ionisation and cluster expansion - the electron 

density drops to three times the critical density. Under these conditions the plasma 

frequency in the cluster becomes equal to the frequency of the laser field. At this 

point the quasi-free electrons are resonantly heated (the effect known as the Mie 

plasmon resonance) and a significant enhancement in the outer ionisation is 

anticipated. The nanoplasma model is qualitatively similar to the model of collective 

electron oscillations [107]. Specifically, one can show that the predictions of the 

driven-and-damped oscillator model and the nanoplasma model become equivalent 
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in the limit where the cluster stays charge-neutral (i.e. when outer ionisation is 

negligible before the resonance occurs). 

 In addition to the mentioned above linear resonant energy absorption 

mechanisms for medium-sized and large clusters [107, 39], the appearance of 

nonlinear effects in laser-cluster interaction was predicted theoretically [109, 110]. 

It was shown that nonlinear resonance is responsible for the efficient energy 

absorption in the cluster if the laser pulse is too short for the linear resonance to 

occur. The non-linearity of electron motion leads to harmonic generation in laser-

irradiated clusters. Enhancement of the third harmonic emission has been 

demonstrated in simulations [111, 112] and recently observed experimentally [113]. 

Using a pump-probe scheme Shim et al observed a resonant enhancement of the 

third harmonic yield from large argon clusters under the condition when the plasma 

frequency in the cluster becomes equal to three times the laser frequency.   

 As mentioned earlier, the applicability of the described models strongly 

depends on the parameter range of the laser-cluster interaction, determined first of 

all by the cluster size as well as by the laser intensity, pulse duration and pulse 

shape. Consequently, the mechanism of the efficient energy absorption in clusters 

varies depending on the interaction regime. 

In Chapter 6 we demonstrate that ionisation of medium-sized Xenon clusters 

can involve two mechanisms in the same cluster expansion. Optimal-control 

calculations with intense shaped laser pulses show that cluster ionisation can be 

optimised with a three-pulse sequence, where the optimal pulse shape can be traced 

back to the mechanisms of enhanced ionisation and resonant driving of collective 

electron oscillations operative during the second and the third pulses in the 

sequence, respectively. Our results provide insight into the onset of collective effects 

with the increasing cluster size and show how the dynamics of clusters in intense 

laser fields bridges molecular physics and the physics of finite-sized plasmas. 

Experimental evidence in favour of one or another model has not been 

provided so far. Broad cluster size distributions resulting from the process of cluster 

production and spatial intensity distribution in the laser focus form the major hurdles 

for the direct quantitative comparison between experiment and theory, since, as we 
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show in Chapter 6, the cluster ionisation dynamics is strongly dependent on the 

cluster size and the laser pulse intensity. In the final section of Chapter 6 we discuss 

a possibility for conducting an experiment on size-selected clusters, describe the 

experimental set-up and the preliminary results leading towards this goal. 

 

4.3. New trends in cluster physics. 
  

A vast majority of experimental studies on interaction of clusters with strong 

laser fields were performed in the infrared regime. A new parameter regime became 

available with the advent of the free electron laser at DESY. The first experiments 

were performed in the vacuum ultra-violet (VUV) regime at laser wavelengths close 

to 100 nm and intensities of 1013 W/cm2 [114, 115, 116]. Similar to the observations 

in the infrared regime, complete disintegration of clusters due to Coulomb explosion 

was observed, followed by the production of highly charged ions [114]. However, 

the physics of laser-cluster interaction in the VUV regime is completely different. 

While in the infrared regime the efficient laser energy absorption is predominantly 

due to collective electron effects, this mechanism is ruled out at short wavelengths, 

since the resonant frequency is too high to be reached in a cluster within the 

experimental conditions. Instead, efficient energy extraction from the laser occurs 

due to multiple scattering events of the quasi-free electrons on the atomic ion cores 

in the cluster. This mechanism of plasma heating is known as inverse 

bremsstrahlung. According to theoretical predictions inverse bremsstrahlung is the 

main energy absorption mechanism in the VUV range for the wavelength down to 

62 nm [117, 118, 119, 120, 121].  

Recently, the first experiment has been reported [122], where ArN clusters 

(N~100) were irradiated with femtosecond XUV (λ=32.8 nm) pulses from the 

FLASH free electron laser at intensities up to 5×1013 W/cm2. Comparing the 

experimental photoelectron spectra to the results of Monte-Carlo simulations the 

authors have concluded that cluster ionisation in the XUV regime proceeds via a 

sequence of direct electron emission events (outer ionisation in the conventional 
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terminology) driven by single-photon absorption. Consequently, the formation of 

plasma in a cluster does not occur until the positive cluster charge is sufficiently 

high in order trap the quasi-free (inner ionised) electrons. However, no signatures of 

plasma heating, such as formation of a thermal high-energy tail, could be identified 

in the photoelectron spectra. This means that the mechanism of inverse 

bremsstrahlung, efficient in the VUV wavelength range, does not play a significant 

role at the XUV wavelengths in the experimentally accessible range of intensities. 

Rather, a multistep ionisation mechanism takes place, where electrons are outer 

ionised one by one via single-photon absorption leading eventually to the frustration 

of further cluster ionisation due to the build-up of a large positive space charge. 

The development of XFEL at DESY in Germany and at the LCLS in the 

USA opens a perspective for studies on the dynamics of cluster ionisation and 

fragmentation in the x-ray range. The first theoretical studies in this regime are 

reviewed in [34]. Regarded in the light of potential application of XFEL for x-ray 

diffraction imaging of non-crystalline biological samples, clusters are the most 

suitable candidates for the initial investigations. In x-ray diffraction imaging 

experiments a requirement of having a sufficiently intense laser pulse for getting a 

single-shot diffraction pattern from a sample comes into interplay with its strong 

ionisation and fragmentation, leading to the loss of structural information of an 

unperturbed sample [44, 45]. Using clusters as a prototype system of large bio-

molecules one can obtain the crucial knowledge about the fragmentation time scale 

in relation to the intensity and the duration of the x-ray laser pulse employed. 

 The application of x-ray diffraction imaging technique can be further 

reinforced by the complementary technology allowing generation of attosecond 

pulses. Since fragmentation of molecules and clusters typically occurs on a 

femtosecond time scale, diffraction imaging with attosecond x-ray pulses would 

allow observation of both the unperturbed structure and dynamics of an excited 

sample in real time. As an example, a scheme for attosecond resolved probing of the 

transient cluster charging during its interaction with a strong femtosecond VUV 

pulse has been recently proposed [43]. 
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Furthermore, attosecond probing of clusters interacting with infrared 

femtosecond lasers can serve as a critical assessment tool for the present theoretical 

descriptions. As we discussed earlier in this chapter a mechanism of cluster 

ionisation and fragmentation is essentially determined by the behaviour of the 

electrons in the combined Coulomb and laser fields. However, so far our knowledge 

of the electron dynamics in clusters has to rely on the model assumptions. On the 

other hand, microscopic simulations of laser-cluster interactions in the infrared 

regime predict the presence of subcycle electron dynamics within a cluster [41, 42]. 

Therefore, experimental attosecond probing of clusters would test the applicability 

of the present theoretical models as well as help revealing time-resolved electron 

motion in clusters. 
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Chapter 5. Control of the production of 
highly charged ions in femtosecond laser-
cluster fragmentation. 
 

In Chapter 5 we present the results of optimal-control experiments and 

calculations on the production of highly charged ions in intense laser field 

irradiation of large xenon clusters. Experimentally, a spectacular enhancement in the 

yield of highly charged ions is observed when clusters are subjected to an optimised 

laser field consisting of a sequence of two pulses, with a time delay that depends on 

the intensity of the laser and the size of the clusters. Similar results are obtained in 

optimal-control calculations, which demonstrate that the optimised pulse shape 

maximises the efficiency of resonant heating. 
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5.1. Experimental results. 
 

In order to understand the fundamental physical processes that take place 

during the laser-cluster interaction and to find a way to maximise the yield of 

products of the cluster explosion in view of possible applications, it is important to 

ascertain the optimal conditions for energy coupling from the laser field into the 

cluster. A number of experimental observations have shown possible ways to 

increase the laser-cluster coupling efficiency through adjustment of laser and cluster 

parameters such as the laser pulse duration, the average cluster size or the delay 

between the two pulses in a pump-probe experiment. Making use of optimal-control 

schemes in combination with laser pulse shaping can provide further insight into the 

problem of laser-cluster coupling optimisation since in this case the parameter space 

available for optimisation is significantly broader and the search for the optimum is 

automated. 

Here we present an experimental optimisation of the production of highly 

charged ions resulting from the interaction of an intense laser field with large xenon 

clusters using an optimal-control [123] approach. Tailored laser pulses were applied 

and the production of highly charged ions was used as a diagnostic for the laser-

cluster coupling efficiency. We find an optimal pulse shape that reveals resonant 

heating as predicted by models like the nanoplasma model, and furthermore report 

optimal-control calculations that lead to optimised pulse shapes similar to those seen 

in the experiment. 

In the experiment the rare gas clusters were produced in a differentially 

pumped vacuum system. The gas was expanded into the vacuum through a φ=500-

μm pulsed nozzle (50 Hz repetition rate). Using the Hagena parameter [124] the 

average number of atoms in the clusters is estimated to be 4106.1 ×≈N  with a 

standard supersonic nozzle and 6102 ×≈N  with a conical nozzle, using 6 bars of 

xenon backing pressure. The high-intensity laser was a chirped-pulse amplification 

(CPA) system. After compression 100 fs, 230-μJ pulses were produced, at a 
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repetition rate of 1kHz, and with a central wavelength of 800 nm. The laser beam 

was focused onto the cluster beam with a 150-mm focal-length lens (f/D=7.5). The 

intensity at the cluster beam was estimated to be 5×1015 W/cm2. Before 

amplification the pulses were sent through a 4f arrangement with a Spatial Light 

Modulator (SLM, Jenoptik, SLM-S 640/12) in the Fourier plane (see Figure 5-1). 

The SLM consists of 640 independent strips, to which voltages were applied (with 

12-bit resolution) in order to apply the phase shifts )(ωφ  to the different spectral 

components of the pulse. Different phase patterns lead to different temporal pulse 

shapes, according to the Fourier transform relation ωω ω deEtE ti∫= )()( , where 

)()()( ωϕωω ieEE =  is the laser field in the frequency domain and )(ωφ  the phase 

applied with the SLM. The spectral range covered by the SLM was centred at 800 

nm and extended over 100 nm. The parameters describing the laser field were varied 

in an automated way, in order to find the optimum pulse shape for the production of 

highly charged ions. 

 

Figure 5-1. Shematic of the experimental set-up. An output pulse of a Ti-Sa 
oscillator passes through a pulse shaper, which consists of a Spatial Light Modulator 
placed in the Fourier plane of a 4f arrangement. Upon amplification and 
compression the shaped laser pulse is focused onto a cluster jet in the velocity-map 
imaging spectrometer, used as a time-of-flight spectrometer. Ions created in the 
interaction region are accelerated in a dc electric field towards a dual MCP.  
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Ions were detected using a velocity-map imaging set-up [125] that was used 

as a time-of-flight (TOF) spectrometer without making use of its imaging 

capabilities. The ions were accelerated towards a dual microchannel plate (MCP) 

and the ratio between the repeller and extractor electrode voltages (5.21 kV and 4.31 

kV, respectively) were adjusted in order to have as good a TOF resolution as 

possible. The TOF traces were recorded with a 0.5 GHz oscilloscope. We note that 

the experimental arrangement allowed photons and fast electrons to be observed as 

well. 

Figure 5-2 (a) gives a typical TOF trace that was obtained when xenon 

clusters with an average size of 4106.1 ×≈N  were irradiated with a nearly 

Fourier transform limited (FTL) 100 fs, 230 μJ pulse. All the peaks are quite broad 

due to the kinetic energy release in the laser-cluster interaction. For several charge 

states, ions emitted towards and away from the detector can be distinguished. No 

dependence of the shape of these peaks on the laser polarisation axis was observed, 

which indicates that the ions were emitted isotropically. The forward and backward 

peaks are seen separately since due to their kinetic energy not all ions were collected 

on the detector and ions with a very large transverse velocity miss the detector. The 

maximum charge state observed using the FTL pulse was Xe11+. Extremely efficient 

coupling of the laser field to the cluster is responsible for these highly charged 

states. When no clusters were present, the maximum observed charged state was 

Xe4+ under the same experimental laser conditions. 

The optimal-control experiment consisted of enhancing the production of 

Xen+, with n>11, with the help of a Simple Genetic Algorithm (SGA) [101]. Briefly, 

the SGA started with a random population of 50 individuals, with each individual 

representing a string of bits encoding the voltages on the SLM. In the present 

experiment the voltages applied across the SLM were varied in blocks of 5 pixels 

over a range of 400 pixels, so the search space consisted of 80 parameters. This way, 

every individual corresponded to a specific phase pattern applied across the 

spectrum, with a corresponding different temporal pulse shape. All the individuals 

were assigned a fitness value by integrating the part of the TOF trace corresponding 
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to the formation of highly charged states (n>11) with a boxcar integrator. These 

individuals then underwent selection, according to their fitness.  

The major concepts used in genetic algorithms can be traced back to the 

theory of biological evolution. The concept of elitism suggests that the individuals  

 

Figure 5-2. TOF traces for the interaction of xenon <N>≈1.6×104 clusters (a) with a 
FTL 100 fs, 800 nm, 1015 W cm−2 laser pulse (N.B. The inset shows the complete 
TOF trace) (solid line) and the optimal linearly chirped laser pulse (dashed line) for 
forming highly charged ions derived from the former (500 fs long); (b) with the 
optimum pulse shape obtained by means of an 80-parameter unrestricted 
optimisation. As shown in Figure 5-3(a) the optimum pulse consists of a sequence of 
two 120 fs pulses, separated by 500 fs. The inset in (b) shows the evolution of the 
fitness value for the 80-parameter optimisation (full squares, maximum fitness; open 
squares, average fitness). 

 

who have higher ‘fitness’ will have a higher chance of breeding and passing their 

genetic information to the succeeding generations. The concept of crossover implies 

that a child’s genetic material is a mixture of his parents. Finally, the concept of 

mutation means that genetic material is occasionally corrupted which provides to 
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some extent genetic diversity in the population and helps avoiding a convergence of 

the algorithm to a local optimum. We used elitism for the 4 best individuals, uniform 

crossover ( %60=cP ) and mutation ( %1=mP ) to create a new generation, again 

consisting of 50 individuals, which were in turn experimentally tested [101]. As 

shown in the inset in Figure 5-2 b the average fitness increased until the 

convergence was achieved. The solid curve in Figure 5-2 b shows the result of the 

optimisation after 40 generations. A dramatic change in the charge-state distribution 

is observed, with a strong decrease in the lowest charge-states, and an increase in the 

highest charge-states up to 23+, compared to 11+ before the optimisation. One 

should note that Xe10+ and Xe11+ are of particular importance for the generation of 

soft x-rays in the 11-13.5 nm range [126], where EUV lithography is developed.  

One could argue that the optimised fitness involves not only the yield of 

highly charged ions but also the detection efficiency of these ions (since by lowering 

their kinetic energy the detection efficiency of the ions may be increased). We note 

however, that the current optimisation also led to an increase in the total electron 

yield, whereas the ion yield for the lower charge-states substantially decreased (even 

though the kinetic energy for these charge-states decreased). Also based on earlier 

work using linearly chirped laser pulses, one might suspect that the optimisation 

simply consisted of applying an appropriate chirp to the pulse [96]. However the 

results shown in Figure 5-2 b demonstrate substantially higher charge-states than the 

best (500 fs long) linearly chirped laser pulse that we could apply [the dashed line in 

Figure 5-2 a]. 

To interpret the experimental results, the pulse shape leading to the optimal 

result was determined. The autocorrelation of the optimum pulse shape shown in 

Figure 5-3(a), suggests that this pulse consists of a sequence of two ~120 fs pulses 

with a similar amplitude and separated in time by ~500 fs. Evidently there exists a 

specific time after triggering the cluster explosion when the coupling between the 

laser field and the cluster is maximal, and the optimisation determines the optimal 

value of this time delay. We note that the peak intensity in the optimal pulse is only 

half of the peak intensity of the FTL pulse. Nevertheless, the production of highly 
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charged atoms is strongly enhanced. It should be emphasized that the fact that the 

optimum pulse shape consists of a sequence of two pulses does not mean that the 

optimal-control experiment performed here was simply a pump-probe experiment. 

The experiment was an 80 parameter unbiased optimisation proving that the 

formation of a sequence of two pulses and the existence of a specific delay between 

these two pulses are essential features of the optimisation of laser-cluster 

interactions; very different pulse shapes could have been found if the physics of the 

problem required this. 

 
Figure 5-3. Autocorrelation traces for pulses obtained by (a) an unrestricted 80-
parameter optimisation for <N>≈1.6×104 [as in Figure 5-2 (b)], and (b) a restricted 
3-parameter optimisation with larger <N>≈2.0×106 clusters. In the latter case the 3 
parameters in the optimisation were the amplitude and period of an oscillatory phase 
pattern applied to the LCD mask (leading to the formation of a pulse train) and the 
linear chirp of the pulse. 
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5.2. Interpretation of the experimental results. 
 

In order to elucidate the origin of the optimum pulse shape found in the 

experiment, a numerical pulse shaping experiment was performed on a computer, 

using a molecular dynamics simulation on the laser-cluster interaction [127]. 

Calculations were performed where small Xenon clusters (up to 5056 atoms) 

interacted with a tailored laser field (derived from a 30 fs 3.5×1014W/cm2 Fourier-

limited pulse). In these calculations atoms in the cluster ionised as a result of both 

field ionisation and collisional ionisation and trajectories of the ions and electrons 

were calculated from Newton’s equations. The average ionic charge-state at the end 

of the laser-cluster interaction was used as fitness parameter for a genetic algorithm 

optimisation, which in this case employed a population of 30 individuals and used 

40 parameters to represent the phase function of the laser pulse. In Figure 5-4(a) the 

optimised result is shown for Xe clusters consisting of 108 atoms/cluster. Similar to 

the experimental results, the optimum pulse consists of a pulse sequence where for 

this combination of cluster size and laser intensity the delay between the first and 

second pulse is equal to 146 fs. We note that the third pulse in Figure 5-4(a) does not 

contribute to the ionisation of the cluster.  

Having observed that a two-pulse sequence optimises the production of 

highly charged ions experimentally using clusters of 1.6×104 atoms and numerically 

in calculations for clusters consisting of 108 atoms, the ionisation dynamics of 

clusters with N=64–5056 were numerically evaluated for two-pulse sequences with a 

variable time delay between the two pulses. The results of these calculations are 

shown in Figure 5-4(b). For every cluster size an optimum delay between the two 

pulses was found that produced a higher average charge-state than the FTL pulse. 

By monitoring the electron density in the cluster as a function of time delay, we 

could determine that this optimum corresponds to the time delay where the second 

pulse interacts with the cluster around the time that the electron density ne dropped 

to 3ncrit. In other words, the simulations provide considerable evidence for the notion 

that the optimal pulse shape found in our experimental studies using 1.6×104 
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atoms/cluster and in our numerical studies using several hundred atoms/cluster 

reflects a resonance enhancement as suggested by a nanoplasma description of the 

 
Figure 5-4 (a) Optimal pulse shape found in an optimal-control calculation for the 
ionisation of Xe108 by a tailored laser pulse derived from a 30 fs, 3.5×1014 W/cm2 
laser pulse. Efficient ionisation is achieved by a sequence of two pulses separated by 
146 fs; (b) average ionic charge-state resulting from the interaction of a sequence of 
two 30 fs, 1.75×1014 W/cm2 Gaussian pulses with Xen clusters, where n=64 (solid 
squares), 108 (open squares), 302 (solid circles), 588 (open circles), 1524 (solid 
triangles), and 5056 (open triangles). The result of the optimal-control calculation 
given in (a) is shown as a star. The vertical lines indicate the times where the 
electron density ne of the plasma generated by the first pulse falls to 3ncrit. Very good 
agreement is observed between this time delay and the optimum delay between the 
two pulses. 
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laser-cluster dynamics. In the two-pulse sequence, the first pulse initiates the plasma 

formation and the expansion of the cluster. However, during the excitation the 

electron density rapidly rises above 3ncrit, reducing the efficiency of the energy 

deposition. Maximum energy deposition is achieved when further excitation is 

delayed until the electron density becomes low enough, which in the experiment 

occurs after about 500 fs. In further support of this interpretation, we have 

experimentally observed that the optimum time delay for the formation of highly 

charged ions depends on the laser intensity and the cluster expansion conditions. 

Upon increasing the laser intensity a shortening of the optimum time delay was 

observed, consistent with a more rapid cluster expansion. Conversely, using a 

conical nozzle, clusters with 100 times more xenon atoms could be produced and – 

consistent with the slower expansion of these larger clusters – an optimal delay of 

3.3 ps was found [see the resulting autocorrelation trace in Figure 5-3b]. Similar 

cluster-size effects have been observed in experiments where cluster explosions 

were investigated by means of detection of laser absorption [96], ion energies [128] 

and transient polarisability [129]. The existence of an optimal time delay for the 

energy deposition is also consistent with experiments on the production of energetic 

electrons [37, 38] using a variable-pulse-length laser and pump-probe experiments 

on the production of multicharged [130] and energetic ions [98]. 

The experimental results presented in this Chapter received a strong 

confirmation in later optimal-control pulse-shaping experiments that optimise X-ray 

emission from Argon clusters. A significant enhancement of the X-ray yield was 

observed with the double-pulse structure, which was found to be the optimal pulse 

shape [102]. This result was similarly interpreted in the frame of the nanoplasma 

model. Shortly upon the completion of our work new models of cluster ionisation 

were reported [107, 108], which eliminated the inherent assumptions of the 

nanoplasma model, such as a uniform electron density and the overall plasma 

neutrality within the cluster, and thus might be more appropriate for interpretation of 

our numerical simulations of small to medium-sized clusters. However, the 

predictions of resonant ionisation enhancement remain qualitatively valid and the 
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application of the nanoplasma model is likely justified for the large cluster sizes 

considered in our experiments. 

 

5.3. Conclusion 
In conclusion, we have presented optimal-control experiments and 

calculations that provide strong support for the resonance enhancement suggested by 

the nanoplasma model of cluster ionisation. We have shown both experimentally 

and numerically that there exists a specific time when the laser field is most 

efficiently coupled to the electrons in the cluster, and have observed in our 

numerical simulations that the optimum delay of the second laser pulse 

approximately corresponds to the time where the electron density ne in the cluster 

has fallen to 3ncrit. The fact that we have two well-separated pulses indicates that in 

the time interval between the two pulses any available laser field interacts poorly 

with the cluster, since the density of free electrons leads to a screening of the laser 

field. A detailed analysis of the mechanisms of cluster ionisation and applicability of 

the models under various conditions is provided in the following chapter. 
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Chapter 6. Optimal control of femtosecond 
laser-cluster interactions. 
 

Femtosecond laser-cluster interactions have been analysed in terms of a 

number of models, each of them predicting a single decisive moment during the 

laser-cluster interaction when the conditions for laser energy absorption are most 

favourable. As a result, the search for optimal laser energy deposition is usually 

limited to variation of a single time variable, which is either the laser pulse duration 

or the delay between a pair of pulses. While the optimal conditions found in this way 

provide insight into the laser-cluster interaction, the inherent restrictions in this 

approach stand in the way of acquiring a more complete physical picture.  

In Chapter 6 we report optimal-control calculations of the interaction of 

xenon clusters with intense shaped laser pulses where a GA controls 40 independent 

degrees of freedom in the laser pulse shape. The increased flexibility in the available 

pulse shapes in combination with the strength of evolutionary optimisation leads to 

the determination of an optimum pulse shape for ionisation of the cluster. To 

interpret the origin of the optimum pulse shape, calculations are also presented for 

the interaction of small to medium-size clusters (N=108 – 5056 atoms per cluster) 

with sequences of pulses with variable time delays and intensities. Our calculations 

show the influence of several mechanisms in the optimal cluster explosion and 

provide a qualitatively new understanding of the energy deposition for increasing 

cluster sizes.  

Furthermore, we describe our effort towards an experiment on size-selected 

clusters, which is of crucial importance for quantitative verification of theoretical 

predictions. 
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6.1. Microscopic model of the laser-cluster interaction. 
The numerical simulations of the laser-cluster interactions were performed 

for small to medium-size (N = 108 – 5056 atoms per cluster) xenon clusters using a 

semi-classical molecular dynamics approach [127]. The code used in the simulation 

initially assumes a cluster that consists of neutral xenon atoms that are arranged 

within a sphere on a BCC lattice with a lattice constant of 5 Å (providing a local 

density of the cluster equal to that of liquid xenon). In the absence of the laser field 

there are no interactions between the neutral cluster atoms. In the calculation bound 

electrons are not treated explicitly. Free electrons appear in the system as classical 

particles only after ionisation of a parent atom takes place. Two ionisation 

mechanisms are taken into account: field ionisation and ionisation by collisions of 

ions or atoms with fast electrons. In the former case the total electric field at the 

position of an atom is evaluated as the sum of the laser electric field and the field 

resulting from all charged particles in the cluster. The ADK formula [3] is used to 

calculate the rate of field ionisation. Application of the ADK tunnelling formula 

requires the total electric field at the ionising atom to be sufficiently homogeneous 

over the distances relevant for tunnelling and therefore imposes a minimum distance 

to the other charged particles. Consequently, the possibility of field ionisation is 

disregarded if there is an electron within the proper volume of the atom, where the 

proper volume is defined as the effective volume occupied by one atom in a neutral 

cluster. Ionisation by inelastic electron-ion collisions is only allowed to occur if the 

impacting electron passes through the proper volume of the atom. The collisional 

ionisation rate is calculated as the product of the Lotz cross-section [131] and the 

relative velocity of an impacting electron, divided by the proper volume of the atom. 

The product of the ionisation rate and the time step duration gives the ionisation 

probability within a small time interval. The trajectories of the ions and the ionised 

electrons are calculated from Newton’s equations. 

The efficiency of the laser-cluster coupling was evaluated by monitoring the 

number of “inner” or “outer” ionisation events. Here “inner” ionisation refers to the 

total number of quasi-free electrons produced by field ionisation or collisional 
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ionisation, and “outer” ionisation refers to the number of electrons that have been 

moved to a distance from the centre of the cluster that corresponds to twenty times 

the cluster radius. At this distance the interaction of the ionised electron with the 

other particles can be ignored [132] and the electron is considered to be permanently 

removed from the cluster. The asymptotic properties of the outer ionised electrons 

(velocity and angular distribution) are evaluated taking into consideration the 

residual interaction of the electrons with the laser field from the time that they are 

removed from the calculation. 

 

6.2. Optimal-control calculations. 
Optimisation of the laser-cluster coupling efficiency was performed using 

adaptive laser pulse shaping controlled by a GA [123, 133]. The clusters were 

exposed to shaped laser pulses that were derived by manipulation of the spectral 

phase function from a Fourier transform-limited (FTL) laser pulse with a 25 fs full-

width-at-half-maximum (FWHM) electric field envelope and a peak intensity of 

0.01 a.u. (3.5*1014W/cm2). The spectral phase function was defined by forty 

parameters distributed across the spectrum of the FTL pulse and spline interpolation 

at intermediate frequencies. The spectrum was centred at 800 nm, unless otherwise 

noted. Upon application of different phase functions a wide range of pulse shapes 

can be obtained. 

The GA started with a random population of thirty individuals with each 

individual representing a specific spectral phase function and, consequently, a 

specific pulse shape. Each pulse shape was tested in our numerical model and 

assigned a fitness value, which was defined as the number of “inner” or “outer” 

ionisation events. The fitness value was used as feedback for the GA in order to 

determine a new generation of thirty individuals. The genetic algorithm used in 

these calculations was the micro-GA available online [133]. We used elitism for one 

best individual, uniform crossover (Pc=50%) and mutation (Pm=2%) to create a new 

generation. GA optimisations, which were propagated for two hundred generations, 

were performed for a cluster consisting of 108 Xe atoms. Thus, six thousand 
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numerical experiments were performed in the course of the optimisation, which took 

approximately 20 days on a 2.8 GHz Pentium processor. Due to the expense of 

calculating the Coulomb forces between every pair of charged particles, the 

computational time required for one numerical experiment is proportional to the 

square of the number of particles in the cluster. For this reason the optimisation s 

were restricted to cluster sizes up to N=108. 

 

 
Figure 6-1. Laser pulse shapes optimising inner (a) and outer (b) ionisation for a 
Xe108 cluster. The results were obtained using a genetic algorithm and show that 
inner and outer ionisation are optimised by a sequence of two, respectively three 
pulses. 

 

The best pulse shapes that were found for the optimisation of inner and outer 

ionisation for Xe108 are shown in Figure 6-1. Remarkably, the applied optimal phase 

patterns have broken the laser pulse up into a sequence of two pulses for inner 

ionisation (Figure 6-1a) and three pulses for outer ionisation (Figure 6-1b), with a 

separation of approximately 100 fs between the pulses. We note that in a subsequent 

run with a different set of random numbers controlling the crossover and mutation 

operators in the GA optimisation procedure, optimised pulse shapes very similar to 
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the ones shown in Figure 6-1 were obtained. The sequence of random numbers 

involved in the code also influences the ionisation dynamics. Whether or not 

ionisation takes place is decided by comparison of the ionisation probability with a 

random number. Therefore, similar to a real-life experiment, the outcome of our 

numerical experiment may vary if a calculation is repeated, even though the same 

pulse shape is applied. Finally, we note that we do not claim to have determined the 

global optimal pulse shapes for cluster ionisation in our present optimal-control 

calculations. Rather we consider as the main result of the GA calculations the 

discovery of “interesting” pulse shapes that can help to reveal the dynamics of the 

laser-cluster interaction. The pulse in Figure 6-1a produces on average 430 electrons 

by field- and collisional ionisation, which compares favourably to 360 inner ionised 

electrons in the absence of the phase manipulation, i.e., using an FTL pulse with the 

same total energy. The pulse in Figure 6-1b produces on average 280 outer 

ionisation events, which is almost twice as much as an FTL pulse. The difference 

between Figure 6-1a and b points towards a qualitative difference between the 

optimal conditions for inner and outer ionisation. In both cases the first pulse in the 

sequence is the trigger for the ionisation process and the cluster expansion. The 

second pulse in Figure 6-1a that optimises inner ionisation and that appears at the 

same delay in Figure 6-1b suggests that there is a specific time during the interaction 

of a cluster with a laser pulse when inner ionisation can be efficiently enhanced. The 

third pulse in Figure 6-1b indicates that there are two instances when the conditions 

for outer ionisation are favourably influenced.  

To interpret the results of the optimal-control calculations, further 

simulations were performed using laser pulses consisting of a sequence of three FTL 

pulses. In a similar manner as in the optimal-control calculations inner and outer 

ionisation of xenon clusters were monitored as a function of the time delays Δτ1 and 

Δτ2 between the first and second pair of pulses in a three-pulse sequence. In doing 

so, we were interested in (a) confirming that a three-pulse sequence is indeed 

optimal for outer ionisation of Xe108, (b) determining whether a three-pulse sequence 

also represents an improvement over single pulses (Δτ1 =0 and Δτ2 =0) or two-pulse 
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sequences (Δτ1 =0 or Δτ2 =0) for other cluster sizes, laser intensities and laser 

wavelengths, and (c) being able to interpret the origin of the three-pulse optimum. 

 

6.3. Calculations with a sequence of three pulses. 
 

6.3.1. Cluster size effect. 
 

Simulations with a three-pulse sequence, where inner and outer ionisation of 

xenon clusters were monitored as a function of the time delays Δτ1 and Δτ2 between 

the first and second pair of pulses, were performed for XeN clusters with N=108-

1524. Each FTL laser pulse in the three-pulse sequence had a 25 fs FWHM electric 

ield envelope and a peak intensity of 0.0033 a.u. (1.17*1014W/cm2). When both 

delays are zero the overlap of the three pulses results in a single 25 fs FTL pulse 

with a peak intensity of 0.01 a.u. (3.5*1014W/cm2), i.e. the input pulse that was used 

– prior to modulation of the spectral phase - in the GA optimisations. Results for 

Xe108 and Xe302 are presented in Figure 6-2, followed by results for Xe588 and Xe1524 

in Figure 6-3. A summary of the conditions that lead to maximum inner and outer 

ionisation is shown in Table 6-1 and Table 6-2. A number of important observations 

can be made from Figure 6-2. First of all, for both cluster sizes (Xe108 and Xe302) and 

for both inner and outer ionisation, the best results are obtained when at least one of 

the delays is non-zero. A single FTL pulse (Δτ1 =Δτ2 =0) gives inferior results for 

both the inner and outer ionisation. Secondly, the optimal pulse shape is 

qualitatively different depending on whether inner or outer ionisation is monitored.  

Inner ionisation in Xe108 (Figure 6-2a) is maximized with a two-pulse sequence (Δτ1 

= 120 fs, Δτ2 = 0), where the intensity of the second pulse is twice the intensity of 

the first pulse, in qualitative agreement with the GA optimisation in Figure 6-1a. 

Optimisation of outer ionisation for Xe108 requires a laser pulse consisting 

alternatively of two or three peaks (Figure 6-2b). The latter result (see Table 6-2) is 

qualitatively similar to the GA optimisation in Figure 6-1b and provides an 

equivalent fitness value. For slightly larger clusters (Xe302) both inner and outer  
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Figure 6-2. Contour plots showing the dependence of inner and outer ionisation 
yields for Xe108 and Xe302 on the delays Δτ1 and Δτ2 in a three-pulse sequence 
consisting of 25 fs FTL pulses with a peak intensity of 0.0033 a.u. each. Red and 
blue colors (dark gray and black in grayscale version) signify maximum and 
minimum ionisation levels, respectively; a) inner ionisation for Xe108 (max=445, 
min=340), b) outer ionisation for Xe108 (max=280, min=145), c) inner ionisation for 
Xe302 (max=1485, min=1090), d) outer ionisation for Xe302 (max=745, min=255).  

 

ionisation are unambiguously optimised by a three-pulse sequence (Figure 6-2c and 

d). As shown in Figure 6-3, this trend continues for increasing cluster sizes. A 

distinct maximum for the number of outer ionisation events in Xe588 (Figure 6-3b) is 

obtained by a sequence of three pulses with Δτ1 = 225 fs, Δτ2 = 100 fs. In the case of 

Xe1524 a search for the optimal delays Δτ1 and Δτ2 in a three-pulse sequence allowed 

us to identify the optimum at Δτ1 = 400 fs, Δτ2 = 125 fs (see Figure 6-3d). We note 

that the accuracy of determining the optimal pulse shape decreases with increasing 

cluster size due to the computational expense of the calculations for larger cluster 

sizes. For example, each point in Figure 6-3c and d required approximately 10 hours 

of computation, thus requiring about 50 days of computation on a 2.8 GHz Pentium-
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4 processor for the two plots shown. We also note that for larger cluster sizes the 

improvement that the three-pulse sequence represents over an FTL pulse 

dramatically increases. For example, for Xe1524 ionisation by the optimal three-pulse 

sequence leads to 3538 outer ionised electrons, compared to 450 for an FTL pulse. 

 
Figure 6-3. Contour plots showing the dependence of inner and outer ionisation 
yields for Xe588 and Xe1524 on the delays Δτ1 and Δτ2 in a three-pulse sequence 
consisting of 25 fs FTL pulses with a peak intensity of 0.0033 a.u. each. Red and 
blue colors (dark gray and black in grayscale version) signify maximum and 
minimum ionisation levels, respectively; a) inner ionisation for Xe588 (max=3280, 
min=2250), b) outer ionisation for Xe588 (max=1455, min=330), c) inner ionisation 
for Xe1524 (max=9575, min=6290), d) outer ionisation for Xe1524 (max=3540, 
min=450).  

 

Our calculations clearly show an increase of the optimal delays for larger 

clusters (see Table 6-1 and Table 6-2). For Xe108 the optimal delays for outer 

ionisation are found to be Δτ1 = 140 fs, Δτ2 = 50 fs, which increase respectively to 

Δτ1 = 400 fs and Δτ2 = 125 fs for Xe1524. Though the range of cluster sizes accessed 

in our calculations differs from the cluster sizes that have been studied thus far 
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experimentally, these observations are in line with trends found in our experimental 

observations presented in Chapter 5 and with the results reported in ref. [96]. 

 

6.3.2. Laser intensity effects. 
 

The evolution of the optimal pulse shapes with increasing laser intensity is 

shown in Figure 6-4 for Xe108, Xe302 and Xe588 clusters. In these simulations the 

intensity of each pulse in the three-pulse sequence was 0.0066 a.u. 

(2.33*1014W/cm2), which is twice as much as in the previous calculations. 

Comparison of the results for Xe108 in Figure 6-4 with the relevant results in Figure 

6-2 demonstrates qualitative similarity of the optimal pulse shapes obtained in both 

cases. The inner ionisation is maximized with a two-pulse sequence (Figure 6-4a), 

whereas outer ionisation is optimised alternatively by a sequence of two or three 

pulses (Figure 6-4b). In this case the number of outer ionisation events provided by 

the two-pulse sequence was around 10% higher than the one obtained with three 

pulses, whereas for lower intensity both sequences provided equivalent outer 

ionisation. A new feature appears in the cases of Xe302 and Xe588 at the higher laser 

intensity, namely, the possibility to maximize outer ionisation by just two laser 

pulses ( Δτ1 = 285 fs, Δτ2 = 0 fs and Δτ1 = 350 fs, Δτ2 = 0 fs for Xe302 and Xe588 

respectively). Thus unlike the lower intensity case in Figure 6-2d and Figure 6-3b 

where outer ionisation showed a clear maximum for a three-pulse sequence, the 

results in Figure 6-4d and f display the possibility to obtain similar values for outer 

ionisation using either two or three laser pulses.  

A quantitative comparison of Figure 6-2, Figure 6-3 and Figure 6-4 

demonstrates a shortening of the optimal delays for both inner and outer ionisation 

upon increase of the laser intensity (see Table 6-1 and Table 6-2).  For example, the 

optimal delay between the two pulses for inner ionisation in Xe108 decreases from 

120 fs to 80 fs when the laser intensity is doubled, whereas for outer ionisation in 

Xe108 the first delay in the optimal three-pulse sequence decreases respectively from 

Δτ1 = 140 fs to Δτ1 = 100 fs, while the second delay remains constant at Δτ2 = 50 fs.  
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Figure 6-4. Contour plots showing the dependence of inner and outer ionisation 
yields for Xe108, Xe302 and Xe588 on the delays Δτ1 and Δτ2 in a three-pulse sequence 
consisting of 25 fs FTL pulses with a peak intensity of 0.0066 a.u. each. Red and 
blue colors (dark gray and black in grayscale version) signify maximum and 
minimum ionisation levels, respectively; a) inner ionisation for Xe108 (max=510, 
min=380), b) outer ionisation for Xe108 (max=370, min=210), c) inner ionisation for 
Xe302 (max=1575, min=1180), d) outer ionisation for Xe302 (max=900, min=385), e) 
inner ionisation for Xe588 (max=3445, min=2360), f) outer ionisation for Xe588 
(max=1670, min=535). 

 

The shortening of the optimal delays upon increasing the laser intensity is in line 

with our experimental observations for large Xe clusters presented in Chapter 5 as 

well as with the results reported in ref.  [96]. 
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Cluster size N,  
laser intensity I (a.u.),  
laser wavelength λ 
(nm) 

 
Δτ1 (fs) 

 
Δτ2 (fs)

 
Inner 
ionisation 

 
(<r>/r0)Δτ1

 
 

ΔϕΔτ1
/π 

 

 
ΔϕΔτ2

/π 

a) Cluster size dependence 

N=108, I=0.0033, 
λ=800 

120 
(100; 
140) 

0 445 
 

1.4 
(1.3; 1.5) 

0.1 
(0; 0.1) 

0.1 
(0; 0.1) 

N=302, I=0.0033, 
λ=800 

120 
(75; 195) 

90 
(45; 120)

1483 1.2 
(1.1; 1.6) 

0.1 
(0; 0.2) 

0.54 
(0.2; 0.8) 

N=588, I=0.0033, 
λ=800 

150 
(100; 
225) 

100 
(50; 125)

3278 1.3 
(1.1; 1.53)

0.1 
(0; 0.2) 

0.54 
(0.4; 0.7) 

N=1524, I=0.0033, 
λ=800 

250 
(200; 
500) 

100 
(50; 150)

9575 1.3 
(1.2; 2) 

0.1 
(0; 0.4) 

0.3 
(0.2; 0.6) 

b) Intensity dependence 

N=108, I=0.0066, 
λ=800 
 

80 
(70; 90) 

0 509 1.3 
(1.2; 1.4) 

0.1 
(0; 0.2) 

0.1 
(0; 0.2) 

225 
(105; 
240) 

0 1562 2.3 
(1.4; 2.4) 

0.45 
(0; 0.5) 

0.45 
(0; 0.5) 

 
N=302, I=0.0066, 
λ=800 

75 
(60; 120) 

90 
(60; 120)

1572 1.2 
(1.1; 1.47)

0 0.63 
(0.2; 0.7) 

N=588, I=0.0066, 
λ=800 

125 
(75; 175) 

75 
(50; 125)

3445 1.4 
(1.1; 1.7) 

0.1 
(0; 0.2) 

0.63 
(0.3; 0.7) 

c) Wavelength dependence 

N=108, I=0.0033, 
λ=400 

50 
(30; 60) 

0 684 1.2 
(1.1; 1.4) 

0.2 
(0.1; 0.4) 

0.2 
(0.1; 0.4) 

N=108, I=0.0033, 
λ=600 

90 
(70; 100) 

0 540 1.4 
(1.3; 1.47)

0.2 
(0; 0.3) 

0.2 
(0; 0.3) 

N=108, I=0.0033, 
λ=1064 

160 
(140; 
180) 

0 373 1.4 
(1.3; 1.5) 

0.1 
(0; 0.2) 

0.1 
(0; 0.2) 

Table 6-1. Summary of the conditions that lead to maximum inner ionisation in a three-pulse 
sequence The number of inner ionisation events, the average internuclear distance <r> and 
the phase difference Δϕ between the collective electron oscillation and the oscillation of the 
laser field are given at the optimum time delays Δτ1 and Δτ2 that characterize the three-pulse 
sequence. Also shown in the table in brackets is the range of values of Δτ1 and Δτ2 where the 
number of inner ionised electrons remains above 90% of the difference between the 
maximum and the minimum ionisation levels ( )(9.0 minmaxmin nnnn −+> ) as well as the 
corresponding values of the average internuclear distance <r> and the phase shift Δϕ. 
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Cluster size N,  
laser intensity I 
(a.u.), λ (nm) 

 
Δτ1 (fs) 

 
Δτ2 (fs) 

Outer 
ionis
ation

 
(<r>/r0)Δτ1

 
 

ΔϕΔτ1
/π 

 

 
ΔϕΔτ2

/π 

a) Cluster size dependence 

150 
(130; 200) 

0 280 1.55 
(1.45; 2) 

0.1 
(0.1; 0.6) 

0.1 
(0.1; 0. 6) 

 
N=108, I=0.0033,  
λ=800 140 

(110; 200) 
50 
(20; 80) 

278 1.52 
(0.3; 0.9) 

0.2 
(0; 0.6) 

0.54 
(0.2; 0. 7) 

N=302, I=0.0033,  
λ=800 

165 
(135; 285) 

90 
(60; 105) 

740 
 

1.46 
(1.3; 2.1) 

0.2 
(0.1; 0.4) 

0.7 
(0.5; 0. 7) 

N=588, I=0.0033,  
λ=800 

225 
(200; 250) 

100 1455 1.53 
(1.46; 1.7) 

0.2 
(0.2; 0.3) 

0.7 
(0.7; 0.8) 

N=1524, I=0.0033,  
λ=800 

400 
(250; 600) 

125 
(100; 150) 

3538 1.7 
(1.3; 2.4) 

0.3 
(0.1; 0.4) 

0.6 
(0.5; 0.7) 

b) Intensity dependence 

110 
(90; 140) 

0 366 1.59 
(1.4; 1.8) 

0.2 
(0.2; 0.3) 

0.2 
(0.2; 0.3) 

 
N=108, I=0.0066, 
 λ=800 100 

(90; 110) 
50 
(40; 60) 

353 1.49 
(1.4; 1.6) 

0.2 
(0.1; 0.2) 

0.54 
(0.4; 0.6) 

285 
(195; 330) 

0 897 2.8 
(2; 3.2) 

0.54 
(0.4; 0.6) 

0.54 
(0.4; 0.6) 

 
N=302, I=0.0066,  
λ=800 165 

(105; 240) 
75 
(45; 90) 

896 1.8 
(1.4; 2.4) 

0.3 
(0; 0.5) 

0.7 
(0.45; 0.8) 

350 
(300; 425) 

0 1601 3 
(2.6; 3.5) 

0.63 
(0.45; 0.8) 

0.6 
(0.45; 0.8) 

 
N=588, I=0.0066,  
λ=800 200 

(125; 350) 
75 
(50; 100) 

1667 1.9 
(1.4; 2.6) 

0.3 
(0.1; 0.6) 

0.8 
(0.6; 0.8) 

c) Wavelength dependence  

N=108, I=0.0033, 
 λ=400 

70 
(50; 70) 

0 338 1.48 
(1.2; 1.48) 

0.6 
(0.3; 0.6) 

0.6 
(0.3; 0.6) 

110 
(90; 130) 

0 301 1.55 
(1.4; 1.7) 

0.2 
(0.1; 0.4) 

0.2 
(0.1; 0.4) 

 
N=108, I=0.0033,  
λ=600 110 

(90; 130) 
30 
(20; 40) 

297 1.54 
(1.4; 1.7) 

0.3 
(0.1; 0.5) 

0.7 
(0.5; 0.8) 

N=108, I=0.0033,  
λ=1064 

220 
(140; 310) 

80 
(30; 130) 

265 1.7 
(1.3; 2.2) 

0.2 
(0; 0.4) 

0.47 
(0.2; 0.6) 

Table 6-2. Summary of the conditions that lead to maximum outer ionisation in a three-pulse 
sequence. The number of outer ionisation events, the average internuclear distance <r> and 
the phase difference Δϕ between the collective electron oscillation and the oscillation of the 
laser field are given at the optimum time delays Δτ1 and Δτ2 that characterize the three-pulse 
sequence. Also shown in the table in brackets is the range of values of Δτ1 and Δτ2 where the 
number of outer ionised electrons remains above 90% of the difference between the 
maximum and the minimum ionisation levels ( )(9.0 minmaxmin nnnn −+> ) as well as the 
corresponding values of the average internuclear distance <r> and the phase shift Δϕ. 
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6.3.3. Laser wavelength effect. 
 

The dependence of the optimal pulse shapes for inner and outer ionisation in 

Xe108 upon laser wavelength is shown in Figure 6-5. We considered three additional 

wavelengths, namely 400 nm, 600 nm and 1064 nm. In all calculations the intensity 

of each pulse in the three-pulse sequence was again 0.0033 a.u. (1.17*1014W/cm2) 

and hence the results in Figure 6-5 can be directly compared to the results for Xe108 

in Figure 6-2, where the spectrum was centred at wavelength of 800 nm. For all 

wavelengths considered, inner ionisation of Xe108 is optimised by two pulses. The 

delay between the two pulses increases from 50 fs at 400 nm to 160 fs at a 1064 nm 

central wavelength (Figure 6-5a, Figure 6-5c, Figure 6-2a, Figure 6-5e and Table 

6-1). The extension of the optimal delays with increasing wavelength is also 

observed for outer ionisation (Figure 6-5b, Figure 6-5d, Figure 6-2b, Figure 6-5f and 

Table 6-2). These observations can be explained by the fact that the inner and outer 

ionisation yields are higher for shorter wavelengths and hence cluster expansion 

occurs faster. For the shortest wavelength considered here (400 nm) only two laser 

pulses are required to optimise outer ionisation, whereas for the longest wavelength 

considered here (1064 nm) the optimal pulse shape consists of three pulses. The 

calculations at 600 nm and 800 nm represent an intermediate case, exhibiting the 

transition of the optimal pulse shape from a two- to a three-pulse sequence. 

 

6.4. Analysis and discussion. 
In order to interpret the pulse shapes that optimise inner and outer ionisation 

and to reveal the mechanisms responsible for this optimisation, available numerical 

observables like the cluster expansion, the electron density and the collective 

electron motion were monitored as a function of time and examined in relation to the 

models mentioned in Chapter 4. 

Analysis of our numerical results leads us to the conclusion that for all 

cluster sizes considered here, the enhancement of outer ionisation with a three-pulse  
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Figure 6-5. Contour plots showing the dependence of inner and outer ionisation 
yields for Xe108 on the delays Δτ1 and Δτ2 in a three-pulse sequence consisting of 25 
fs FTL pulses with a peak intensity of 0.0033 a.u. each for different wavelengths. 
Red and blue colors (dark gray and black in grayscale version) signify maximum 
and minimum ionisation levels, respectively; a) inner ionisation for 400 nm 
(max=685, min=475), b) outer ionisation for 400 nm (max=340, min=160), c) inner 
ionisation for 600 nm (max=540, min=385), d) outer ionisation for 600 nm 
(max=305, min=160), e) inner ionisation for 1064 nm (max=375, min=290), f) outer 
ionisation for 1064 nm (max=265, min=120). 

 

sequence can be explained by enhanced ionisation [106] and resonant driving of the 

collective motion of the electrons [107]. In our case the electron oscillations 

randomise in the time interval between the pulses when no laser is present, but 

quickly re-establish themselves when the laser turns back on. This makes it possible 
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to determine the phase delay of the collective electron oscillation with respect to the 

laser field during the second and – in particular - the third pulse in the sequence by 

means of a cross-correlation of the instantaneous laser field and the oscillations of 

the centre of mass of the quasi-free electrons inside the cluster. Importantly, the 

phase shift depends on the delays that are applied between the laser pulses. We 

observe that the second pulse in the three-pulse sequence consistently occurs at a 

time when the optimal condition for enhanced ionisation is satisfied, whereas the 

third pulse arrives when the collective motion of the quasi-free electrons in the 

cluster resonantly couples with the laser field (see Table 6-2). Accordingly, 

inspection of the calculations reveals an increase in the number of field ionisation 

events at the optimal position of the second pulse, and in the number of electron-

impact ionisation events during the third pulse. 

Figure 6-6 presents details of the analysis of the optimal pulse for outer 

ionisation of Xe302 (see Figure 6-2d), where - as before - the laser intensity of each 

peak in the three-pulse sequence was 0.0033 a.u. (1.17*1014W/cm2). Ionisation by 

the first pulse leads to expansion of the cluster under the influence of Coulomb 

forces. As shown in Figure 6-6b, the average internuclear distance becomes 1.5 

times the equilibrium value at a delay of 170 fs after the maximum of the first pulse, 

which is almost exactly the value of Δτ1 in the optimum three-pulse sequence. At 

this point the collective electron oscillations are practically in phase with the laser 

field (Δϕ ≅ 0, Figure 6-6c) and play no role in the laser energy absorption. The value 

of the phase shift Δϕ between the collective electron oscillations and the laser field 

that occurs during the third pulse increases with the delay of that pulse and goes 

through 2π  for Δτ2 = 70 fs, close to the optimum time delay Δτ2 = 90 fs found in 

Figure 6-2d. A similar analysis applies to all cases where a three-pulse sequence is 

found to be the optimum for outer ionisation. We note here that in the cases when 

the optimal values of Δτ1 and Δτ2 for inner or outer ionisation cover a broad range of 

values (see for example Figure 6-4d and f), assignment of the mechanisms 

responsible for the optimisation can be only approximate.  
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Figure 6-6. Three-pulse sequence that maximizes outer ionisation for Xe302 (a), 
along with the average internuclear distance between the atoms <R>/R0 as a function 
of Δτ1 (b) and the phase shift between the collective electron oscillation and the laser 
field oscillation during the third pulse as a function of Δτ2 (c). The occurrence of  
<R>/R0 = 1.5 and Δϕ = π/2 at time delays close to Δτ1 and Δτ2 of the pulse in (a), 
supports the interpretation of the second and third pulse in the sequence in terms of 
enhanced ionisation and resonant driving of the collective electron oscillation, 
respectively. We note that the phase shifts plotted in (c) were obtained in a series of 
calculations where Δτ2 was systematically varied and where Δϕ during the third 
pulse was determined for each value of Δτ2  using the procedure explained in the 
text. 

 

In a number of cases it was observed that outer ionisation could also be 

optimised by a sequence of just two laser pulses. In this case the mechanism that is 

operative during the second pulse depends on the cluster size, the laser intensity and 

the laser wavelength. For Xe108 and a laser wavelength of 800 nm (Figure 6-2b, 
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Figure 6-4b) the mechanism is enhanced ionisation. In small clusters the electrons 

can gain enough energy to leave the cluster through enhanced ionisation during the 

intense second pulse. This is especially true at higher laser intensities (Figure 6-4b), 

when a two-pulse sequence gives more extensive outer ionisation than a three-pulse 

sequence. By contrast, in larger clusters most quasi-free electrons created by 

enhanced ionisation cannot leave the cluster due to the higher space charge of the 

cluster and require further heating by the driving laser field, preferably at the 

collective electron oscillation resonance. This effect is illustrated by our calculations 

on Xe302 and Xe588. At lower intensity (I=0.0033 a.u., Figure 6-2d and Figure 6-3b) a 

three-pulse sequence involving enhanced ionisation and resonant excitation of the 

collective electron oscillation is clearly superior to a two-pulse sequence. However, 

for higher laser intensity (I=0.0066 a.u., Figure 6-4d and f) it is possible to 

efficiently optimise outer ionisation by just two pulses. Importantly though, the 

mechanism that is responsible for the efficient outer ionisation is at that point the 

resonant collective motion of the quasi-free electrons in the cluster (see Table 6-2). 

Enhanced ionisation on its own is not sufficient for maximizing outer ionisation in 

larger clusters due to the high space charge in the cluster. Instead, the mechanism of 

resonant electron oscillations can efficiently heat and outer ionise electrons that 

were initially inner ionised by the first laser pulse, but remained trapped inside the 

cluster until the arrival of the second pulse. The two ionisation mechanisms 

discussed also reveal themselves in the dependence of the optimal pulse shapes for 

outer ionisation of Xe108 on laser wavelength (Figure 6-2b, Figure 6-5b, d, f). For the 

longest wavelength (1064 nm) the outer ionisation is optimised by a three-pulse 

sequence with involvement of both ionisation mechanisms. For shorter wavelengths 

(800 nm and 600 nm) the optimal pulse consists alternatively of two or three peaks, 

associated respectively with the mechanism of enhanced ionisation or in case of 

three peaks with both mechanisms of ionisation. The values of the optimal delays in 

the three-pulse sequence decrease from  Δτ1 = 220 fs,  Δτ2 = 80 fs for 1064 nm to Δτ1 

= 110 fs,  Δτ2 = 30 fs for 600 nm. The shift in  Δτ1 is due to the higher ionisation 

efficiency at shorter wavelengths, resulting in a faster cluster expansion. 

Furthermore, the reduction of  Δτ2 with shorter wavelength is consistent with a 
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resonant ionisation mechanism, since for higher resonance frequency the resonance 

conditions are achieved earlier in time. For the shortest wavelength considered here 

(400 nm) optimisation of outer ionisation requires only two pulses. The optimal 

conditions for both ionisation mechanisms are satisfied when the second pulse 

arrives at  Δτ1 = 70 fs. In this case fast cluster expansion and electron heating during 

the intense second pulse effectively lead to shortening of Δτ2 to zero. 

The results for inner ionisation show trends qualitatively similar to outer 

ionisation (Table 6-1). In Xe108 inner ionisation is maximized by a two-pulse 

sequence for any laser intensity and wavelength considered here (Figure 6-2a, 

Figure 6-4a, Figure 6-5a, c, e), while for larger clusters a third peak appears in the 

optimal pulse shapes (Figure 6-2c, Figure 6-3a, c, Figure 6-4c, e). However, 

interpretation of the optimal pulse shapes for inner ionisation turns out to be less 

transparent. Inspection of our calculations for Xe108 during the second pulse of an 

optimal two-pulse sequence shows that more than 70% of inner ionised electrons are 

produced by field ionisation. This observation seems to be consistent with 

interpretation of the optimal pulse shape in terms of enhanced ionisation, similar to 

the previously discussed case of outer ionisation. Nevertheless, assigning the 

optimisation of inner ionisation to enhanced ionisation is problematic. As shown in 

Table 6-1the second pulse in the optimal two-pulse sequence tends to arrive before 

the condition for enhanced ionisation is fulfilled. Likewise, for larger clusters, where 

inner ionisation is optimised by three pulses, the optimal delay for the second pulse 

does not exactly satisfy the conditions for the enhanced ionisation mechanism. 

An inner ionisation event is recorded in our model when a quasi-free 

electron is created inside the cluster. However electrons with close-to-zero potential 

energy can stay quasi-bound to their parent atom. Since the interatomic barriers go 

up with increasing internuclear distance R we would expect inner ionisation to 

decrease with increasing R. On the other hand, the onset of outer ionisation reduces 

shielding effects and facilitates inner ionisation. The interplay between these two 

effects leads to the optimum for inner ionisation at an internuclear distance that is 

intermediate between the equilibrium internuclear distance and the optimum for 

outer ionisation.  
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We note that the arrival of the third pulse in the sequence that optimises 

inner ionisation (see Table 6-1) matches with resonant coupling of the collective 

electron oscillations with the driving laser field (with the possible exception of 

Xe1524, where as mentioned before, the optimal pulse shape was defined with 50 fs 

uncertainty). Accordingly, most electrons that are inner ionised during the third 

pulse are produced by electron-impact ionisation. 

 

6.5. Extrapolation to larger clusters (N = 5056). 
The calculations with sequences of three pulses discussed above are 

restricted to relatively small cluster sizes due to the computational expense involved 

in each calculation. In order to get insight into the evolution of ionisation processes 

for larger clusters and to make our results relevant to experiments carried out with 

larger cluster sizes we performed a series of calculations with simple laser pulse 

shapes for Xe clusters containing 5056 atoms. These calculations and the predictions 

that they provide for several important and accessible experimental observables are 

described in this section.  

 

6.5.1. Calculations with a sequence of FTL pulses. 
 

We first considered interaction of Xe5056 with a sequence of two FTL laser 

pulses with a 25 fs FWHM electric field envelope and a peak intensity of 0.005 a.u. 

(1.75*1014W/cm2). For a zero delay the overlap of the two pulses results in the 

previously used single FTL pulse with a 25 fs FWHM electric field envelope and a 

peak intensity of 0.01 a.u. (3.5*1014W/cm2). The efficiency of outer and inner 

ionisation was examined as a function of the time delay between the two pulses. 

Results of these calculations are presented in Figure 6-7, where the curves with 

filled and open symbols correspond to the number of inner and outer ionised 

electrons respectively. For both inner and outer ionisation a non-zero optimal delay 

between the two pulses is found. The number of inner ionisation events obtained 
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with an optimal delay of 600 fs between the two pulses is more than 30% higher 

than with a single FTL pulse with twice the peak intensity. Outer ionisation is 

optimised with a 1400 fs delay between the two pulses and produces 5 times more 

outer ionised electrons than with a single FTL pulse with twice the peak intensity. 

Inspection of the calculations shows that this optimisation of the outer ionisation is 

accompanied by resonant coupling of the collective electron oscillations with the 

laser field during the second pulse in the sequence, when the phase shift between the 

electron collective oscillations inside the cluster and the laser field goes through 

2π . We have seen no indication of enhanced ionisation during the second pulse for 

both delays that optimise inner or outer ionisation in agreement with the findings for 

two-pulse sequences reported for XeN (N≥302).  

 
Figure 6-7. Dependence of inner and outer ionisation yields for Xe5056 on the delay 
in a two-pulse sequence consisting of 25 fs FTL pulses with a peak intensity of 
0.005 a.u. each. Filled squares – the number of inner ionised electrons (right axis), 
open squares – the number of outer ionised electrons (left axis). 

 

Extrapolation of the results obtained in our calculations so far allows us to 

make a prediction for the values of the delays in a three-pulse sequence that would 

optimise outer ionisation in Xe5056. Applying a sequence of three FTL laser pulses 
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with Δτ1 = 1060 fs and Δτ2 = 150 fs between the first and second pair of pulses, 

where each pulse has a 25 fs FWHM electric field envelope and a peak intensity of 

0.0033 a.u. (1.17*1014W/cm2), we obtained more than 11500 outer ionisation events. 

This is a considerable improvement over a single FTL pulse with three times higher 

peak intensity, which leads to 860 outer ionisation events, and compares favourably 

to 4600 outer ionised electrons obtained in the previous optimal case of two pulses 

(Figure 6-7). We note that this significant enhancement of the outer ionisation yield 

was achieved even though our prediction for the optimal values of delays Δτ1 and 

Δτ2 does not provide exact matching of the second and the third peaks in the 

sequence to the optimal conditions for the two mechanisms of ionisation. Thus, 

further improvement of outer ionisation efficiency may be possible with more 

accurate estimates of the optimal delays in a three-pulse sequence. 

 

6.5.2. Electron energy and angular distributions. 
 

In order to explore the relation between the optimal conditions for inner or 

outer ionisation and the optimal conditions for energy coupling from the laser field 

into the cluster, the electron kinetic energy and angular distribution at the end of the 

laser-cluster interaction were examined. This also gives us a possibility to 

qualitatively compare the results of our simulations to earlier experiments [36, 37, 

38], where the occurrence of features in the electron kinetic energy distributions due 

to resonant heating of the clusters has been discussed. 

Figure 6-8a shows asymptotic electron kinetic energy distributions of outer 

ionised electrons from Xe5056 for four different laser pulse shapes, namely a single 

FTL pulse with a 25 fs FWHM electric field envelope and a peak intensity of 0.01 

a.u. (3.5*1014W/cm2) (filled squares), two sequences of two FTL pulses with a 25 fs 

FWHM electric field envelope and a peak intensity of 0.005 a.u. (1.75*1014W/cm2) 

with a delay of 600 fs (open squares) and 1400 fs (filled triangles) between them, 

respectively, and finally a sequence of three FTL pulses with a 25 fs FWHM electric 

field envelope and a peak intensity of 0.0033 a.u. (1.17*1014W/cm2) with delays Δτ1 
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= 1060 fs and Δτ2 = 150 fs between the first and second pair of pulses (open 

triangles). 

 
Figure 6-8 a) Asymptotic electron kinetic energy distributions b) and electron 
angular distributions of outer ionised electrons from Xe5056 for four different laser 
pulse shapes, namely, a single 25 fs FTL pulse with a peak intensity of 0.01 a.u. 
(filled squares), a sequence of two 25 fs FTL pulses with a peak intensity of 0.005 
a.u. each with a delay of 600 fs (open squares) and 1400 fs (filled triangles), and a 
sequence of three 25 fs FTL pulses with a peak intensity of 0.0033 a.u. each with 
delays Δτ1 = 1060 fs and Δτ2 = 150 fs (open triangles). 

 

All electron kinetic energy distributions are qualitatively similar and display 

a single-peaked structure. Furthermore, an increase in the yield of outer ionisation 

through the application of a better laser pulse shape is accompanied by an 
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enhancement of the average kinetic energy of outer ionised electrons. For a single 

FTL pulse the average temperature of the electrons leaving the cluster is 

approximately 85 eV.  Electrons that are ejected from the cluster after the first pulse 

in a two-pulse sequence are characterized by an electron temperature of about 80 

eV. The average temperature of the electrons that are emitted after the second laser 

peak depends on the value of delay between the laser peaks and grows from 90 eV 

for a delay of 600 fs to a maximum of 140 eV with a delay of 1400 fs between the 

two pulses. The average electron temperature goes down when the delay is further 

increased. So the 1400 fs delay that optimises the number of outer ionised electrons 

(see Figure 6-7) also provides the most efficient laser energy transfer to the electrons 

emitted from a Xe5056 cluster.  

The sequence of three pulses with delays Δτ1 = 1060 fs and Δτ2 = 150 fs 

between the first and second pair of pulses provides electrons that are characterized 

by an average electron temperature of 270 eV, which compares favourably to the 

optimal two-pulse sequence. We note also that for any considered laser pulse shape 

the single-peaked structure of electron kinetic energy distributions remains 

unaffected. Qualitatively similar results were observed experimentally in [37] for 

slightly larger clusters. 

Asymptotic electron angular distributions are given in Figure 6-8b. The 

distributions are normalized to the number of electrons emitted from the cluster and 

are shown for the same conditions as in Figure 6-8a. For all pulse shapes 

quantitatively similar electron angular distributions are observed with the majority 

of electrons being ejected along the laser polarization axis. We have also observed 

that electrons that leave the cluster after the first peak in a two-pulse sequence have 

angular distributions equivalent to the ones acquired after the second laser peak. Our 

observation that the electron angular distribution is peaked along the laser 

polarization axis is consistent with earlier experimental results for larger Xe clusters 

[37]. 

 

Our simulations predict that for selected combinations of the cluster size, the 

laser intensity and the laser wavelength the ionisation may be optimised by a three-
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pulse sequence involving both enhanced ionisation and resonant driving of the 

collective electron oscillations. We have observed that altering the conditions of the 

laser-cluster interaction (for example, an increase of the laser intensity) can simplify 

the dynamics, so that only one mechanism remains involved. This may be the reason 

why the optimal-control experiments presented in Chapter 5 and in ref. [102] 

observed a two-pulse sequence as the optimal pulse shape for the production of 

highly charged ions and X-ray photons: both experiments were performed with 

larger clusters and at higher intensities, and moreover made use of samples 

containing a broad cluster size distribution. Quantitative verification of our results 

requires an experiment on size-selected clusters, where the efficiency of laser energy 

coupling into a cluster of a given size can be measured as a function of applied pulse 

shapes and the mechanisms of laser-cluster energy transfer can be determined 

experimentally. 

 

6.6. Towards an experiment on size-selected clusters. 
 

Generation of rare-gas cluster beams is based on the expansion of a dense 

gas through a nozzle into a vacuum or a region of small pressure. As a result, the 

random thermal energy is converted into the directed kinetic energy, the temperature 

of an expanding gas drops strongly and the gas becomes supersaturated leading to 

formation of liquid or solid density droplets, or clusters, bonded by van der Waals 

forces. This method of cluster formation can be realised in a pulsed regime, which 

leads to formation of a dense target as well as allows synchronisation with the laser.  

The mean cluster size produced via gas expansion in vacuum depends on the 

gas backing pressure, the initial gas temperature, the gas species and the geometry of 

the nozzle. In order to estimate the average cluster size N as a function of 

experimental conditions, Hagena introduced an empirical parameter Γ [124], which 

also characterises the onset of clustering in a gas jet: 
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where d is the jet throat diameter in μm; α is the jet expansion half angle (α=45° for 

a sonic expansion, but it can be much smaller for a supersonic expansion), p0 is the 

backing pressure in mbar, T0 is the initial gas temperature, and k is an empirical 

constant that depends on the atomic species (k = 5500 for Xe, 2890 for Kr, 1650 for 

Ar, 185 for Ne and 3.85 for He [134]). Most studies show that clustering begins 

when the Hagena parameter Γ >1000. Large clusters (>104 atoms per cluster) 

predominate when Γ >5×104. For example, in the experiment described in Chapter 5 

for the values of parameters used (d = 500 μm, α = 45°, T0 = 300 K and p0 = 6 bars) 

we estimated that Γ = 1.4×104 and N = 1.6×104 for Xe gas.  

The Hagena scaling suggests that clustering is more significant for heavier 

noble gases such as Xe and Kr (large values of the constant k). The scaling also 

indicates that larger clusters can be produced with more narrow nozzle (smaller 

opening angle) and higher backing pressure. Using these parameters we can to some 

extent control the average size of the clusters produced. Experimentally the average 

cluster size in the jet can be determined by performing Rayleigh scattering 

measurements [39, 135]. However both the Hagena formula and the scattering 

technique only provide information on the average size of the clusters, whereas 

cluster size distribution remains unknown. In the meantime the width of this 

distribution can be as large as 100% [136].  

 Wide cluster-size distribution commonly used in practice is the major 

problem for the direct quantitative comparison between experiment and theory. First 

of all, since theoretical models and numerical simulations consider a single cluster 

size, an adequate comparison requires averaging over the cluster-size distribution. 

Such averaging is computationally too demanding and moreover the exact shape of 

the distribution is unknown. Furthermore, as we have seen in our simulations, 

variation of the cluster size by a relatively small amount can have a significant effect 

on the dynamics of the cluster expansion and consequently on the resonant effects of 
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laser energy coupling into a cluster. Therefore, a size effect observed in the 

simulations can be significantly reduced in the experiment. Finally, experiments on 

rare-gas clusters dealing with wide cluster-size distributions are limited to large 

average sizes, while the range of tens to hundreds atoms per cluster remains 

inaccessible.  At the same time the results of experiments on small clusters could be 

directly compared to the predictions of the enhanced ionisation model for clusters 

[106], which so far has not been tested experimentally. The above-mentioned 

considerations demonstrate the need for experimental results on selected cluster 

sizes. 

 

 

Figure 6-9. A schematic of a VMIS assembly modified for detection of high-energy 
ions and electrons resulting from the interaction of size-selected clusters with 
intense laser fields.  

 

Figure 6-9 shows a schematic of our experimental set-up for performing 

experiments on size-selected clusters. The set-up consists of a VMIS assembly 

modified for detection of high-energy electrons expected from interaction of clusters 

with intense laser fields and involves two synchronised lasers for size-selection and 

for cluster fragmentation, respectively. A cluster jet was formed by expansion of 
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Xenon under a backing pressure of 3 bars into vacuum through the supersonic 

nozzle used in the experiments described in Chapter 5 According to Hagena scaling 

the estimated average cluster size was N = 3×103. The cluster beam was pulsed at a 

repetition rate of 12.5 Hz with a pulse duration of 250 μs, which kept the pressure in 

the interaction chamber around 10-7 mbar during experiments, while the background 

pressure remained on the order of 10-8 mbar.  

A cluster beam containing a broad size distribution entered the VMIS 

between the first and the second electrodes in the direction perpendicular to the 

spectrometer axis, where it was crossed at a right angle with the first laser beam. 

This beam delivered vacuum-ultraviolet (VUV) radiation at 118 nm, which was 

obtained by generating the third harmonic of a YAG laser operating at 355 nm 

(typically 5-10 ns pulse duration, 30 mJ/pulse) in a cell filled with xenon. The 

resulting photon energy of 10.5 eV allows single-photon ionisation of all neutral 

xenon clusters containing more than 12 atoms per cluster [137]. The singly charged 

clusters were accelerated towards the detector in a strong electrostatic field created 

between the first two electrodes, and consequently were spatially and temporally 

separated.  

Interaction of singly charged clusters with a femtosecond infrared (IR) laser 

occurs between the second and the third electrodes of the VMIS. We note that any 

clusters, which remained neutral after the interaction of the cluster jet with the VUV 

radiation, cannot reach the interaction region with the IR laser, since the electrostatic 

field applied between the first and the second electrodes does not affect them. By 

changing the delay between the VUV and the IR lasers we can selectively choose a 

single cluster size which would experience the interaction with the IR laser. The 

cluster fragments resulting from the interaction with the IR laser are projected onto 

the MCP and their properties are monitored with time-of-flight (TOF) or VMI 

techniques. The voltages on the second and the third electrodes can be adjusted in 

order to obtain the optimal conditions for imaging, whereas the fourth, shaped 

electrode is designed in order to confine the trajectories of high-energy electrons on 

the detector.  
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In the imaging regime of VMIS significant kinetic energies of cluster 

fragments expected from intense laser-cluster interaction should allow us to 

distinguish the contribution of fragments from the close-to-zero-energy 

contributions of the parent clusters and the background created by the IR laser. In 

the TOF regime, however, detection of the ionic fragments from a selected cluster 

size can be obscured by the signal from the parent singly charged clusters of 

different sizes and by background ions resulting from the IR laser. For this reason, in 

order to observe the ionic fragments of a selected cluster size in the TOF regime we 

set equal voltages on the second and the third electrodes, so that the ions created by 

the IR laser from background atoms with zero initial kinetic energy cannot reach the 

detector, and second, we perform a subtraction of the TOF traces recorded with the 

single VUV laser from the traces recorded when both the VUV and the IR lasers are 

present.  

 

Figure 6-10. A TOF trace recorded with a single VUV laser interacting with a 
neutral cluster jet. The TOF spectrum shows presence of singly charged ions +

NXe  
with N = 1 – 58. 

 

Figure 6-10 shows an ion TOF trace recorded with a single VUV laser 

interacting with a neutral cluster jet. The following voltages were applied to the 
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electrodes: V1 = 12.5 kV, V2 = 5 kV, V3 = 5 kV, V4 = 5.05 kV. The TOF spectrum 

shows the presence of singly charged ions +
NXe  with N = 1 – 58. Higher masses at 

longer TOF cannot be detected due to limited detection efficiency of the detector. 

The pronounced peak at N=55 corresponds to the magic number of atoms required 

for complete-shell icosahedra [138]. As mentioned earlier one-photon absorption at 

118 nm can only ionise clusters containing more than 12 atoms. Therefore the 

appearance of lighter ions in the TOF regime must be due to dissociation of larger 

clusters, whose absorption cross-section might be sufficiently large for absorption of 

an additional photon.  

 Interaction with a selected cluster size can be directly monitored in the TOF 

spectrum by choosing an appropriate delay between the VUV and the IR lasers. The 

left panel in Figure 6-11 shows depletion of the signal from +
19Xe  due to 

fragmentation of this particular cluster size with the IR laser when the delay between 

the lasers is set for 1.65 μs. The signal of the neighbouring cluster sizes remains 

unaffected. Visualisation of small ionic fragments resulting from the interaction of 
+
19Xe  with the IR laser is achieved via subtraction of the signal obtained with the 

single VUV laser from the signal obtained with both the VUV and the IR lasers. 

Depletion of the +
19Xe  peak in the right panel in Figure 6-11 appears as a positive 

signal, whereas the negative signal in this representation corresponds to the new 

fragments resulting from the interaction of +
19Xe  with the IR laser. According to the 

calibration of the TOF spectrum the observed fragments are singly charged ions 

containing up to three xenon atoms. No ions with higher charge-states could be 

observed. This indicates that the experiment was performed at low IR laser intensity 

leading to fission of the parent clusters into smaller neutral and singly charged 

fragments. Our results are consistent with a recent observation of singly charged 

fragments resulting from interaction of medium-sized clusters with an IR laser at the 

intensity of 3.6×1013 W/cm2 [139]. Analysing the velocity distributions of the 

observed fragments the authors concluded that the fragmentation mechanism 

involves a process of indirect double ionisation with the formation of an excited 
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singly charged ion, followed by relaxation and charge transfer by auto-ionising 

collision, which leads to a Coulomb explosion and fission of the cluster into two 

singly charged fragments. 

 

 
Figure 6-11. A TOF spectrum recorded with the IR laser coming 1.65 μs after the 
VUV laser: (a) depletion of the signal from +

19Xe  due to fragmentation of this 
particular cluster size with the IR laser; (b) subtraction of the signal obtained with 
the single VUV laser from the signal obtained with both the VUV and the IR lasers. 
Depletion of the +

19Xe  peak appears as a positive signal, the negative signal 
corresponds to small singly charged fragments resulting from the interaction of 

+
19Xe  with the IR laser. 
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The experiment developed and initiated in our present work has a high 

potential for further progress. First of all, observation of high-intensity laser-cluster 

interaction with production of highly charged ions must be possible under our 

experimental conditions. This requires a fine adjustment of a spatial overlap between 

the focus of the IR laser and the singly ionised cluster jet. In its turn, the singly 

ionised cluster jet has to form a dense target for the the interaction with the IR laser.  

 
Figure 6-12. A TOF spectrum of a propylene molecule C3H6 ionised with the VUV 
laser. The light fragments containing a single Carbon atom result from 2-photon 
ionisation. 
 

In other words, the singly charged clusters must originate from the focus of the 

VUV laser, which is not trivial, since single-photon ionisation of clusters may occur 

anywhere within the focal volume. We have made an important step towards the 

solution of this problem. Replacing the jet of Xenon clusters with a jet of propylene 

molecules C3H6 (IP=9.73 eV) we have managed to observe 2-photon ionisation and 

fragmentation of the molecule with the VUV laser (Figure 6-12). Non-linearity of 

the process allows us to accurately determine the overlap of the VUV focus with the 
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gas jet and ensure formation of a dense target for the interaction with the IR laser at 

the next step. 

Implementation of the VMI technique will allow observation of ion charge-

state distributions as well as ion and electron momentum distributions. Measuring 

the properties of fragments resulting from the high-intensity fragmentation of a 

selected cluster size as a function of the laser pulse shape one can directly compare 

the experimental observations to the results of numerical modelling and therefore 

determine the mechanism of laser-cluster interaction. 

 

6.7. Conclusion. 
 

In conclusion, we have presented numerical simulations of cluster ionisation 

by intense shaped laser pulses. We have shown that the interaction of XeN (N = 108-

1524) clusters with an intense laser pulse is governed by two special instants of time 

when the conditions for laser energy absorption in the cluster are most favourable. 

The mechanisms that are operative at these moments are enhanced ionisation and 

resonant driving of collective electron oscillations, the former having its origin in 

intense field interactions of small molecules, and the latter in plasma physics. Our 

results thus show how the physics of clusters in intense laser fields evolves from 

dynamics of small molecules and provide insight into the onset of collective effects 

when increasingly large clusters are studied.  

 Furthermore, we have demonstrated a possibility of performing an 

experiment on size-selected clusters. An original experimental set-up has been 

developed and the first results demonstrate a high potential for studies of strong 

laser interactions with a single cluster size, which will allow verification of the 

proposed mechanisms of the efficient laser-cluster energy coupling. 
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SUMMARY 
 

 

This thesis describes experimental and theoretical studies on the interaction 

of strong infrared laser fields with atoms and atomic clusters. The thesis is divided 

into three parts. 

Part I contains a single Chapter 1, which gives an introduction to the physics 

of strong-field and multiphoton phenomena and provides an overview of the main 

strong-field phenomena observed in atoms, molecules and clusters. Furthermore, 

Chapter 1 describes the state-of-the-art in strong-field science and sets the scene for 

the future progress towards the fundamental control of matter in space and time. 

Part II, consisting of Chapter 2 and 3, is devoted to the phenomenon of 

above-threshold ionisation (ATI) in rare-gas atoms, which since its discovery in 

1979 became the first experimental manifestation of strong-field light-matter 

interactions and has remained an active subject of research ever since.  

Chapter 2 gives an overview of the major aspects of atomic ATI, crucial for 

shaping of the modern understanding of this phenomenon, and highlights the open 

questions in the field, which are addressed in Chapter 3 of this thesis. 

Chapter 3 describes the experimental results on ATI in Xenon and Argon in 

a wide range of laser wavelengths from 600 to 800 nm and from 1200 to 1600 nm. 

Photoelectron momentum spectra recorded with an imaging spectrometer are 

carefully reproduced in TDSE calculations. We have established the dominance of 

resonance-enhanced ionisation mechanism in the visible frequency range over a 

wide range of laser intensities both in the multiphoton and in the tunnelling regimes. 

In addition we have observed and investigated two characteristic contributions in the 

electron momentum spectra, which have attracted a lot of attention within the last 

two years and whose origin so far remained an open question. Preliminary analysis 

of these patterns has been carried out and general trends on their evolution with the 

laser wavelength and laser intensity observed in our experimental data as well as in 

the TDSE calculations over a broad range of parameters are investigated and 

described in detail. 
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Part III of this thesis, consisting of Chapter 4, 5, and 6, is devoted to the 

interactions of strong laser fields with rare-gas clusters, which both offer a wealth of 

interesting physical phenomena and are invaluable as a model system at the 

transition from atoms to large and complex structures such as bio-molecules and 

nanoparticles. 

Chapter 4 gives an overview of the major experimental observations in the 

physics of clusters interacting with femtosecond infrared (800 nm) lasers, describes 

briefly the principal theoretical models of laser-cluster interaction for increasing 

cluster sizes and touches upon the current trends in the research on the interaction of 

clusters with new light sources in the XUV regime. 

Chapter 5 describes the results of optimal-control experiments and 

calculations on the production of highly charged ions in intense laser field 

irradiation of large xenon clusters. We have observed both experimentally and 

numerically that there exists a specific time when the laser field is most efficiently 

coupled to the electrons in the cluster, and have observed in our numerical 

simulations that the optimised pulse shape maximises the efficiency of resonant 

cluster heating. 

Chapter 6 describes the results of numerical simulations of medium-sized 

xenon clusters interacting with intense shaped laser pulses under control of a genetic 

algorithm and provides a detailed analysis of the mechanisms of cluster ionisation 

under various conditions. We have identified the influence of several mechanisms in 

the optimal cluster explosion having their origin in molecular and plasma physics. 

Our results thus show how the physics of clusters in intense laser fields evolves from 

dynamics of small molecules and provide insight into the onset of collective effects 

when increasingly large clusters are studied. Furthermore, we have demonstrated a 

possibility of performing an experiment on size-selected clusters, which will allow 

verification of the proposed mechanisms of the efficient laser-cluster energy 

coupling. 
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SAMENVATTING 
 

 

Dit proefschrift beschrijft een experimentele en theoretische studie naar de 

invloed van sterke laservelden in het infrarode gebied op atomen en atoomclusters. 

Het is onderverdeeld in drie delen.  

Deel I (hoofdstuk 1) geeft een inleiding tot de fysica van sterke-velden en 

multifoton verschijnselen die optreden wanneer atomen, moleculen of clusters zich 

in intense laser-velden bevinden. Tevens wordt in hoofdstuk 1 de huidige stand van 

de sterke-velden wetenschap samengevat en blikt het vooruit naar een toekomstige 

fundamentele controle van materie in ruimte en tijd.   

Deel II (hoofdstuk 2 en 3) is gewijd aan de zogenaamde above-threshold-

ionisation (ATI) in edelgassen. Sinds de eerste observatie van interacties tussen licht 

en materie in sterke velden in 1979, heeft deze tak van wetenschap veel 

belangstelling gekregen.  

 In hoofdstuk 2 worden de belangrijkste aspecten van ATI in atomen 

beschreven, die cruciaal zijn voor het hedendaagse begrip van dit fenomeen. 

Daarnaast worden de huidige open vragen in dit gebied omschreven, die verder in 

hoofdstuk 3 worden behandeld. 

 Hoofdstuk 3 beschrijft experimentele resultaten van ATI in Xenon en Argon 

die behaald zijn met lasergolflengtes tussen de 600 en 800 nm en tussen the 1200 en 

1600 nm. Foto-electron spectra die opgenomen zijn met een imaging spectrometer 

zijn zorgvuldig gereproduceerd met time-dependent Schrödinger equation (TDSE) 

berekeningen. We hebben de dominantie van het resonance-enhanced ionisation 

mechanisme in het zichtbare frequentie gebied vastgesteld bij tal van laser 

intensiteiten, zowel in het multifoton en in het tunneling regime. Daarnaast hebben 

we 2 karakteristieke bijdragen in de  electron momentum spectra waargenomen en 

nader onderzocht. Deze waarnemingen hebben in de afgelopen 2 jaar veel aandacht 

gekregen van de wetenschappelijke gemeenschap en de oorsprong van deze 

bijdragen is tot heden een open vraag. We hebben een voorlopige analyse van deze 

patronen uitgevoerd en de algemene tendens hoe deze evolueren met laser-
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golflengte en intensiteit in de data en in de TDSE berekeningen, zijn onderzocht en 

in detail beschreven.  

 Deel III van dit proefschrift, bestaande uit hoofdstuk 4,5,6 is gewijd aan de 

interactie van intense laser velden met  clusters van edelgasatomen. Deze systemen 

vertonen een varieteit aan interessante fysische verschijnselen en zijn daarnaast zeer 

waardevol als model systeem tussen de transitie van atomen naar grote en complexe 

structuren, zoals biomoleculen en nanodeeltjes.  

 Hoofstuk 4 geeft een overzicht van de belangrijkste experimentele 

observaties wanneer clusters blootgesteld worden aan femtoseconde laserpulsen in 

het infrarode gebied (800 nm)  en beschrijft kort de voornaamste theoretische 

modellen voor laser-cluster interacties voor toenemende cluster-groottes. De huidige 

trends in het onderzoek naar interactie van clusters met nieuwe lichtbronnen in het 

extreem-ultraviolet (XUV) gebied, worden kort besproken.  

 Hoofdstuk 5 beschrijft de resultaten van optimal-control experimenten. 

Daarnaast worden berekeningen aan de vorming van meervoudig geladen ionen, 

wanneer grote xenon clusters blootgesteld worden aan intense laser-velden, 

besproken. We hebben gezien, zowel experimenteel als numeriek, dat er een 

specifieke tijd bestaat waar het laserveld het meest efficient koppelt aan de 

electronen in het cluster. Numerieke simulaties hebben daarnaast laten zien dat een 

geoptimaliseerde puls-vorm de efficientie van resonante cluster heating 

maximaliseert.  

 Hoofdstuk 6 beschrijft de resultaten van numerieke similaties, wanneer 

gemiddeld grote xenon clusters interacteren met intense laser pulsen, waarvan de 

pulsvorm gecontroleerd wordt door een genetisch algoritme. Daarnaast wordt er een 

gedetailleerde analyse gegeven van de mechanismes waarmee clusters ionizeren 

onder verschillende omstandigheden. We hebben de invloed van verschillende 

mechanismes, die hun oorsprong hebben in de moleculaire en plasma fysica, op de 

optimale cluster explosie bepaald. Onze resultaten laten zien hoe de fysica van 

clusters in intense laser velden vanuit de dynamica van kleine moleculen  evolueert 

en geeft inzicht in het begin van collectieve effecten wanneer steeds grotere clusters 

worden bestudeerd. Verder demonstreren we de mogelijkheid voor het uivoeren van 
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een experiment waarin de grootte van clusters geselecteerd kan worden, wat de 

verificatie van de voorgestelde mechanismes van de efficiente laser-cluster energie-

koppeling, toelaat.  
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