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1. INTRODUCTION

Since the invention of chirped pulse amplification of femtosecond laser systems,
intensities over 1015 W/cm2 are readily available [1, 2]. These intensities cor-
respond to electric field strengths of over 109 V/cm, producing forces that are
comparable to the forces that bind matter. Femtosecond lasers are therefore a
promising tool for the precise manipulation of atomic forces with little energy
per pulse. For instance, to reach the intensity mentioned above, a pulse of only
10 µJ at 800 nm and a pulse duration of 100 fs has to be used with an f# = 2
(f# is the f-number) optic. There are however complications in the theoretical
description of strong-field processes at these high intensities: the correction to
the energy levels by the dynamic Stark shift and the failure of the perturba-
tive approximations. For a system with a polarizability of e.g. 4 Å3 (Xenon)
the dynamic Stark shift leads to a correction to the energy levels of more than
100 meV relative to the field free Eigenstates. This means that during every
optical period, all Eigenstates will move up and down by more than 100 meV.
Perturbation theory, where the field is assumed to have little influence on the
system, becomes inapplicable. Highly nonlinear interactions have to be taken
into account and alternative theories to describe strong-field processes had to
be developed [3, 4, 5, 6, 7]. Strong-Field Ionization (SFI) is traditionally de-
scribed for two limiting cases [8, 9, 10]: MultiPhoton Ionization (MPI) and
tunnel ionization. In the MPI regime, the system absorbs an integer number of
photons until the ionization energy is exceeded (vertical arrows in figure 1.1). A
simplified tunnel ionization picture can be understood as a barrier suppression
ionization (BSI) mechanism as depicted in figure 1.1 [9, 11]: the system with
a Coulomb potential (dotted line) interacts with the laser field (dashed line),
resulting in a distorted Coulomb potential. The distortion of the potential by
the laser field leads to the formation of a barrier (solid line). By increasing
the laser field sufficiently, the barrier can be suppressed until the electron can
escape classically over the top of the barrier (horizontal arrow in figure 1.1).
Quantum mechanically, an electron can penetrate through this barrier by tun-
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Fig. 1.1: The process of tunnel ionization can be understood by considering the inter-

action of the laser field (dashed line) and the potential of the system (dotted

line). The result is a distorted potential (solid line) where the electron can

quantum mechanically tunnel through the barrier or classically escape over

the top of the barrier (horizontal arrow). Distinguishing tunnel ionization

from the Multi Photon Ionization (MPI) process where an integer number

of photons is absorbed to exceed the ionization potential (vertical arrows),

is based upon the Keldysh parameter (see text for details).

neling before it is fully suppressed. In order to distinguish between the MPI
and tunneling regimes, the theoretical description by Keldysh can be used as
a first indication [4]. The Keldysh adiabaticity parameter (γ) is defined as the
ratio of the tunneling time and the laser period, i.e.

γ =
tunneling time
laser period

. (1.1)

When γ À 1, the tunneling time is larger than the laser period such that
the electric field will change direction while the electron is still underneath the
barrier. Therefore, tunnel ionization is completely suppressed and ionization
takes place in the MPI regime. For the other limiting case, where γ ¿ 1,
ionization takes place in the tunneling regime 1.

Experimental studies on SFI of noble gas atoms and molecules have led to
the discovery of many exciting highly nonlinear phenomena:

Recollision After an electron has been removed from a (noble gas) atom,
it will move away from the ion, still under the influence of the laser field. When

1 Most measurements in this thesis take place at intensities where γ ∼ 1 or γ ¿ 1 for the

specific systems, and therefore the dominating process in the SFI measurements occurs in

the tunneling regime. In the modeling of the experimental results the MPI contribution is

therefore neglected.
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the electric field changes direction, the electron will be decelerated and turned
around. Under certain conditions, the electron can collide with the ion and
remove a second electron: recollision ionization [12]. It is possible to use the
electron as a probe in a time resolved experiment, where the time resolution is
now less than half an optical period [13]. Instead of removing a second electron
during the interaction with the ion, the kinetic energy of the returning electron
can also be converted into a photon in the X-ray regime [14]. Using few cycle
laser pulses it is in principle possible to generate single attosecond pulses [15].

Above threshold ionization Measuring photoelectron spectra in SFI
experiments has led to the discovery of above threshold ionization (ATI) [16]:
More photons are absorbed than required for ionization. Energy absorption
takes place during one optical cycle, leading to a maximum electron energy of
2 times the ponderomotive energy. Further interaction with the ion leads to
higher energies of the electron to a maximum of 10 times the ponderomotive
energy.

Coulomb Explosion By continuing to remove electrons from a molecule,
the nuclear repulsion will finally lead to an explosive dissociation process. The
spatially resolved detection of the fragments contains information about the
structure and dynamics of the parent molecule [17].

Strong-field Control Using genetic algorithms, the temporal profile of
strong laser pulses can be optimized to control (complex) chemical processes
[18, 19]. A recent experiment proposes an efficient energy deposition scheme in
C60 [20].

Dielectric Modification On a macroscopic level, the interaction be-
tween the strong laser field and bulk material will lead to the formation of a
plasma (free carriers). The subsequent interaction between the plasma and the
bulk material results in ejection of material (laser machining [21]) or in modi-
fication of the optical parameters (dielectric modification [22]). The latter can
be used to write waveguides inside dielectric materials.

1.1 Single Active versus Multi Active Electron Systems

Many theories describing tunnel ionization rely on the theory developed by
Wentzel, Kramers and Brillouin (WKB). The potential is assumed to be one-
dimensional and slowly varying, or more specifically the change in the potential
over one de Broglie wavelength is small. Since the de Broglie wavelength of an
electron tends to zero classically, WKB theory is a semi-classical approxima-
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tion. The wavefunctions are found by generalizing the results of an electron
in a constant potential, where the wavefunction ψ is given by ψ = exp i

∫
pdx.

The constant momentum p is replaced by a power series and substituted in
the Schrödinger equation. All terms that depend on the first and higher order
derivatives of the potential are now neglected, since the potential is assumed to
be slowly varying. However, the wavefunctions are only valid in the limit far
away from a barrier where the momentum differs significantly from zero. Com-
bining the two limiting wavefunctions from both sides of the barrier by matching
the derivatives using the connection formulae, yields a continuous wavefunction.
From this, a tunneling rate is obtained that depends exponentially on the area
under the barrier.

The next approximation that underlies most theories is the Single Active
Electron (SAE) approach. It is assumed that only the tunneling electron re-
sponds to the laser field and that all other electrons remain unaffected by the
field. A justification for this approach in the case of noble gas atoms will be
discussed in 1.2.

A highly successful theory to predict tunneling rates in SAE systems (noble
gas atoms) was developed by Ammosov, Delone and Krainov (ADK) [7]. An
analytical expression for cycle averaged tunneling rates was derived in terms
of the quantum numbers n, l and m of hydrogen-like systems. It requires the
Keldysh parameter to be ¿ 1 and it is based on the above approximations.
This theory is a generalization of the tunneling theory for the ground state
of the hydrogen atom developed by Perelomov et al. [3]: the ionization rates
are cycle averaged, are valid for any arbitrary state of the hydrogen atom and
include a correction for the quantum defect (δ) by replacing n with n∗ = n− δ.
Later extensions of these theories include MPI contributions and are valid for
both γ ¿ 1 and γ À 1 [23]. Other theories include the Keldysh theory [4]
and the Keldysh-Faisal-Reiss theory[5, 6]. An experimental study by Walker et
al. shows excellent agreement with ADK theory at high intensity and an SAE
numerical simulation (including MPI) predicts correctly the ionization rate over
12 orders of magnitude in signal [8].

Molecules are inherently Multi Active Electron (MAE) systems and intro-
duce many complications in the description of strong-field processes. Molecules
have a certain shape and ionization can be different along each of the axes of the
molecule. Alignment effects of the molecule with respect to the applied laser
field can influence the ionization behavior drastically [24]. Furthermore, the ex-
tended geometry of molecules yields a more complex potential than the atomic
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Coulomb potential. Also, typical timescales of the electron motion within the
potential can become larger than the laser period and lead to non-adiabatic
behavior. Finally, molecules consist of two or more nuclei that can move during
the ionization process. This can influence the ionization dynamics and can lead
to fragmentation. Although no unifying theory is currently available to describe
the ionization dynamics of molecules in strong laser fields, many theoretical and
experimental studies are available.

Molecular Keldysh Parameter When the width of the molecular po-
tential becomes larger, the effect of the laser field on the height of the barrier
is increased. A theoretical modification of the Keldysh parameter is proposed
and an increase in the tunneling rate is predicted [25].

Non-adiabatic Dynamics The increase of the width of the barrier
will increase the density of states and can lead, irrespective of the (modified)
Keldysh parameter, to non-adiabatic transitions [26, 27].

Enhanced Ionization Due to processes like bond softening or simply
nuclear repulsion of charged parts of the molecule, the nuclei can move apart
during ionization process. Because of the separation, the barrier is suppressed
further, but at the same time a barrier in between the two nuclei is formed. At
a critical distance, the combination of the two barriers is such that tunneling of
a localized electron from one side of the potential is enhanced [28].

Plasmon Resonance When several electrons are removed from a cluster
of atoms, the nuclear repulsion will lead to an expansion of the cluster and at the
same time, a decrease in the plasmon resonance frequency. When this frequency
reaches the laser frequency, the cluster will explode and produce highly charged
ions [29].

Taking the above processes into account, one might expect to find that
molecules are easier to ionize than noble gas atoms of similar IP’s. The contrary
is true: two extensive studies by Hankin et al. [30, 24] and Lezius et al. [26, 27]
showed for a large class of conjugated organic molecules, that tunneling rates
are smaller than expected from ADK theory. A similar effect is observed in the
damage threshold of surfaces [31] and in some diatomic molecules [32].

The origin of this suppression of ionization is the topic of this thesis and will
be addressed in the next section.
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a) b)

Fig. 1.2: In a Multi Active Electron (MAE) system, all electrons will respond to the

laser field by a collective motion towards one side of the potential (a). The

effect is a dynamic polarization and therefore an increase in the height of the

barrier (dashed line) relative to a potential (solid line) where this polarization

is ignored (b). As a result, Strong-field Ionization (SFI) in MAE systems is

suppressed.

1.2 Dynamic Screening in Multi Active Electron Systems

When an MAE system is placed in a strong laser field, not only the tunneling
electron, but all electrons will respond to the laser field. A full calculation,
taking into account all electron correlations, to obtain the true potential of a
MAE system in a strong laser field, is presently not possible [33, 34]. Qualita-
tively, the effect of the response of all electrons to laser field is a polarization
of the system by a joint motion of the electrons to one side of the potential.
Equivalently, the result of this motion will lead to a change in the barrier the
electron has to tunnel through, as can be seen in figure 1.2. The response of
all electrons (see figure 1.2a) result in a boost of the barrier (or a screening of
the laser field) as shown in the schematic representation of the potential in an
electric field (see figure 1.2b). Using classical electrodynamics, an approximate
potential can be obtained that an escaping electron feels during the ionization
process. The remaining ion is simulated as a singly positively charged conduct-
ing sphere in the presence of a static electric field. In figure 1.2b the potentials
are shown by including and omitting the field induced polarization. It can be
seen clearly that by including the polarization effect (the response of all elec-
trons), the barrier is raised and the escaping electron has to penetrate a higher
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barrier. It is for this reason that ionization is suppressed in MAE systems.
The suppression of ionization by dynamic screening is an effect of importance

in most molecular systems. However, different explanations for the suppression
of ionization in specific systems with a special symmetry, have been proposed.
All these studies are based on quantum interference effects in systems where
due to the symmetry, an effective destructive interference exists between the
subwaves of the ejected electron [32, 35, 36]. However, these theories are only
applicable to very few systems of a specific symmetry and therefore do not
explain the general observation of the suppression of ionization in MAE systems.

At this point it is worth mentioning a long-standing problem why noble
gas atoms behave like SAE systems with respect to SFI. One argument, briefly
sketched by Lambropolous [10], involves the difference in electronic structure
between noble gas atoms and many molecular systems. An MAE response in
the SFI of noble gas atoms would require excitation of two or more electrons.
Since doubly excited states in noble gas atoms lie well above the first ioniza-
tion potential, these excitations are unlikely to happen during the removal of
the first electron. More rigidly, in this thesis it is argued that the effect of a
MAE response is a polarization of the system that results in a screening of the
laser field and therefore a suppression of ionization. To understand the MAE
nature of the ionization process, the contribution of a MAE response to the
polarizability has to be considered. Since the contribution to the polarizability
of electronically excited states is inversely proportional to their energy distance
from the ground state, consideration of the energy gaps between multiple ex-
cited states and the ground state is important. In noble gas atoms, these energy
gaps are very large and little contribution from multiply excited states to the
polarizability is anticipated, resulting in an effective SAE response with respect
to SFI.

1.3 Outline of the thesis

Traditionally, Single Active Electron (SAE) theories have been used to obtain
lower limits of Strong-field Ionization (SFI) rates. Although this seems to be
justified in the case of noble gas atoms, not very surprisingly the SAE theories
have been shown to fail dramatically when applied to systems with many elec-
trons, e.g. molecules. Unfortunately, no theoretical calculations are available
for Multi Active Electron (MAE) systems. In this thesis a qualitative model
is presented that explains the observed behavior of MAE systems and detailed
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results are provided that can be used as test cases in the development of new
quantitative MAE theories. First, relatively simple prototype systems with
many equivalent electrons (i.e. a strong MAE character) are studied: transi-
tion metal atoms. Next, the clusters of the transition metal atoms are studied,
where the complexity of the system can be varied by increasing or decreasing
the number of atoms per cluster.

All measurements of this study take place in the gas phase and the ion yield
as a function of the laser intensity is measured. The method for the data analysis
as well as the vacuum and laser setup are presented in chapter 2. The detailed
design of a novel kilohertz laser ablation source to bring the metal atoms into
the gas phase is discussed in chapter 3. The source operates at a 50 times
higher repetition rate (or more) than existing sources, making the elaborate
experiments of this study feasible. Test results of the source are presented for
the ablation of one of the transition metals (niobium), as well as for the laser
desorption of a biologically relevant molecule (Guanine).

The atomic beam of the kHz laser ablation source is first used in chapter
4 to study the SFI of Vanadium (V), Niobium (Nb), Tantalum (Ta), Nickel
(Ni) and Palladium (Pd). Saturation intensities, that can be used as a first-
order indication of the “ease” of ionization, have been obtained. Further data
analysis yielded the absolute ionization rates that can be compared directly
to numerical simulations. First, the results are (naively) compared to SAE
theories, since no full calculations are presently available that take all electron
interactions during the SFI process into account. Next, a simplified but limiting
model is provided (tunneling out of Zero Range Potential: ZRP). Results of a
qualitative Time-Dependent MultiConfigurational Hartree-Fock (TD-MCHF)
one-dimensional theory that are published elsewhere, are briefly reproduced.

In order to study the strong-field dynamics of the transition metal clusters,
the source conditions were slightly modified to favor cluster production. Clus-
ters bridge the gap between atomic and solid-state phenomena and allow to
study the SFI dynamics of systems with growing complexity. A quantitative
classical model (Conducting Sphere Model: CSM) is proposed that takes the
MAE effect into account as the polarizability of the system. The properties of
small metal clusters can differ drastically from predictions by classical theories,
but generally, when the clusters are growing larger, their properties converge to
bulk behavior. By studying the ionization behavior as a function of the num-
ber of atoms per cluster, polarization effects in the SFI process can be studied
systematically. In chapter 5, saturation intensities for the charge states z = 1
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and z = 2 are presented for the clusters of the transition metals V/Nb/Ta and
Ni.

Finally, in the appendix (chapter 6) two short Letters that are based on part
of the work of this thesis, are presented in their original form as published in
the scientific journal ”Physical Review Letters”.
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2. METHOD

In this thesis, absolute ionization rates as a function of intensity for several
transition metal atoms and a measure of the “ease” of ionization (the saturation
intensity) for the atoms and small clusters have been measured. Conventional
methods to study strong-field ionization processes use a tight laser focus and
sample over the entire focal volume. In order to compare different experiments
with each other and experiments with theory, it is necessary to obtain ionization
efficiencies, absolute ionization rates and saturation intensities. Generally, this
requires knowledge of experimental parameters that cannot always be obtained
easily, like instrument sensitivity, concentration of the neutral species in the
molecular beam, and absolute laser intensities. Therefore, relative ionization
rates are often measured and compared to other experiments and theory by
(arbitrary) scaling or alternatively, numerical integration over the irradiation
volume is required. Furthermore, by integrating over the entire focal volume,
subtle features of the ionization process that are very sensitive to the intensity,
may be washed out. Examples are Ramsey oscillations [37, 38] and popula-
tion trapping [39]. In this chapter an approach is described that defines the
saturation intensity (ISat), circumvents the requirement of knowledge of many
experimental parameters, and does not obscure any subtle features. Hereto an
analytical expression of the intensity dependence of the ion signal is derived.
Next, a method is described to retrieve absolute ionization rates from the exper-
imental data. Finally, realization of the method is described and the intensity
calibration is presented.

2.1 The Saturation Intensity and Absolute Ionization Rates

In this study a method is employed that was developed by Rayner and co-
workers [24] and is similar to the approach used by Van Woerkom [40, 41]
and Uiterwaal [42]. A slit of approximately 1/3 the size of the Rayleigh range
is placed perpendicular to the laser propagation direction, so that integration
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l
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a) b)

Slit r

dr

l

z

Fig. 2.1: By placing a slit, narrower than the Rayleigh range, an axially symmetric

parallel beam geometry is obtained that simplifies the integration of the ion

yield over the laser focus (a). Integration has to be carried out over the

volume elements defined by the length l and radius r of the cylindrical parts

of the laser focus (b).

is constant over the z -direction (see figure 2.1a). An effective parallel axially
symmetric beam is obtained that allows to derive an analytical expression of
the intensity dependence of the ion yield.

Starting with the ionization process with rate W (I),

A
W (I)−→ A+ + e− (2.1)

the concentration [A+] can be obtained using first order kinetics.

−d[A+]
t

= W (I)[A] (2.2)

For a volume element dV = 2πrldr with radius r and length l as displayed in
figure 2.1b, the ion signal dS is given by

dS = α2πrcl

(
1− e

−
∫∞
−∞

W (I(r,t))dt
)

dr (2.3)

where α is the instrument sensitivity and c is the concentration of neutral
species. The ionization rate w depends on the intensity I(r,t) at radius r and
time t. For a temporal beam profile f(t) and a Gaussian laser radial intensity
profile Ir = I0 × exp(−r2/R2), with the peak intensity I0 and the beam waist
at the focus R, a change of variables from dr to dI leads to an expression for
the ion signal S,

S = απR2cl

∫ ∞

0

(
1− e

−
∫∞
−∞

W (Irf(t))dt
)

Ir
dIr. (2.4)
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Fig. 2.2: Under parallel axially symmetric beam irradiation, a linear dependence of

the ion signal on the logarithm of the intensity is predicted for any highly

nonlinear ionization process. The saturation intensity is defined as the in-

tercept of this linear behavior and the intensity axis. Here the experimental

ion yield of the noble gas xenon is shown as a function of the logarithm of

the intensity and the saturation intensity is indicated.

Next, equation 2.4 is differentiated with respect to d ln I0 to obtain

dS

d ln I0
= απR2cl

(
1− e

−
∫∞
−∞

W (I0f(t))dt
)

(2.5)

At high intensity the term e
−

∫∞
−∞

W (I0f(t))dt
becomes ¿ 1 and the slope

dS/d ln I0 becomes constant (απR2cl), i.e. at high intensity the ion signal
depends linearly on the logarithm of the intensity. The expression for this
linear dependence can be written as

S = απR2cl(ln I0 − ln Isat) (2.6)

The intersection of this line and the intensity axis is defined as the saturation
intensity (ISat) and can be considered as a first-order indication of the relative
ease of ionization. In the next section it is explained how the absolute intensity
is obtained using an internal calibration method. The figure 2.2, shows the
experimental ion yield of xenon versus the logarithm of the intensity. The
linear dependency at high intensity is extrapolated to the intensity axis and the
saturation intensity is indicated.
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As an example, the tractable case of a multiphoton ionization process is
considered that further clarifies the method for the situation that the exact
expression for W (I) is unknown. Carrying out the integration in equation
2.4 for a square temporal pulse profile of duration τ and an ionization rate
W (I) = σnIn, with σn as the n-photon cross section, yields

S =
απR2cl

n
[E1(σnIn

0 τ) + ln(σnIn
0 τ) + γ] (2.7)

Here E1 is the exponential integral function and γ is Euler’s constant. In
the high intensity limit, E1 tends to 0 and the linear behavior predicted by eq.
2.6, is recovered. The expression for this linear behavior can be written as

S → απR2cl

n
(ln(σnτ) + γ) + α (2.8)

Finding the intercept of this line with the intensity axis yields an expression
for the saturation intensity

ISat = (σnτ)−1/ne−γ/n (2.9)

In the case of a multiphoton ionization process this identifies ISat as the in-
tensity at which 43 % of the molecules in a region of constant intensity are
ionized. It contains information on the order of the ionization process and the
cross-section.

To summarize, as long as the ionization rate is a nonlinear function of the
intensity, the general features of the intensity scan method in the case of an
arbitrary ionization mechanism are as follows: in the high intensity limit, the
dependency of the ion signal on the logarithm of the intensity becomes linear
with a slope of απR2cl; the saturation intensity can be found using an expression
for this linear behavior (see equation 2.6); and at ISat a fixed percentage of the
neutrals is ionized (the percentage depends on the mechanism only, but not
on any experimental details). The saturation intensity is therefore a molecular
property and can be used as a first order indication of the “ease” of ionization.
In this thesis, the intensity scan method is used to obtain saturation intensities
for vanadium, niobium, tantalum, nickel and palladium atoms (chapter 4) and
small clusters (5).

It is shown that the slope in a semilogarithmic plot of the signal versus
intensity in the limit of high intensity characterizes the combination of all ex-
perimental parameters (απR2cl). It is therefore possible to obtain ionization
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Fig. 2.3: From the data of figure 2.2 the derivatives at each intensity point are cal-

culated and using equation 2.11 absolute ionization rates can be obtained.

With this method there is no need for detailed knowledge of experimental

factors like apparatus sensitivity, focal parameters and concentrations in a

molecular beam. The solid line is the predicted ionization rate using ADK

theory, where the pulse is assumed to be a square temporal pulse of 50 fs.

efficiencies and absolute ionization rates without specifically measuring the con-
centration of the neutrals in the molecular beam, the apparatus sensitivity or
the beam waist at the focus. This makes a direct comparison possible without
numerical integration or scaling between different experiments, or between ex-
periment and theory. Writing the slope in the limit of high intensity as β∞, and
the slope at an arbitrary (lower) intensity as β, equation 2.4 can be rewritten
as

(
1− e

−
∫∞
∞

W (Irf(t))dt
)

=
β

β∞
. (2.10)

The term on the left can be recognized as the probability of ionization (P ) or
ionization efficiency (Φ). Further rearrangement leads to an expression for the
integral of the rate over the temporal profile of the pulse

∫ ∞

∞
W (Irf(t))dt = ln

β∞
β∞ − β

(2.11)

Assuming a square temporal profile, the integral simplifies to W (I)τ from
which the absolute ionization rate W (I) is obtained. In figure 2.3 the exam-
ple for the experimental data of xenon is shown. The experimental data are
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Fig. 2.4: The energies of the laser pulses are varied using a neutral density filter wheel.

The pulses are focused into a linear time-of-flight mass spectrometer. For

each individual laser shot, the energy is measured and a mass spectrum is

recorded. To guarantee the correlation between the mass spectrum and the

correct energy, a home-built voltage to time converter is used to write the

energy information at the end of the mass spectrum. Using a calibration

standard (xenon), energy is converted into intensity with an absolute error

of less than 30 %

compared to theoretical rates calculated by ADK theory [7].
When the signal-to-noise ratio of the experimental data is good enough to

obtain the slope at the high intensity limit with reasonable confidence, absolute
ionization rates can be obtained by measuring the slope at any intensity and
using equation 2.11. Alternatively, a function is fitted to the raw data in the
semilogarithmic plot of the signal versus intensity and the derivative of this
function is used to obtain the absolute ionization rates. This method will be
used in chapter 4to obtain absolute ionization rates for the atoms of vanadium,
niobium, tantalum, nickel and palladium .
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2.2 Experiment

The laser parameters are chosen as to avoid complications induced by various
forms of enhancing the ionization rates (see section 1.1): (i) the laser wavelength
is chosen in the infrared regime (1.5µm), where both the Keldysh parameter is
¿ 1 (see section 1), but also nonadiabatic dynamics of the electrons within the
potential are more likely to be avoided; (ii) the pulse duration is sufficiently
short to neglect motion of the nuclei during the laser pulse, leading to enhanced
ionization and plasmon resonances; and finally (iii) measurements are taken
at intensities around the saturation intensity, to avoid the formation of highly
charged states and eventually Coulomb explosion.

In order to obtain saturation intensities and absolute ionization rates using
equations 2.4 and 2.11, the laser intensity has to be varied while the ion yield
is measured. Since an ablation source is used for metal cluster production that
is inherently not very stable (see chapter 3), elaborate averaging is required. A
neutral density filter wheel is used to vary the laser pulse energy and is controlled
by the data acquisition computer (see figure 2.4). The laser beam intersects
the molecular beam in the mass spectrometer, where for every individual laser
shot a mass spectrum is recorded by a PCI based multichannel scaler card.
The energy of the laser pulse is obtained using an integrating sphere and a
InGaAs photodiode. A boxcar integrator is used to measure the laser energy.
It is of uppermost importance that for every individual mass spectrum, the
corresponding laser energy is recorded. The use of an analog to digital converter
for the boxcar signal requires an additional readout by the data acquisition
computer and can lead to a wrong correlation between the mass spectrum and
the laser energy. Therefore, a home built voltage to time converter is employed
to convert the energy information into a time delay. The energy information
is now written in an empty part of the mass spectrum and only one readout is
necessary to obtain both the mass spectrum and the laser energy information.
To convert energy into intensity we used the previously described calibration
method [24]. Using the known saturation intensity for xenon (obtained by ADK
theory, that is shown to predict ISat very accurately for noble gas atoms), a
measurement of the ion yield of xenon as a function of energy can be used
to convert energy into intensity. Without the exact knowledge of the focal
parameters, the semilogarithmic plot yields a saturation intensity that can be
set to the theoretical value obtained by ADK theory. In this manner absolute
intensities to an accuracy of better than 30 % can be obtained.
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3. STABLE KILOHERTZ-RATE MOLECULAR BEAM LASER

ABLATION SOURCES

We describe a stable kHz rate laser ablation/desorption supersonic molecular
beam source for use in kHz rate laser experiments. With the development of
modern lasers that typically operate at kHz rates, a need has arisen for sta-
ble molecular beam laser ablation/desorption sources that match this repeti-
tion rate to study involatile species. Many biomolecules of interest cannot be
brought into the gas phase without thermal decomposition by simply heating
the substrate and most (especially refractory) metals have melting and boiling
points that are impossible to reach with conventional ovens. The source is based
upon strong non-resonant interaction of a dithering laser focus with a rotating
and translating solid rod, hydrodynamic transport of the ablated/desorbed ma-
terial in Helium or Argon and subsequent supersonic expansion. Further design
details include flexible and easy adjustment of the source that allows for rapid
prototyping and optimization for kHz rate performance. Due to the high rate of
sample removal, a major concern is clogging of the nozzle and laser input channel
due to both material condensation and debris formation. In order to illustrate
the range of applications, we demonstrate: (i) the kHz laser ablation of a high
temperature refractory metal (Niobium) for use in studies of metal clusters; and
(ii) the kHz laser desorption and jet-cooling of an involatile biomolecule (the
DNA base Guanine) for use in spectroscopic and dynamical studies. This kHz
source has been shown to be stable for over twelve continuous hours of operation
(> 4× 107 laser shots). We believe that this design could readily be adapted to
even higher repetition rate (> 10 kHz) experiments, should the need arise.
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3.1 Introduction

The development of stable, commercially available kHz-rate femtosecond laser
systems has engendered many new classes of experimental investigation [2].
Such investigations in the gas phase are normally limited to gaseous or rela-
tively volatile systems. The general application of kHz-rate gas phase methods
to involatile substances such as high temperature inorganic clusters or delicate
biomolecules remains problematic. Simply heating the substrate to improve its
vapour pressure is usually impossible for two reasons: firstly, many (especially
transition) metals and inorganic solids have extremely high melting and boil-
ing points; secondly, many bio-organic molecules thermally decompose upon
heating. The use of laser ablation/desorption is one well-known technique that
circumvents both these problems [43] and is the only way of producing refractory
metal clusters. An important consideration in kHz-rate femtosecond studies is
the long-term stability of the molecular beam source (e.g. flux, cluster distribu-
tion, internal and translational temperatures etc.). As ablation sources are not
inherently very stable, experiments based upon this technique generally require
extensive signal averaging. In addition, many powerful experimental gas phase
methods are based upon the small signal limit of particle counting. For exam-
ple, femtosecond time-resolved photoelectron spectroscopies [44, 45, 46, 47, 48]
are generally restricted to small signals per laser shot in order to avoid higher
optical non-linearities due to the inherent high intensities of amplified fs pulses
[49, 50]. The use of gas phase techniques such as PhotoElectron PhotoIon Coin-
cidence (PEPICO) Spectroscopy [51, 52] and Coincidence-Imaging Spectroscopy
(also known as Angle-Resolved PEPICO or ARPEPICO) [53, 54, 55, 56]require
much less than one particle per laser shot and hence long signal averaging times.
As it is often unfeasible to operate an ablation/desorption source over a period
of many days, it is necessary to increase the laser repetition rate in order to
reduce averaging times. Ideally, laser ablation/desorption sources should match
the repetition rate of the femtosecond laser system. A second area where high
repetition ablation sources are of interest are experiments that hinge upon large
flux, such as those involving mass-selected deposition [57] or direct linear ab-
sorption. If the ablation rate can be scaled without altering the concentration
per pulse, significant timesaving can be achieved or, alternatively, less abundant
species can be accumulated or studied. Laser ablation/desorption is governed by
a series of complex processes, from the initial laser irradiation to the ejection of
molecules and clusters and depends sensitively on the laser wavelength (λ), the
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pulse duration (τ), the energy per pulse (E) [58, 59, 60, 61], the source design
as it relates to the gas dynamics, as well as on optical, topological and thermo-
dynamic properties of the target material. Many experimental and theoretical
reviews have summarized and categorized the different mechanisms involved
[62, 63, 64, 65], but sources are often developed on a trial and error approach.
For the purpose of this discussion, we wish to distinguish between laser des-
orption and laser ablation. The former, of relevance to studies on involatile
biomolecules, is predominantly in the regime of intermediate power densities
and leads to the removal of neutral molecules from the surface. The latter, of
interest to studies of inorganic and metallic clusters, requires high ablation laser
power densities and, for high temperatures species, laser-plasma interaction. A
significant issue for kHz rate ablation sources is the clogging of the nozzle due
to condensation and debris formation. The three most important processes for
debris formation are recoil ejection, subsurface boiling and exfoliation. Which of
these are dominant depends on the target material and the laser characteristics.
The first process, recoil ejection, is the result of the extremely high pressure in
the nascent plasma. The melt on the surface of the plasma is squeezed to a
droplet by the high pressure and produces particulates of less than a micron
in size. The second process, subsurface boiling, is mainly a problem for metals
with low melting points and high heat conductivity (e.g. aluminum). In this
case, the time needed to heat the thermal diffusion layer is shorter than the
time needed to evaporate the absorption surface. The explosive phase transi-
tion produces droplets similar to recoil ejection, although the ejection angles
are different. The last process, exfoliation, is a result of extreme forces due to
the highly energetic collisions of the ions from the plasma with the target bulk.
Multiple melt-freeze cycles on the surface of the target roughen the surface and
macroscopic particulates are formed. When these particulates break off by re-
coil forces, they may have dimensions of many microns and lead to source flow
instabilities.

In the following, we present an overview of the design considerations for our
highly versatile supersonic molecular beam source used in kHz rate femtosecond
laser experiments. We illustrate its application in the areas of: (i) atomic and
cluster beams of a high temperature refractory metal (Niobium); (ii) molecular
and cluster beams of an involatile biomolecule which is considered difficult to
produce using thermal methods (the DNA base Guanine).
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Fig. 3.1: The kHz ablation apparatus consists of three differentially pumped regions.

The first or source region is pumped by a Roots blower (350 m3/h, < 10−1

torr during operation). The molecular beam enters the second region, via a

1 mm skimmer, pumped by a single diffusion pump (2000 l/s, < 10−4 torr

during operation). Residual ions formed during ablation are removed from

the molecular beam by two deflection plates (∆V1 = 250 V). The skimmed

molecular beam passes through an aperture into the third or interaction

region which is pumped by a turbomolecular pump (550 l/s) and contains

the time of flight (TOF) mass spectrometer (both linear and reflectron).

Another pair of deflection plates (∆V2) can be used to remove the initial

molecular beam velocity, if required.

3.2 Design

Modern kHz laser systems are available with pulse durations ranging from a
few femtoseconds to hundreds of nanoseconds, and wavelengths ranging from
the near UV to the infrared. For applications to laser ablation, the wave-
length dependent absorption penetration depth and the target material depen-
dent thermal diffusion rate have to be considered. For nanosecond pulses, the
thermal diffusion length in a typical metal is orders of magnitude larger than
the absorption depth. A large volume of molten material is typically formed
and a strong reaction with any laser-induced plasma is expected. At the other
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extreme of femtosecond pulses, thermal diffusion can be neglected and the pro-
cess is dominated by a highly non-linear optical absorption processes. In the
present study, three different laser systems with pulses ranging from 100 ps to
150 ns are successfully demonstrated as (i) an ablation source for the generation
of transition metal clusters and as (ii) a desorption source of involatile biological
molecules. Our most successful laser system for ablation is an arc lamp pumped
Nd:YLF laser (Positive Light Merlin), producing pulses of > 10 mJ/pulse in 150
ns at 527 nm. The second laser system, with only very moderate cluster pro-
duction, is an NRC-design kHz diode-pumped grazing incidence Nd:YVO4 slab
laser with pulses of 1 mJ/pulse in 2 ns at 532 nm [66]. Optionally this laser can
be operated as a picosecond amplifier using a ps Nd:YAG oscillator (Lightwave
Electronics 131) as a seed-laser, shortening the 532 nm pulse to 100 ps. In
this case, a very stable and clean source is achieved. Unfortunately densities
of ablated species in the molecular beam are relatively low (approximately 10
times lower) and therefore we restrict the following discussion of kHz ablation
sources to applications with the Nd:YLF laser. It is worth noting, however, that
such diode-pumping technologies can be scaled to many tens of kHz repetition
rate. High throughput sources for applications in spectroscopy or thin film de-
position have as a major concern the high gas load and, hence, high pumping
speed requirements. Employing pulsed nozzle designs can present difficulties at
kHz rates in terms of stability and reproducibility when heated to high tempera-
tures. Moreover, little is gained in controlling throughput because of the limited
duty cycle (often ∼ 3). A continuous carrier gas flow has therefore been imple-
mented in the present study. Because throughput, ease of use and adaptability
are more important in our experiments than cooling, we adopted a Campargue
design [67] that operates at a high background pressure (P1 < 1 torr) with
use of only a single standard booster pump, instead of the Fenn-type design
[68, 69], that operates at a sufficiently low background pressure to avoid inter-
ference with the expanding beam (P1 < 10−3 torr) with use of (several) large
diffusion pumps. In figure 3.1 we show an overview of our triply differentially
pumped vacuum chamber. The first or source region is pumped by an Edwards
mechanical roots blower (EH500A, 350 m3/h), allowing the source to operate
in the Campargue-type configuration with background pressures of < 10−1 torr
during operation. The molecular beam enters the second or differential region,
via a 1 mm diameter skimmer (Beam Dynamics), places 1 cm away from the
nozzle. This reggion is pumped by a single diffusion pump (Edwards Diffstak
250, 2000 l/s) to pressures of < 10−4 torr during operation. In this region, any
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residual ions formed during ablation are removed from the molecular beam by
two deflection plates (∆V1 =∼ 250 V). [It is in principle possible to operate
in the Fenn-type configuration by closing off the Roots blower and opening a
bypass, or by moving the source holder and skimmer into the second region.]
The distance from the source to the interaction point is kept as short as possible
to maximize the beam density at the laser focus. The third or interaction re-
gion is differentially pumped by a turbomolecular pump (Varian V550, 550 l/s)
and houses a linear time-of-flight (TOF) mass spectrometer. This high vacuum
region can be isolated from the other regions by an NRC-design low profile gate
valve.

In a kHz desorption/ablation source, the target material is removed at a
sufficiently rapid rate that clogging of the nozzle and tooling of the substrate
become serious problems. In our design, shown in figure 3.2, the target sam-
ple is a cylindrical rod of 6 mm diameter and up to 3 cm length. The source
holder is a modified Smalley-type cluster source [70, 71] and is designed for easy
adjustment. The inset in figure 3.2 shows the nozzle block detail (top view).
The nozzle itself is machined as a separate insert (black) into this block and it
functions as an optional growth channel. This allows for rapid prototyping and
makes the source highly versatile. A variety of inserts with different diameters
and lengths of growth channel, different materials of growth channel and nozzle,
different diameters of the nozzle, and different diameters of the laser entrance
aperture have been tested. Using a rotary motion feedthrough and an external
stepper motor, the rod is simultaneously translated and rotated in helical fash-
ion using a screw drive. Via bevel gears, the rotary motion of the drive leads to
rotation of a perpendicular threaded shaft within an internally threaded block
(white). The sample rod mounts, via a hex key, into the top of this threaded
shaft. The sample rod is constrained to move within another block (gray) which
also houses the nozzle insert. In this manner, a new sample spot can be provided
to each ablation laser pulse in order to minimize the formation of deep pits and
debris formation processes like exfoliation. At the endpoints of the screw drive,
the direction of the stepper motor is reversed and helical motion of the opposite
sense occurs. The carrier gas is introduced along a long flow tube (which also
serves as the laser input tube) and through a small aperture to the rotating
sample, as shown in the insert “top view”) in figure 3.2. In this manner, debris
ablated from the target surface does not reach the laser input window, which
would otherwise become obscured over time. The distance from the laser input
window to the sample rod is 25 cm. With a f = 300 mm lens, the ablation laser
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Fig. 3.2: Using a rotary motion feedthrough and an external stepper motor, the sam-

ple rod is simultaneously translated and rotated using a screw drive. The

target is a cylindrical rod of 6mm diameter and up to 3 cm in length. The

source holder is a modified Smalley-type cluster source and allows for easy

adjustments. As shown in the insert, the nozzle is machined in a separate

insert that functions as an optional growing channel. At the endpoints of

the screw drive, the direction of the stepper motor is reversed and helical

motion of the opposite sense occurs. The carrier gas is introduced along a

long flow tube (also the laser input tube) and through a small aperture to

the rotating sample, as shown in the TOP VIEW insert. The length of the

channel between the sample rod and the nozzle can be varied using different

inserts (black).

can be focused onto the target with minimum spot size of about 15 µm. For
most stable operation, however, the focus is pulled slightly backwards, yielding
an estimated spot size of about 100 mm. This provides upper limits for the
maximum intensities of ∼ 109 W/cm2 and maximum energy densities of ∼ 108
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J/cm2 for the 150ns Nd:YLF laser. The use of separate inserts containing the
nozzle and growth channel also allows for easy exchange and cleaning. We have
found that for stable long term operation, both the nozzle and laser/carrier gas
aperture diameters must be at least 2 mm. The length of the channel between
the sample rod and the nozzle can be varied using different inserts. In some
cases (e.g. metals), this length defines a clustering region that governs the clus-
ter size distribution. Different materials for the growth channel and the nozzle
have been tested, with standard glass being the most successful in our metallic
cluster experiments. Depending on the characteristics of the growth channel,
the time spent in the channel is up to several hundreds of microseconds and
produces metallic (here Niobium) clusters up to 40 atoms. Accurate, stable
control of the helium or argon (Air Products, zero grade) buffer gas is achieved
with mass flow controllers (MKS 1159B). Our pumps can support a continuous
flow of up to 1400 sccm. With a growth tube of 2 mm in diameter and approx-
imately 1 cm in length, this corresponds to a stagnation pressure of ∼ 10 torr
at the throat of the nozzle. The buffer gas provides conditions for the cooling
and clustering of the ablated/desorbed material by collisions in the source exit
channel. In addition the large flow rate is important in keeping the channel and
apertures in the source unclogged. With our design, flow rates below 800 sccm
lead to clogging of the nozzle and laser aperture within one hour of operation.
The motion of the rod should be sufficiently fast that a “fresh” surface spot can
be presented to the ablation laser every millisecond (i.e. kHz rate), otherwise
signal levels degrade quickly. Even this, however, is not sufficient for stable
long-term operation. We have observed, due to the reproducibility of the heli-
cal track produced by the drive motion and the high rate of material removal,
that a deep thread is cut into the rod. This leads to a strong diminution and
eventual loss of the signal. To avoid this, we dithered the up-down position of
the laser focus, as shown in figure 3.2, by displacing the focusing lens slightly
(with a ∼ 0.1 Hz period, ∼ 1 mm amplitude of travel) and, importantly, in an
asynchronous manner, using a second stepper motor. With this approach, the
pattern of laser spots on the rod surface do not produce regular helices. This
simple modification allowed us to operate kHz rate ablation sources for over
twelve continuous hours (i.e. > 4×107 laser shots). Upon inspection of the rod
after such a long run, the rod diameter was significantly thinner but no thread
pattern could be observed on the surface.
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3.3 Experimental Setup

The 50 cm time-of-flight mass spectrometer consists of a standard Wiley-Mc-
Laren and (optional) reflectron TOF mass spectrometer. Single ions are de-
tected using Burle microchannel plate detectors (MCPs), fed directly into a
pulse amplifier and discriminator (Phillips). Mass spectra are recorded us-
ing either a stand-alone multichannel scaler (Stanford Research SR430) or a
PCI-based multichannel scaler (FastComtec P7888). In order to compensate
for any potentially large lab-frame molecular beam velocities, deflection plates
(∆V2 = 0 − 150V) can be used to remove the component of velocity perpen-
dicular to the time-of-flight axis and thus straighten the ion trajectories. This
can help to produce an essentially background free mass spectrum, depending
on the mass of interest and the nature of ablation. In some cases, active back-
ground subtraction can be implemented in order to ensure the signal originates
from laser ablation. This is simply achieved by alternating at 2000 shot in-
tervals, with the ablation laser unblocked/blocked and the background signal
subtracted.

The present National Research Council femtosecond laser system, depicted
in figure 3.3, has been described in detail elsewhere [72]. Briefly, a fs Ti:Sa
(Spectra-Physics “Lok-to-Clok” Tsunami) and a ps Nd:YAG (Lightwave Elec-
tronics 131) oscillator are individually locked, via phase-locked loops, to a stable
80 MHz external reference oscillator, thus synchronizing the oscillators. The
Ti:Sa pulses are regeneratively amplified (Positive Light Spitfire) using a diode-
pumped Nd:YLF laser (Positive Light Evolution30). These amplified pulses
are subsequently passed through a two-pass linear Ti:Sa amplifier, pumped
by another Nd:YLF laser (Positive Light Evolution30). After recompression,
transform-limited 800nm pulses of 80 fs and 2.7 mJ are obtained. The ps
Nd:YAG pulses are amplified using an NRC-design kHz diode-pumped graz-
ing incidence Nd:YVO4 slab laser [66], producing 1 mJ, 100 ps pulses at 532
nm. The arc lamp pumped Nd:YLF laser (Positive Light Merlin), with pulses
of > 10 mJ/pulse in 150 ns at 527 nm is synchronized with the fs laser sys-
tem using a digital delay generator. The amplified fs laser system pumps four
optical parametric amplifiers (two Quantronix/LightConversion TOPAS, two
Clark-MXR NOPA). Laser pulse energies are monitored on a shot-to-shot ba-
sis, using integrating spheres with photodiodes, for kHz rate active data filtering
and sorting.
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Fig. 3.3: A fs Ti:Sa (Spectra-Physics ’Lok-to-Clok’ Tsunami) and a ps Nd:YAG (Light-

wave Electronics 131) oscillator are locked, to a 80 MHz external refer-

ence oscillator. The Ti:Sa pulses are regeneratively amplified and subse-

quently passed through a two-pass linear Ti:Sa amplifier. Each Ti:Sa am-

plifier is pumped by a kHz Nd:YLF laser. After recompression, transform-

limited 800nm pulses of 80fs and 2.7 mJ are obtained. The ps Nd:YAG

pulses are amplified using an NRC-design kHz diode-pumped grazing inci-

dence Nd:YVO4 slab laser, producing 1mJ, 100ps pulses at 532nm. The

amplified fs laser system pumps four optical parametric amplifiers (two

Quantronix/LightConversion TOPAS, two Clark-MXR NOPA). An arc-lamp

pumped kHz Nd:YLF laser (Positive Light Merlin), synchronized to the Ti:Sa

lasers, is used for kHz rate ablation.

3.4 Demonstration and applications of kHz ablated beams

3.4.1 Strong Field Ionization of Transition Metal Clusters

As a first example of the use of kHz rate laser ablation sources, we discuss in the
following aspects of our studies in the strong field ionization of metal clusters.
Modern amplified femtosecond lasers can reach electric field strengths of > 109

V/cm, exceeding those that bind matter. The study of strong field physics con-
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Fig. 3.4: A typical mass spectrum, recorded in five minutes, of kHz-rate laser ablated

Niobium clusters, non-resonantly ionized at a laser intensity of 1013 W/cm2

(l=0.8mm). With this particular growth channel, a broad cluster distribution

obtained with this method. The mass peaks marked with an asterisk are

the doubly charged cluster species. This kHz source is stable for over 12

continuous hours of operation. For details, see the text.

tributes to our understanding of strong field quantum control [19] and extreme
non-linear optics [73]. A technological application is in laser machining, where
precise removal of material is possible by using laser intensities that exceed the
damage threshold [21]. Most current models of strong field interaction with
matter are based upon the highly successful atomic Quasi-static model [8]. Re-
cently, these Quasi-static models have been shown to fail for certain classes of
polyatomic molecules due to non-adiabatic multi-electron effects [26, 27]. These
studies showed that multi-electron effects exist (specifically, strong suppression
of ionization) even in the long wavelength limit due to the effects of dynamic
electron polarization. In this regard, the strong field ionization of metal clusters
should provide an ideal test case for the role of dynamic polarizabilities. Using
the saturation intensity method [30], we have studied non-resonant (l=0.8 and
1.5 mm) strong field ionization of size post-selected metal clusters, using kHz
rate laser ablation as the molecular beam source [74].
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In this study we chose Niobium (Nb) as a model target metal. Nb is a
typical transition metal with high melting and boiling points of 2477 K and
4744 K [75], respectively, and has the advantage of having only one natural iso-
tope, simplifying the mass spectrum. Using the laser ablation method described
above, we were able to generate stable (> 12 hours) cluster beams at a 1 kHz
rate. For studies of strong field ionization, we used both λ = 0.8 and 1.5 µm
wavelengths. Typical pulse durations were ∼ 80 fs. Absolute laser intensities
(±30%) were determined using the saturation intensity method with Xenon gas
as a reference standard. For the 1.5 µm radiation, a maximum intensity of over
2× 1014 W/cm2 at the focus was achievable. At 0.8 µm, an order of magnitude
higher intensity was achievable. A typical mass spectrum (recorded in five min-
utes) at an intensity of 1×1013 W/cm2 (0.8 µm) is shown in Figure 3.4. Strong
non-resonant field ionization of Niobium clusters is clearly observed. A broad
cluster distribution is obtained with this method. The mass peaks marked with
an asterisk are the doubly charged cluster species. The stability of this source
allows for long duration experiments (such as the saturation intensity method
which requires sampling over all laser intensities at each cluster mass) to be
performed.

3.4.2 Pump-Probe Spectroscopy of Gas Phase Biomolecules and their

Clusters

As a second demonstration of kHz rate ablation sources, we discuss in the fol-
lowing the study of involatile biomolecules in the gas phase. There is increasing
interest in studies of biologically relevant molecules in the gas phase, triggered
by the first applications of laser desorption/ablation techniques to involatile,
organic molecules [76, 77]. The femtosecond (fs) pump-probe spectroscopic
method, developed for the investigation of dynamical processes in photochem-
istry [78], is now reaching into the area of photobiology [79, 80]. One approach
to studying details of ultrafast excited state electronic relaxation processes such
as internal conversion and intersystem crossing is Femtosecond Time-Resolved
Photoelectron Spectroscopy (TRPES) [47, 48, 81, 82, 83]. Due to its inherently
low count rate, successful application of TRPES to involatile biological mole-
cules demands a soft vaporization molecular beam source that is stable enough
over an extended period of time to allow such spectra to be recorded.

In order to test our kHz laser ablation source for involatile biological molecu-
les, we used the DNA base Guanine as an example. As for many biomolecules,
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Fig. 3.5: A typical mass spectrum of kHz-rate laser ablated Guanine monomer and

molecular clusters, resonantly ionized at 277 nm using 150 fs laser pulses.

The count rate was 0.3 counts per laser shot, (i.e. 300 counts per second), a

respectable signal for many purposes. Peaks marked with ”*”correspond to

loss of the NH2-group (m = 135 amu) and loss of N2CH2 (m = 109 amu)

from the guanine monomer. For details, see the text.

simple heating of Guanine would lead to thermal decomposition before desorp-
tion [84]. Sample preparation for use in our ablation source involves pressing
guanine powder (Sigma, 99% purity) into a quarter inch diameter rod under
one to two tons of pressure. Although only neat guanine was employed in
this demonstration, rods consisting of biomolecules and matrices or mixtures of
biomolecules can be readily prepared.

We demonstrate the successful application of our kHz laser ablation source
to the generation of jet-cooled molecular beams of guanine. The kHz ablation
laser (attenuated to 1 mJ/pulse) was focused (f/30) onto the rotating, trans-
lating neat guanine rod. The guanine vapor was expanded through a 1 mm
diameter orifice seeded in Ar at a flow rate of 1200 sccm. For probing the
skimmed guanine molecular beam, we employed femtosecond laser (1+1) one-
color resonant two-photon ionization of guanine at 277 nm (15 µJ/pulse, 150
fs). We present an example of a mass spectrum of kHz laser ablated guanine
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in figure 3.5. [In order to demonstrate that the guanine signal originated from
true laser ablation (as opposed to, for example, merely heating of the source
region with the laser), we unblocked and blocked the ablation laser, at 2000 shot
intervals, and subtracted any background signal]. The most prominent peak in
the mass spectrum (m=151 amu) originates from the guanine monomer, with
3.000 counts per 10.000 laser shots. This is a respectable signal for the pur-
poses of TRPES. Experiments are currently under way in our laboratory to use
fs time-resolved two-colour TRPES to study the intramolecular dynamics of the
isolated DNA bases. We note that cluster formation of up to five guanine mo-
lecules is also observed under the above conditions, which is an indication of a
cold expansion. This suggests the possibility of using such a source for studying
the spectroscopy and dynamics of solvated biomolecules, DNA base pairs etc.
Fragmentation of guanine during the photoionisation process [85] leads to the
appearance of relatively small daughter peaks below m=151 amu (m=135 amu
and 109 amu corresponding to NH2 and N2CH2 loss, respectively). As always,
the ratio of parent to fragmentation signal depends on laser energy, as does the
absolute signal magnitude.



4. NON-RESONANT STRONG-FIELD IONIZATION OF

MULTIELECTRON SYSTEMS: 1. TRANSITION METAL

ATOMS

Multi Active Electron (MAE) dynamics in the Strong-Field Ionization (SFI) of
transition metal atoms of the fifth and tenth column of the periodic table are
investigated in the adiabatic regime (λ = 1.5 µm). A kilohertz laser ablation
source, based on a dithering laser focus and a rotating and translating metal
target rod, in combination with the intensity scan method with a restricted ion
collection volume (constant axial intensity focusing geometry) have been em-
ployed to obtain for V/Nb/Ta and Ni/Pd : (i) the first charge state saturation
intensity; and (ii) the absolute ionization rates for intensities up to 3 × 1014

W/cm2. A dramatic suppression of ionization of the MAE atoms, compared to
Single Active Electron (SAE) theories, is observed. As the origin of the ion-
ization suppression, a dynamic polarization of the system in the laser field is
proposed: due to the collective motion of all electrons towards the barrier, the
resulting height of the barrier for the tunneling electron is increased. As qual-
itative theoretical models are presently not available, a simplified but limiting
model for the description of strong-field ionization of MAE systems is proposed.
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4.1 Introduction

Strong-Field Ionization (SFI) is the key feature in many highly nonlinear pro-
cesses that are of fundamental importance to chemistry. Chemical applications
can be found in sub-femtosecond time resolution in pump-probe experiments to
measure e.g. electron dynamics, tomography to map molecular orbitals, new
methods to obtain structural and dynamical information of molecules, control
of complex chemical reactions, etc. The underlying physical processes are: (i)
Recollision, where an electron that has been removed will return to the ion un-
der the influence of the laser field. Upon colliding with the ion, it can remove a
second electron [12]. This process allows the use of the returning electron as the
probe in a time resolved experiment, where the time resolution is now less than
half an optical period [13]. Instead of removing a second electron the return-
ing electron can recombine with the ion while the kinetic energy is converted
into a photon in the X-ray regime [14]. Using few cycle laser pulses it is in
principle possible to generate single attosecond pulses [15]. Also, by measuring
the efficiency of the X-ray yield as a function of alignment of a molecule with
respect to the laser field, the recombination process can be used as a tomog-
raphy method. Finally, measuring photoelectron spectra in SFI experiments
has led to the discovery of above threshold ionization (ATI) [16]; (ii) Coulomb
Explosion Imaging where the fragments of a system that is exploded due to the
nuclear repulsion after removal of several electrons are detected [17] to retrieve
the structural and dynamical information; (iii) Strong-field Control where using
a genetic algorithms to optimize the temporal profile of strong laser pulses, is
used to control (complex) chemical processes [18, 19, 20]; and finally (iv) laser
ablation where on a macroscopic level, materials can be very precisely machined
[21] or the optical parameters inside dielectric materials are modified [22].

To understand the physics of these processes, a detailed understanding of
the first ionization step is required. Ionization can be described in two limiting
regimes: Multi-Photon Ionization (MPI) and tunnel ionization. In the case
of MPI the system absorbs an integer number of photons until the ionization
limit is exceeded. On the other hand, tunnel ionization can be understood
in terms of a simple picture where the distortion of the field free Coulomb
potential by the laser field leads to the formation of a barrier. An electron
can classically escape over the top of this barrier or quantum mechanically
tunnel through it. To distinguish between the MPI and tunneling regime, the
Keldysh parameter (γ) is employed [4]. This (adiabaticity) parameter is defined
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as the ratio of the tunneling time (τtunneling) and the laser period (τlaser), i.e.
γ = τtunneling/τlaser. When γ À 1, tunneling is completely suppressed because
the laser field will change direction before the electron can tunnel through the
barrier and ionization is dominated by MPI. At the other extreme where γ ¿ 1,
the ionization process takes place in the tunneling regime. In this study only
the regime where γ < 1 is considered. Theoretical descriptions of SFI have to
take into account the (large) correction to the field free energy levels due to the
AC Stark shift. Furthermore, highly nonlinear interactions become more and
more important at higher intensities. Perturbation theory becomes inapplicable
and different methods have to be employed. The most common approach to
describe the ionization in strong laser fields is the single active electron (SAE)
approximation. A numerical simulation based on the SAE approximation has
shown excellent agreement with the experimental ionization rates of helium
[8]. Correlated two-electron phenomena, like non-sequential double ionization
in rare gas atoms, can be treated successfully within the SAE approximation
by considering the recollision of the continuum electron with the ion [8, 12].
However, recent studies have shown a dramatic failure of SAE theories when
applied to Multi Active Electron (MAE) systems, including diatomic molecules
[32], conjugated molecules [30, 24, 26, 27], C60 [20] and surfaces [31]. The
tunneling rates in all of these systems are found to be lower than predicted
by SAE theories. Presently, no calculations are available that take all electron
interactions during the ionization process into account. To gain more insight
in the true nature of the SFI of MAE systems, more experimental data are
required. It has been postulated previously that the failure of SAE theories
when applied to the above systems will result in the observation of a suppression
of ionization relative to theoretical predictions for the following reason [26, 27]:
when an MAE system is placed in a strong laser field, not only the tunneling
electron, but all electrons will respond to the field. Qualitatively, the effect of
the response of all electrons to the laser field is a polarization of the system by
a joint motion of all electrons to one side of the potential. The result of this
motion of the electrons is a change in the shape of the barrier that the electron
has to tunnel through. The response of all electrons results in a boost in the
barrier (or a screening of the laser field), leading to suppression of ionization.
A full calculation, taking into account all electron correlations, to obtain the
true potential of a multi electron system in a strong laser field, is still under
development [33, 34]. For systems with a specific symmetry (not generally
applicable), a different explanation for the suppression of ionization in terms of



42 4. Transition metal atoms

quantum interference has been presented [32, 35, 36]. An effective destructive
interference arises between the subwaves of the ejected electron

In this chapter absolute ionization rates of the strong-field ionization of “sim-
ple” MAE systems are presented: the transition metal atoms V/Nb/Ta and
Ni/Pd. Some initial experimental data on the double ionization of two-electron
atoms (Ca and Mg), showing a deviation from SAE theories, are available else-
where [86, 87]. Unlike noble gases, transition metal atoms have many low lying
electronic states and an MAE response to the applied laser field is anticipated.
The excellent signal-to-noise ratios of the ion yield as a function of intensity
in our experiment allow for the possibility to obtain absolute ionization rates
that are directly comparable to theoretical models. This constitutes a major
advantage over studies that report relative ionization rates only.

In this chapter it is shown that the experimental ionization rates are much
lower than predicted by SAE theories due to the dynamic screening of the local
field. Next, a simplified model is presented to obtain an upper limit of the MAE
effect: the Zero Range Potential (ZRP). The experimental ionization rates are
bracketed between the underestimate of SAE theories and the limiting ZRP
model. In the following chapter, results on more complex systems are provided:
strong-field ionization of small transition metal clusters [74]. The multi-nuclei
nature of these systems introduces many complications that will be discussed
carefully. It is shown that for clusters larger than approximately 10 atoms,
classical electrodynamics can be used to describe the effect of polarization, and
therefore the MAE dynamics, in the strong-field ionization process.

4.2 Method

In this section a general method is presented to obtain saturation intensities for
the transition metal atoms and clusters, as well as the more elaborate analysis
required to retrieve absolute ionization rates for the atoms. To investigate
the ionization mechanism of the MAE systems, the intensity scan method is
employed that is described in detail elsewhere [30, 24]. Briefly, a narrow slit,
smaller than the Rayleigh range, is placed above the focus perpendicular to the
laser propagation direction. In this manner only ions are collected from within
a volume of parallel beam geometry and a resulting axial constant intensity.
Using a first order rate equation and assuming a Gaussian spatial beam profile
(Ir = I0× exp−r2/R2 with R as the minimum beam radius and I0 as the peak
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intensity), the ion signal S is obtained as

S = απR2cl

∫ ∞

0

(
1− e

−
∫∞
−∞

W (Irf(t))dt
)

Ir
dIr. (4.1)

Here α is the instrument sensitivity, c is the concentration of the neutrals (atoms
or clusters), and l is the length of the focal cylinder projected onto the detector.
The ionization rate W depends on the (Gaussian) radial intensity Ir and tem-

poral profile f(t). In the high intensity limit, where e
−

∫∞
−∞

W (Irf(t))dt ¿ 1, the
integral over dI leads to a linear dependence of the ion signal on the logarithm
of the intensity. This linear behavior can be written as

S = απR2cl(ln I0 − ln Isat). (4.2)

The saturation intensity (Isat) is defined by this equation as the intersection
of the extrapolated linear behavior and the intensity axis. In order to clarify
the meaning of ISat it is instructive to treat the tractable case of multiphoton
ionization with W = In. In this case it can be shown that at ISat 43 % of
the neutrals are ionized. In the case of an arbitrary ionization mechanism,
an unknown but fixed percentage of the neutrals is ionized. The saturation
intensity is therefore a first order indication of the “ease” of ionization.

The data obtained with the intensity scan method can be transformed to
obtain absolute ionization rates as described elsewhere [26]. Writing the slope
in the high-intensity limit (απR2cl) as β∞ and at any arbitrary (lower) intensity
as β (see figure 4.1), equation 4.2 can be rewritten as

∫ ∞

−∞
W (I0f(t))dt = ln

β∞
β∞ − β

(4.3)

The integral on the left part of this equation represents the integration of the
absolute ionization rate over the temporal laser profile. By assuming a specific
profile, the absolute ionization rate can be extracted. However, the signal-
to-noise ratio of the raw data has to be sufficient to obtain the slope at any
given intensity with reasonable confidence. Note that for the extraction of both
the saturation intensity as well as the absolute ionization rate, no knowledge
relating to any experimental parameter is required.

Finally, the intensity scan method allows for very accurate intensity calibra-
tion. Since ADK [7] theory predicts very reliably the ionization rates and satu-
ration intensity of effective SAE systems, measuring the ion yield of e.g. xenon
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Fig. 4.1: The data of an intensity scan for our calibration standard xenon are shown,

where the ion yield is plotted as a function of the logarithm of the laser peak

intensity. A linear dependency at the high intensity limit is found that can

be extrapolated to find the saturation intensity at the intersection with the

intensity axis. The slope in the high intensity limit (β∞) as well as the slope

at an arbitrary intensity (β) are indicated for use in the extraction of the

absolute ionization rates.

as a function of energy can be used to convert energy into intensity. Without
the knowledge of the pulse duration or the focal parameters, the semilogarith-
mic plot of the ion yield vs. the logarithm of the intensity for the experimental
data of the calibration standard (Xe), yields a saturation intensity that can be
set to the theoretical value obtained by ADK theory. In this manner absolute
intensities within 30 % can be obtained.

To investigate the MAE affects in SFI, transition metal atoms and clusters
are chosen as prototype systems. However, these metals cannot be brought into
the gas phase with conventional ovens because of the extremely high melting and
boiling points. To circumvent this problem, conventional techniques to study
metal atoms and clusters in the gas phase employ laser ablation sources that
typically operate at 20 Hz. In this study, the ion count rate is very small due to
sampling over only a fraction of the Rayleigh range of the laser focus. Therefore,
a unique laser ablation source operating at a repetition frequency of 1 kHz was
developed. Technical details, including the minimization of the debris formation
and clogging of the apertures, are described elsewhere [88]. This source matches
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Fig. 4.2: The kHz ablation source consisted of three separate regions pumped by a

Roots blower, a diffusion pump and a turbomolecular pump (panel a). From

the source region the molecular beam entered the second region via a 1mm

skimmer, where residual ions were removed by two deflection plates. The

interaction region contained a Wiley-McLaren mass spectrometer, deflection

plates to compensate for large lab-frame velocities in the molecular beam,

and the narrow slit to collect ions only from within a fraction of the Rayleigh

range of the focus (left panel). Using a dithering 30 cm lens, laser pulses

at 1 kHz were focused onto a rotating and translating metal rod. This rod

was housed in a modified Smalley-type cluster source and was mounted via

a hex key into a threaded shaft. Using an external stepper motor and a

rotary motion feedthrough, the shaft was rotated in an internally threaded

block and therefore moved up or down depending on the direction of rotation.

The carrier gas flowed through the same tube in the same direction as the

incoming laser light, avoiding clusters to move towards the laser window

(enlargement in panel b).
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the repetition frequency of the amplified femtosecond laser system and increases
the count rate by a factor of 50 or more. An additional advantage of a kHz source
is the reduced formation of oxides and carbides. The formation rates of oxides
and carbides are the same as in conventional sources, but the ablation rate
is 50 times faster yielding a lower percentage of oxides and carbides per laser
shot. Due to the high repetition rate, a continuous flow of the buffer gas (He) is
employed for hydrodynamic transport of the atoms and clusters. The gas flow,
that was propagating in the same direction as the incoming laser beam and that
used the same inlet tube (25 cm in length) prevented clusters from moving back
to coat the laser window. In the lower panel of figure 4.2 the details of the source
design are shown. The light of an arc lamp pumped Nd:YLF laser (Positive
Light Merlin), synchronized with the femtosecond laser system and with pulses
of > 10 mJ/150 ns/527 nm, was focused with f/15 optics onto a translating
and rotating vanadium, niobium, tantalum, nickel or palladium cylindrical rod
(Goodfellow) of 6 mm in diameter and ∼ 3 cm in length. Depending on the
ablation mechanism of the specific metal, the energy was reduced to compromise
between ablation rate and stability. A Smalley-type source holder was modified
to allow for easy adjustment, containing a separate insert with the nozzle and
growth channel. The insert was made out of a base (stainless steel) and a
glass tube (2 mm diameter and 1 to 3 cm length) that functions as a growth
channel to change the cluster size distribution. An external stepper motor and
a rotary motion feed through were used to rotate and translate the sample rod
that was mounted on a screw drive mechanism. To avoid thread formation or
uneven exposure, decoupling of the rotation and up-and-down movement was
necessary by dithering the laser focus with a ∼ 0.1 Hz period and a ∼ 1 mm
amplitude of travel. In this study, the source conditions were optimized to
favor the production of atoms instead of clusters by: lowering the pressure in
the growth channel to the minimum flow of 800 sccm (lower flow conditions
lead to unstable operation); minimizing the length of the growth channel to < 1
cm (restricted by the physical geometry of the apparatus); shortening the time
delay between the laser pulse used for ablation and the laser pulse used for the
ionization process (depending on the exact source conditions around 300 µs);
and lowering the deflection voltage (depending on the source and mass of the
metal around 20 V).

Our vacuum setup is presented in the top panel of figure 4.2 and shows
three differentially pumped regions. The regions were pumped by respectively
an Edwards mechanical Roots blower (EH500A, 350 m3/h), an Edwards diffu-
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sion pump (Diffstak 250, 2000 l/s) and a Varian turbomolecular pump (V550,
550 l/s). During operation with maximum gas inlet, the pressures in the three
regions were respectively < 10−1 Torr, < 10−4 Torr and < 10−6 Torr, whereas
the base pressure in the third region was below 5× 10−8 Torr. The second and
third region were isolated by an NRC-design low-profile gate valve. The first
region, the source chamber, housed the cluster source. After the 1 mm skim-
mer (Beam Dynamics) the molecular beam entered the second region where
any residual ions were removed from the molecular beam by two deflection
plates. The final region contained a dual slope Wiley-Mclaren time-of-flight
mass spectrometer. Compensation for any potentially large lab-frame molecu-
lar beam velocities in the 50 cm long flight tube was achieved by two deflection
plates (∆V = 0 − 150V), mounted directly on top of the last attractor plate.
In this manner, ions produced in the molecular beam are favored over back-
ground signal with an arbitrary velocity component and a virtual background
free mass spectrum can be obtained. A narrow slit was placed directly on top
of these deflection plates, allowing to collect ions from within a parallel beam
axial symmetric focal volume only. Ions were detected using a double stack mi-
crochannel plate (Burle) detector, where the signal was fed directly into a pulse
amplifier (Phillips Scientific 6950) and discriminator (Phillips Scientific 6915).
Mass spectra were recorded using a standalone multichannel scaler (Stanford
Research RS430) with a minimum bin width of 5 ns, but to operate at 1 kHz
normally set to bin widths of 40 or 160 ns. During the intensity scans, ion
counts were recorded using a computer-based PCI multichannel scaler (Fast-
Comtec P7888), with a bin width of 500 ps. Every individual laser shot, all the
hits were transferred to the computer and count rates for a specific intensity
were obtained by integration over a preset gate. Although a maximum of about
thirty hits per laser shot could in principle be transferred to the computer at
a repetition frequency of 1 kHz, the count rates in our scans were significantly
lower (up to 0.1 count per laser shot).

The amplified femtosecond laser system, used in this experiment, is dis-
cussed in detail elsewhere [72]. Briefly, the 800 nm pulses of a fs Ti:Sapphire
(Spectra-Physics Lok-to-Clok Tsunami) were first regeneratively amplified (Pos-
itive Light Spitfire) using a diode-pumped Nd:YLF laser (Positive Light Evo-
lution 30). Next, the pulses were passed through a two-pass linear Ti:Sapphire
amplifier pumped by another Nd:YLF laser (Positive Light Evolution 30). The
recompressed, transform-limited 80 fs/2.7 mJ pulses were used to pump an Opti-
cal parametric amplifier (Quantronix/LightConversion TOPAS) to produce 1.5
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Fig. 4.3: The energy of the laser light was varied using a neutral density filter wheel

and was focused with f/15 up to a maximum intensity of 3 × 1014 W/cm2.

Each laser shot, a mass spectrum was recorded and the energy of the laser

pulse was measured by an InGaAs photodiode and written as a time delay

at the end of the mass spectrum.

µm/150 µJ/90 fs pulses for the SFI experiment. The laser energy was varied
using a neutral density filter wheel, controlled by the data acquisition computer
(see figure 4.3). The energy of each laser shot was recorded using an integrating
sphere and an InGaAs photodiode. In our intensity scan method it is of utmost
importance to correlate for every laser shot the mass spectrum to the corre-
sponding laser energy/intensity. Hereto a voltage to time converter to write the
energy of the laser pulse as a time delay at the end of the mass spectrum was
developed.

4.3 Results

The raw data of our intensity scans for V/Nb/Ta and Ni/Pd are displayed in
figure 4.4. The ion yield is plotted as a function of the logarithm of the laser
peak intensity. A least-square-error linear fit to the the high intensity data
(dashed line) was used to obtain Isat at the intersection of the linear fit and the
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Fig. 4.4: Typical data from the intensity scans are shown in a semi-logarithmic plot

for V/Nb/Ta and Ni/Pd. The saturation intensities are indicated at the

intersection of the extrapolated linear data in the high intensity limit and

the intensity axis.

Tab. 4.1: Experimental saturation intensities and the corresponding values for both

ADK and ZRP models are given for V, Nb, Ta and Ni, Pd. The value η is an

indication of the contribution of MAE effects (see text). For reference, the

electronic configurations, ionization potentials [89] and static polarizabilities

[75] are given.

Atom Configuration IP α Isat (1013 W/cm2) η

(eV) Å3 Exp ADK ZRP (%)

V [Ar] 3d34s2 6.75 12.4 3.2 1.2 12.2 18
Nb [Kr] 4d45s1 6.76 15.7 6.7 1.2 12.2 50
Ta [Xe] 4f145d36s2 7.89 13.1 5.4 2.1 18.4 20
Ni [Ar] 3d84s2 7.6 6.8 4.7 1.8 16.7 19
Pd [Kr] 4d10 8.34 4.8 6.2 2.6 21.3 19
Xe [Kr] 4d105s25p6 12.13 4 9.5 9.5 57.6 0

intensity axis. The solid line is a convenient exponential fit to the data at all
intensities that is later used alternatively to obtain absolute ionization rates. A
series of four or more measurements was used to obtain the standard deviation
of Isat. Taking into account the standard deviation of Isat of our calibration
standard xenon, the total standard deviation was estimated to be less than 20 %.
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Fig. 4.5: Absolute ionization rates are shown for V/Nb/Ta and Ni/Pd, extracted from

the data in figure 4.4 (open circles). The solid line represents the accurate

ionization rate obtained using the exponential fit of the same data as in figure

4.4. The dashed (vide infra: ADK) and dotted (vide infra: ZRP) line are

theoretical rates.

For all metal atoms, Isat is presented in table 4.3 together with the previously
reported ionization potential (IP ) [89], polarizability (α) [75] and theoretical
predictions (vide infra: ADK, ZRP, η). Next, the raw data in figure 4.4 were
smoothed with a 10 point binning method in order to evaluate within reliable
accuracy both the slope in the high intensity limit as well as the slopes at all
lower intensities. The three-point differential method was employed to obtain
the different slopes: the slope at any given intensity was calculated from the rise
and run over its two neighboring points. The time integrated ionization rate∫∞
−∞Wdt is obtained using equation 4.3. The results for V/Nb/Ta and Ni/Pd

are displayed in figure 4.5, where on the left ordinate the integrated ionization
rate(

∫∞
−∞W (I0f(t))dt) is plotted. On the right ordinate the absolute ionization

rate (W (I0)) is plotted, assuming a square temporal profile pulse of 50 fs as
obtained by a fit of the experimental ionization rates of xenon to ADK theory.
The solid lines in figure 4.5 represent the same transformation of equation 4.3,
but using the data from the exponential fit instead of the experimental data.
For comparison, theoretical ionization rates have been added to figure 4.5 as
dotted and dashed lines (vide infra: ADK and ZRP).
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4.4 Discussion

In order to discuss the MAE nature of the strong-field ionization of the transition
metal atoms V/Nb/Ta and Ni/Pd, the experimental data are compared to a
SAE theory (ADK) and a simplified but limiting MAE model (Zero Range
Potential: ZRP).

Both models operate in the tunneling regime, where the tunneling time
(τtunneling) is longer than the laser period (τlaser), i.e. γ = τtunneling/τlaser < 1.
Care has been taken that around the experimentally measured saturation in-
tensities, ionization takes place in this regime. Hereto, the laser wavelength is
chosen in the infrared at 1.5 µm. Next, the possibility of a contribution to the
atoms signal of fragmented clusters is considered. However, dissociation after
ionization of clusters of size n into smaller fragments (atoms) can be ruled out
due to the very high dissociation energy of transition metal clusters (typically
higher than the IP ). This is furthermore verified in the case of niobium by
recording a mass spectrum with a soft one-photon ionization process using ArF
radiation. Contributions from doubly or higher charge states (z) of larger clus-
ters with the ratio n/z = 1 (e.g. Ni2+2 ) to the atom signal can be neglected
as argued in chapter 5 of this thesis, where typical mass spectra for the clus-
ter distributions (under different source conditions) are shown and discussed in
detail.

The first model that is naively applied, is a SAE theory to calculate Isat for
the transition metal atoms. ADK theory [7] is often considered the benchmark
for the lower limit of the ionization rates, i.e. an upper limit of Isat. The
expression for the ionisation rate W in terms of the electric field strength E is
given by

W = ωAC2
nlf(l,m)IP

(
3E

π(2IP )3/2

)1/2 [
2
E

(2IP )3/2

]2n−|m|−1

×

× exp
[
− 2

3E
(2IP )3/2

]
(4.4)

where n, l and m are the conventional quantum numbers, ωA is the atomic unit
of frequency, and the factors f and C are given by

f(l,m) = (2l+1)(l+|m|)!
2|m|(|M |)!(l−|M |)!

Cn,l =
(

2e
n

)n 1
(2πn)1/2 .

(4.5)

Theoretical saturation intensities using ADK theory (ADK:Isat) have been
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Fig. 4.6: A 4-electron, one-dimensional model atom, with ionization potential IP =

0.5 a.u. and polarizability α = 30 Å3, in a strong laser field. Laser param-

eters: wavelength 1000 nm, peak intensity 2 · 1014 W/cm2, pulse duration

10 fs. The lines represent the potential barrier experienced by the tunnel-

ing electron at the laser pulse peak. To demonstrate the effect of polariz-

ability on tunnel ionization the potential is calculated in two different ways.

Full/dotted line: potential of the 4-electron system in the presence/absence of

the laser field plus the potential due to the laser field. The difference between

the two lines represents the potential caused by the laser induced polariza-

tion of the bound electrons. The potentials were calculated from the solution

of the 4-electron Schrödinger equation by using the multi-configuration time

dependent Hartree Fock approach. For more information see references [33]

and [90].

added to table 4.3. For the metal atoms V/Nb/Ta an s-electron is being re-
moved during the ionization process and the orbital angular momentum l = 0
can be used in the calculations. In the case of Ni/Pd a d -electron is being re-
moved (l = 2) and therefore Isat has to be averaged for m = −2 · · · 2. All values
for Isat are significantly smaller than the experimental values, clearly demon-
strating the failure of SAE theories: the MAE nature of transition metal atoms
suppresses ionization. Since Isat is a nonlinear parameter, a small deviation
from the experimental saturation intensity results in a much larger discrepancy
in the ionization rate. We propose that this suppression of ionization in MAE
systems is due to the joint motion of all electrons induced by the laser field. The
effect is a polarization of the system that increases the barrier for the tunneling
electron by repulsion or equivalently screens the laser field.
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Although the exact ab initio analysis of multi-electron atoms in strong laser
fields is still out of reach, recently a multi-configuration time dependent Hartree
Fock (MCTDHF) approach has been carried out in a collaboration that can
treat the non-perturbative dynamics in correlated, few-electron systems [33, 90].
Currently, MCTDHF can handle the dynamics of up to 10 electrons in one di-
mension. Generalization of this method to two and three dimensions is under
progress. In figure 4.6 the main mechanism for the reduction of tunnel ion-
ization is identified. We have solved the Schrödinger equation for a 4-electron
one-dimensional model atom in a strong laser field by using the MCTDHF
method. The laser wavelength is 1000 nm, and the laser peak intensity is 2 ·1014

W/cm2. The ionization potential of the valence electron is IP = 0.5 a.u., and
the polarizability is α = 30 Å3. A one-dimensional solution of the Schrödinger
equation requires shielding of the electron-electron and electron-nucleus inter-
action. The shielding parameters were adjusted to realize polarizabilities and
ionization potentials as close as possible to experimental values. In general, a
one-dimensional calculation tends to overestimate the polarizability. Therefore,
the ionization potential was chosen slightly larger than the experimental values
in order to avoid unreasonably high polarizabilities. The full and dotted lines
in figure 4.6 show the potential barrier experienced by the tunneling electron at
the peak of the laser field. The full line depicts the potential of the polarized
atom plus the potential due to the laser field, whereas the dotted line shows
the potential of the field free atom plus the potential due to the laser field. We
find that the presence of the laser field shifts the bound electrons and creates
a polarization which changes the potential barrier of the atom. The difference
between the two lines in figure 4.6 represents the change of the potential caused
by the polarization of the atom. As the electrons are pushed in the direction of
the laser field, the polarization increases the tunneling barrier and therewith re-
duces ionization, as was also shown for molecular systems [90]. The MCTDHF
analysis corroborates the conclusion derived from figure 4.5 that ADK theory
overestimates tunnel ionization in complex atoms. The largest part of the over-
estimation comes from the fact that complex atoms have a large polarizability
which reduces tunnel ionization. A smaller part can also come from the fact that
ionization in transition metal atoms takes place in the above barrier ionization
(ABI) regime. In the limit of ABI the laser field deforms the tunneling barrier
to such an extent that the barrier is completely suppressed and the electron can
escape over the barrier. ADK theory is known to overestimate tunnel ionization
in the above barrier ionization regime. In Helium ADK and ABI rates differ by
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Fig. 4.7: The effect of the MAE dynamic response can be mimicked by an effective

Coulomb potential in the laser field. The applied field will push the electrons

to the downfield side of the potential, resulting in a screening of the core for

the tunneling electron (a reduction in z). In the extreme case, the resulting

potential resembles a Zero Range Potential (ZRP). The different values for

z shown in the figure are 1.00, 0.75, 0.25 and 0.01. For clarity the resulting

triangular barrier from the ZRP is shown in grey

up to a factor of 3 [91]. As there exists no theory of ABI, comparison of ex-
periment and ADK theory gives an upper estimate of the polarization induced
reduction of ionization.

As the second model, a simplified but limiting model is used. The result of
the joint motion of all electrons is an additional dynamic screening of the ionic
core. The potential that the tunneling electron feels can therefore be approached
by an effective Coulomb potential. The displacement of the electron cloud
relative to the nucleus due to the laser interaction, will lead to an additional
dynamic screening of the core. In figure 4.7 the effect of reducing the charge z of
a Coulomb potential in the presence of a laser field is shown. In the limiting case
of full screening (z → 0), this potential approaches the Zero Range Potential
(ZRP). The theoretical ionisation rates are calculated using the cycle-averaged
Wentzel-Kramer-Brillouin tunneling rates out of a ZRP

W (I) = 1/π

√
2πE

2/3(2IP )3/2

E

2(2IP )1/2
exp

−2(2IP )3/2

3E
(4.6)

and the calculated Isat are shown in table 4.3 as well.
Finally we propose to bracket the MAE character of the ionization process



4.5. Conclusion and Future Directions 55

by the following property (η).

η =
Isat(Exp)− Isat(ADK)
Isat(Delta)− Isat(ADK)

× 100 (4.7)

This nonlinear parameter is 0% (or lower) for pure SAE systems and can in-
crease to the limiting value of 100% with increasing MAE contributions. As
anticipated, due to the the MAE nature of transition metal atoms, η deviates
strongly from zero for all tested atoms (see table 4.3). However, it is surprising
to notice that except for niobium, all values for η are around 20 %, independent
of the number of valence electrons or polarizabilities. In the case of niobium, a
much larger contribution from MAE effects is found as η = 50%.

Theoretical ionization rates have been added to figure 4.5: ADK (dashed
line) and ZRP (dotted line). The same effects as described above are observed.
ADK theory overestimates and the limiting case of the ZRP approach under-
estimates the ionization rates of transition metal atoms. At this point it is
instructive to estimate the failure of SAE theories when applied to transition
metal atoms. First the experimental ionization rate is obtained at ADK:Isat.
At this intensity the experimentally measured ionization rate is extremely small
and our method is not suitable to extract a reliable rate. Instead, we fit the
experimental data to ADK rates obtained with an arbitrary (larger) IP . The
rate obtained from the fitted data is off by a factor off 104 relative to the ADK
rate with the experimental IP . This clearly shows the failure of SAE theories
to predict Isat as shown in table 4.3.

4.5 Conclusion and Future Directions

A dramatic failure of SAE theories (e.g. ADK) when applied to transition
metal atoms is found (experimental rates can be lower by a factor of 104).
Presently, MAE theories taking into account all electron interactions during a
strong-field ionization process are still under development. Qualitatively, the
origin of the suppression of ionization is argued to result from a joint motion of
all electrons in the laser field, i.e. a polarization of the system. The increased
repulsion of the higher electron density near the barrier reduces the tunneling
rates. A simplified but limiting MAE model is proposed in terms of a Zero Range
Potential. The saturation intensities and absolute ionization rates are measured
for V/Nb/Ta and Ni/Pd. A single parameter to indicate the MAE character
of the ionization process of the atoms is provided. Except for niobium, the
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MAE contribution is approximately the same for all tested metals, irrespective
of the number of valence electrons or the polarizability. An anomalously high
MAE contribution for niobium is found. The strong deviation of the behavior of
niobium is currently under further investigation in our laboratory, but several
indications of anomalous behavior of niobium atoms and clusters have been
described in the literature (including extremely large polarizabilities of niobium
clusters) [92, 93]. The experimental technique described in this study can be
applied to many systems not accessible with conventional sources, yielding more
data to gain full insight in MAE dynamics during the strong-field ionization
process of relatively simple systems (atoms) and providing a more extensive
background for the anomalous behavior of niobium.



5. NON-RESONANT STRONG-FIELD IONIZATION OF

MULTIELECTRON SYSTEMS: 2. TRANSITION METAL

CLUSTERS

Metal clusters are adopted as prototype systems to study multi-electron effects
in Strong-Field Ionization (SFI) and the transition from the quantum mechan-
ical description of small systems to a classical behavior for larger systems. The
saturation intensities of the first ionization step are reported for the clusters Vn

(n=1-12), Nbn (n=1-15), Tan (n=1-12) and Nin (n=1-12), as well as the satura-
tion intensities of the second ionization step for the clusters Vn (odd n=13-23),
Tan (odd n=9-17) and Nin (odd n=15-35 and even n=26-36). It is shown that
the tunneling rates predicted by single active electron theories can be off by
a factor of 104 − 106. The smallest clusters behave like quantum systems and
their response to a strong laser field is compared to that of a system with a zero
range potential. A classical model that takes into account the multi-electron
response by a static polarization term, starts to converge to the experimental
results for n > 10 for Vn, Tan and Nin. Niobium custers show anomalous be-
havior that might be ascribed to the failure of classical models to account for
the polarizabilities that vary significantly as a function of size, as measured in
niobium clusters.
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5.1 Introduction

In chapter 4 of this thesis the importance of strong-field ionization (SFI) to
chemistry was briefly discussed [94], with emphasis on the highly nonlinear
processes of Recollision, Coulomb Explosion Imaging, Strong-field Control and
Laser Ablation/Optical Modification. The physics of ionization in all these
processes can be well described using e.g. ADK theory [7], if a Single Active
Electron (SAE) response can be assumed. The naive application of SAE theories
to Multi Active Electron (MAE) systems, including diatomic molecules [32],
conjugated molecules [30, 24, 26, 27], C60 [20] and surfaces [31] has shown a large
overestimation of ionization rates. The origin of this suppression of ionization
relative to SAE theories is ascribed to joint motion of all electrons towards the
lower part of the potential: a dynamic polarization. The tunneling electron
now experiences additional repulsion, or equivalently, the height of the barrier
that the electron has to tunnel through is increased effectively by the higher
density of electrons near the barrier. In chapter 4 of this thesis [94], “simple”
Multi Active Electron (MAE) systems were studied: transition metal atoms.
Saturation intensities and absolute ionization rates were obtained that can be
compared directly to theoretical models. In this part, more complex MAE
systems are investigated by studying the strong-field ionization behavior of small
metal clusters of V/Nb/Ta and Ni. The introduction of multiple nuclei leads
to many complications in the description of strong-field ionization, including (i)
the larger effect on the suppression of the barrier by the laser field due to the
extended width of the potential. A modification of the Keldysh parameter has
been proposed to compensate for this effect[25]; (ii) the non-adiabatic response
of electrons due to the higher density of states in extended systems [26, 27]; (iii)
the motion of the nuclei during that laser pulse leading to Enhanced Ionization
at a critical separation of the nuclei [28]; and (iv) the drop of the plasmon
frequency due to the expansion of an atomic cluster where several electrons
have been removed, leading to the production of highly charged ions when the
plasmon frequency matches the laser frequency (Plasmon Resonance) [29].

By choosing to study metal clusters of varying size and by carefully selecting
the laser parameters (wavelength, pulse duration and intensity), it is possible
to study exclusively the effect of polarization during the strong-field ionization
process. The first quantitative model to describe the effect of polarizability was
recently communicated for C60 [20]. This molecule is modeled as a conducting
sphere and classical electrodynamics are used to obtain the potential in a strong
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laser field. Classical models can be used to predict correctly the polarizability
and ionization potentials of the higher charge states of C60. The MAE effect in
the SFI process is taken into account by a single polarizability term, yielding an
effective MAE theory with (still) only one active electron. The agreement of this
classical model with the experimental strong-field ionization results is excellent.
On the other hand, small quantum systems like MAE atoms cannot be treated
by classical models as we have shown in an earlier communication [95]. Since
a full multi-body calculation is presently not available, a model that assumes
perfect screening was employed as a limiting case to describe the SFI of small
quantum systems like atoms. We investigated when the transition from small
quantum to classical systems takes place and how the physics of the quantum
systems differs from the classical picture. Hereto, a prototype system with
many electrons and varying size is used: (transition) metal clusters. Additional
advantages of these systems are: (i) the high dissociation energy that makes
the interpretation of the mass spectrum unambiguous; (ii) the heavy nuclei
that will hardly move (if singly charged) during the short laser pulse, thus
avoiding complications like enhanced ionization and plasmon resonances; (iii)
the property to form congregations of atoms that resemble spheres to rule out
alignment effects and allow for simple classical models; and (iv) the availability
of the relevant experimental data, like ionization potentials (IP) and in some
cases also the polarizabilities (α). The suppression of ionization relative to SAE
theories for these systems is observed, and can be quantitatively understood
for the larger clusters. As is the case in C60, the strong-field ionization of
larger metal clusters can be described as a classical process [20]. The physics of
the smaller systems is similar, but for quantitative agreement full multi-body
numerical simulations have to be developed.

5.2 Method

The experimental technique to obtain the saturation intensities of the V/Nb/Ta
and Ni clusters is detailed in chapters 3 and 4. Briefly, the transition metal clus-
ter beam was generated using a stable kHz rate laser ablation source [88]. Using
a dithering focus, the light of a 1 kHz Nd:YLF laser was focused on to the ro-
tating and translating target metal rod, ensuring even exposure and minimizing
debris formation. An amplified femtosecond laser system, described elsewhere
[72], pumped an optical parametric amplifier (OPA) of which the signal at 1.5
µm was used for ionization. The energy was varied using a neutral density filter
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wheel, allowing to scan up to a maximum intensity of 3 × 1014 W/cm2. Ion
yields were recorded using a multichannel scaler card and stored in a PC. The
intensity scan method, based on a restricted parallel axially symmetric focusing
geometry as described elsewhere [30], was used to extract the saturation inten-
sities (Isat). The quantity Isat corresponds to a fixed percentage (the exact
number depends on the ionization mechanism) of ionized neutrals and is a mea-
sure of the “ease” of ionization. It is independent of experimental parameters,
including apparatus sensitivity, concentration of neutrals in the molecular beam
and focal geometry.

5.3 Results

The combination of a kHz laser ablation source and the intensity scan method
allows for a systematic investigation of the strong-field ionization mechanism of
many atoms and atomic clusters not available from conventional sources. The
strong-field ionization at 1.5 µm was initially investigated for metal clusters
from two columns in the periodic table: niobium (column 5) and nickel (column
10). The reason for the choice of these original two metals is the availabil-
ity of experimental data, most importantly ionization potentials [96, 97] and
polarizabilities (related to the multi electron screening effect) [93, 98]. Both
experimental and theoretical studies are available of low-lying electronic states
[99, 100, 101, 102, 103] and geometries [104, 105]. Although a few electronic
states below the photon energy of 1.5 µm have been predicted theoretically
for some clusters of these metals, experimental absorption spectra show ex-
tremely small dipole coupling to these states. All absorption spectra show a
large plasmon resonance in the UV range with a long tail into the near IR. At
the wavelength of 1.5 µm (as used here), these experimental studies show only
very little absorption and an adiabatic electronic response is assumed through-
out this study. For the larger clusters, the geometrical studies show a compact
packing symmetry that closely resembles a sphere, avoiding problems due to
alignment and allowing the application of very simple classical models. Be-
cause the niobium results differ significantly from those of nickel (vide infra),
additional results are presented for niobium at 800 nm. Furthermore, to check
if the different behavior is a property of the early transition metals, the two
neighboring metals in the fifth column are also investigated: vanadium and
tantalum.

Nickel The results for nickel, the first row element in the 10th column
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Fig. 5.1: The mass spectrum for Nickel is shown in panel (a) as a function of the

number of atoms n divided by the charge state z. Peaks at half integer n/z

indicate doubly charged clusters of an odd number of atoms. Doubly charged

clusters of an even number of atoms per cluster coincide with singly charged

clusters. Assuming a smooth cluster distribution, contributions from these

doubly charged clusters can be estimated by extrapolating the neighboring

peaks of doubly charged clusters of an odd number of atoms per cluster. As

an example, an intensity scan is shown in panel (b) for Ni7, where the contri-

bution from the Ni2+14 signal is subtracted. The saturation intensity ISat is

found by fitting a line (gray solid line) to the high intensity data and finding

the intersection of this line with the intensity axis (see arrow). Errors are

estimated by a worst-case fits to the data (gray dashed line). Experimental

saturation intensities, including error bars are shown in panel (c) for the first

ionization step (solid squares) and (d) for the second ionization step (solid

circles). Two classical models are included: CSM, where the laser induced

polarizability is neglected (dashed line) and CSM where the dynamic multi-

electron polarizability is included (solid line). Also a limiting theory based

on the Zero Range Potential (dotted line) is included.

of the periodic table, have recently been communicated elsewhere [74]. The
electronic ground state of the atom is [Ar]3d84s2, giving a total of ten valence
electrons. At maximum laser intensity (∼ 1014 W/cm2), a mass spectrum of
nickel clusters as shown in figure 5.1a is obtained in a few seconds with mod-
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Tab. 5.1: Experimental (Exp) and theoretical (CSM) saturation intensities for the

first ionization step are presented for vanadium, niobium, tantalum and

nickel. Ionization potentials are added for reference purposes together with

the electronic configurations and radii of the atoms.

V Nb Ta Ni
[Ar] 3d34s2 [Kr] 4d45s1 [Xe] 4f145d36s2 [Ar] 3d84s2

R=1.35 R=1.45 R=1.45 R=1.35

IP Isat/1013 IP Isat/1013 IP Isat/1013 IP Isat/1013

(eV) (W/cm2) (eV) (W/cm2) (eV) (W/cm2) (eV) (W/cm2)

N EXP CSM EXP CSM EXP CSM EXP CSM

1 6.8 3.2 1.0 6.8 6.7 0.9 7.9 5.4 1.8 7.6 4.7 1.5

2 6.4 3.1 0.8 6.2 6.6 0.7 6.0 5.1 0.6 7.4 4.7 1.0

3 5.5 2.9 0.5 5.8 6.0 0.5 5.6 3.6 0.5 6.2 4.7 0.7

4 5.7 2.8 0.5 5.6 5.9 0.5 5.8 2.4 0.5 5.7 3.8 0.5

5 5.5 2.5 0.5 5.5 5.1 0.4 5.2 1.5 0.4 6.2 3.6 0.8

6 5.4 2.5 0.4 5.4 5.1 0.4 5.1 1.3 0.3 6.8 3.1 1.1

7 5.2 1.7 0.4 5.4 5.1 0.4 5.2 1.1 0.4 6.2 1.9 0.8

8 5.4 1.5 0.5 5.5 4.8 0.5 5.2 0.8 0.4 6.2 1.3 0.8

9 5.2 1.5 0.4 5.2 3.7 0.4 5.1 0.7 0.3 6.0 1.1 0.7

10 5.2 1.5 0.4 5.5 4.3 0.5 5.1 0.8 0.4 6.0 1.0 0.7

11 5.0 1.5 0.3 4.7 3.6 0.3 4.9 0.8 0.3 6.0 1.0 0.7

12 4.9 1.3 0.3 5.2 3.6 0.4 4.9 0.7 0.3 5.9 0.8 0.7

13 4.9 3.6 0.3

14 4.8 4.1 0.3

15 4.5 3.7 0.2

erate laser pulse energies for ablation (5 mJ). Nickel occurs naturally with two
dominant isotopes: 58Ni (68%) and 60Ni (26%). The bin width of the external
scaler was set to 40 ns, but scans at higher resolution have been used to show
that the contributions from carbides, nitrites and oxides to the cluster signal
are below a few percent for all tested metals. The mass spectrum is plotted
as a function of cluster size n divided by the charge z and is the result of the
cluster size distribution and the mass spectrometer transmission function. The
transmission depends on the voltage setting of the deflection plates and the
ratio n/z. Overall, the form of the mass spectrum is explained by a transmis-
sion function centered at n/z = 12 (much larger clusters can therefore not be
detected), combined with a typical bimodal cluster distribution, peaking at the
atom and n ∼ 30. The peaks in the mass spectrum at half integer values of
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Tab. 5.2: Experimental (Exp) and theoretical (CSM) saturation intensities for the

second ionization step are presented for vanadium, niobium, tantalum and

nickel. Ionization potentials are estimated using equation 5.3. No double

ionization occurs within the measured intensity regime for niobium.

V Nb Ta Ni
[Ar] 3d34s2 [Kr] 4d45s1 [Xe] 4f145d36s2 [Ar] 3d84s2

R=1.35 R=1.45 R=1.45 R=1.35

IP Isat/1013 IP Isat/1013 IP Isat/1013 IP Isat/1013

(eV) (W/cm2) (eV) (W/cm2) (eV) (W/cm2) (eV) (W/cm2)

N EXP CSM EXP CSM EXP CSM EXP CSM

9 8.2 2.5 0.7

11 7.9 2.0 0.6

13 7.2 2.9 0.5 7.6 > 10 0.5 7.4 1.8 0.5 8.8 2.3 1.0

15 6.9 2.7 0.4 7.2 > 10 0.4 7.3 1.7 0.5 8.6 2.1 1.0

17 7.1 2.8 0.5 7.2 > 10 0.5 7.5 1.5 0.6 8.6 2.1 1.0

19 6.7 2.9 0.4 7.1 > 10 0.4 8.5 1.9 1.0

21 6.6 2.8 0.4 7.0 > 10 0.4 8.4 2.0 1.0

23 6.6 2.8 0.4 7.0 > 10 0.4 8.1 1.9 0.9

25 6.9 > 10 0.4 8.1 1.8 0.9

26 6.9 > 10 0.4 8.1 1.7 0.9

27 8.0 1.6 0.9

28 8.1 1.7 0.9

29 8.2 1.6 1.0

30 8.1 1.6 1.0

31 8.1 1.2 1.0

32 7.9 1.4 0.8

33 7.8 1.4 0.8

34 7.8 1.4 0.8

36 7.8 1.3 0.8

n/z result from doubly charged clusters of odd n, e.g. Ni2+15 is shown in the
mass spectrum at 15/2 = 7.5. Doubly charged clusters of even n coincide in
the mass spectrum with singly charged clusters, but assuming a smooth cluster
distribution, the contribution from doubly charged clusters of even n can be
estimated as the interpolated doubly charged neighboring peaks of odd cluster
size n. In figure 5.1a it can be seen that there are no doubly charged clusters
at half integer numbers below n/z = 6. Therefore, we assume that the sig-
nals up to n = 6 result only from singly charged clusters. For integer values
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Tab. 5.3: Experimental (Exp) and theoretical (CSM) saturation intensities are pre-

sented for niobium at 800 nm. Ionization potentials are added for reference

purposes.

N IP (Isat 1013 W/cm2)
(eV) EXP CSM

1 6.76 5.6 0.9
2 6.20 5.1 0.7
3 5.81 2.8 0.5
4 5.64 2.8 0.5
5 5.45 2.8 0.4
6 5.38 2.0 0.4
7 5.35 2.0 0.4
8 5.53 2.2 0.5

of n/z > 12 the intensity is almost equal to the interpolated intensity of the
neighboring doubly charged clusters of odd size n. Therefore, it can be assumed
that the signals at all values n/z > 12 are due to doubly charged clusters only.
In the region of n/z = 7 − 12 we have to deduct the estimated contribution of
the doubly charged to the singly charged signals. This information is used to
obtain saturation intensities for the first ionization step of Ni1 to Ni12 and the
second ionization step for both odd cluster sizes Ni13 to Ni37 and even cluster
sizes Ni26 to Ni34. The intensity is scanned to a maximum of ∼ 3×1014 W/cm2

and the ion yield is measured as shown in the semi-logarithmic plot in figure
5.1b for Ni7. The estimated contribution of the signal due to double ionization
of Ni14 is deducted from these results. We fitted a straight line (solid line in
figure 5.1b to the high intensity results using the least square error method and
obtained the saturation intensity at the intersection of this line and the inten-
sity axis. At the same time we estimate the error in the saturation intensity by
fitting two worst case lines (dashed) to the same results. The intensity axis was
calibrated using our reference standard xenon. The saturation intensities for all
measured nickel clusters (z = 1 and z = 2) are presented in table 5.1 and table
5.2 ,and figure 5.1c and 5.1d.

Niobium The second metal that was investigated is niobium with an
atomic electronic ground state of [Kr]4d45s1. Niobium occurs naturally as a
single isotope (89Nb). The mass spectrum recorded with a bin width of 160 ns, is
shown in figure 5.2a. Although the intensity at which all mass spectra are taken,
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Fig. 5.2: In panel (a) the mass spectrum for Niobium is shown, where an almost

complete absence of doubly charged clusters can be observed. An example

intensity scan is shown in panel (b) for Nb7. The experimental Isat for the

first ionization step (solid squares) for the niobium clusters are shown in

panel (c); within the intensity range of this study, Isat for z=2 can not be

obtained (see panel d). Three models are included: (i) CSM, where the laser

induced polarizability is neglected (dashed line), (ii) CSM where the dynamic

multi-electron polarizability is included (solid line) and (iii) ZRP, a limiting

MAE theory (dotted line). See figure 5.1 for details

Fig. 5.3: The results for niobium at 800 nm are presented: (a) mass spectrum, (b)

intensity scan for Nb7 as an example and (c) saturation intensities. See the

caption of figure 5.1 and text for details.

is the same (∼ 1014 W/cm2), and given the fact that the ionization potentials
of niobium clusters are lower than the clusters of nickel, it is surprising to see an
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almost complete absence of doubly charged clusters. Saturation intensities have
been measured for Nb1 to Nb15. As an example, an intensity scan for Nb7 is
presented in figure 5.2b. The experimental values for the saturation intensities
are presented in figure 5.2c and table 5.1 and are significantly higher than those
of nickel. Due to this different behavior, more results are presented at a laser
wavelength of 800 nm, where the maximum intensity that could be reached
was 1015 W/cm2. Even at this shorter wavelength no significant production of
doubly charged niobium clusters is present. To rule out the unlikely process
of dissociation, the mass spectrum has been compared to the mass spectrum
obtained with the soft one photon ionization process with radiation from an
ArF laser (not shown). No direct evidence of significant dissociation is observed
(there is no evidence of much larger clusters in the ArF spectrum). The signals
from the atom and dimer are not observed in the ArF spectrum as the photon
energy is not sufficient to ionize these species. Furthermore the ArF spectrum is
not sensitive to variations as a function of cluster size in IP, explaining the slight
differences in intensities between the two mass spectra. The mass spectrum at
800 nm, as well as an intensity scan for Nb7 are presented in figures 5.3a and
5.3b. Saturation intensities for Nb1 to Nb8 at 800 nm are presented in figures
5.3c and table 5.3.

Vanadium and Tantalum The two neighboring metals of niobium in
the fifth column are tested to investigate if the behavior of niobium is typical
for early transition metal clusters. The first row element is vanadium with an
electronic ground state of the atom [Ar] 3d34s2, giving five valence electrons.
The mass spectrum of vanadium is shown in figure 5.4a with a bin width of 160
ns. Laser energies for ablation up to ∼ 8 mJ were required for significant cluster
production. The main (> 99%) naturally occurring isotope of vanadium is 51V.
The cluster distribution peaks at n ∼ 20 and the transmission is optimized for
n/z = 7. Using the same method as described above, we obtained saturation
intensities for the first ionization step of V1 to V12 and the second ionization
step of odd cluster size V15 to V21. As an example the intensity scan for V7 is
shown in figure 5.4b with the contribution from V2+

14 subtracted. All measured
saturation intensities of vanadium are presented in figures 5.4c and 5.4d, and
table 5.1 and 5.2 .

The final metal of the fifth column is tantalum with an atomic electronic
ground state [Xe] 4f145d36s2, with again five valence electrons. The mass spec-
trum of tantalum is shown in figure 5.5a with a bin width of 160 ns and laser
energies for ablation of ∼ 10 mJ. Tantalum occurs naturally with one main
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Fig. 5.4: For Vanadium, the mass spectrum (a), an example intensity scan for V7 (b)

and Isat for z = 1 (c) and z = 2 (d) are shown (see figure 5.1 for details).

Three models are included in panel (c) and (d): (i) CSM, where the laser

induced polarizability is neglected (dashed line), (ii) CSM where the dynamic

multi-electron polarizability is included (solid line) and (iii) ZRP, a limiting

MAE theory (dotted line).

(> 99%) isotope 108Ta . The cluster distribution peaks at n ∼ 15 and the
transmission is optimized for n/z = 6. The saturation intensities are measured
for the first ionization step for Ta1 to Ta12 and for the second ionization step for
the odd cluster sizes Ta11 to Ta15. An example of an intensity scan for Ta7 is
shown in figure 5.5b with the contribution from Ta2+

14 subtracted. All measured
saturation intensities of tantalum are presented in figures 5.5c and 5.5d, and
table 5.1 5.2.

5.4 Discussion

The transition from quantum mechanical behavior of small systems to a classi-
cal description of strong-field ionization of larger systems is investigated. The
larger systems can be modeled as conducting spheres, whereas for the small
systems a full multi-body quantum mechanical calculation is necessary. As
such a calculation is presently not feasible, the results of the small systems are
compared to a limiting perfect screening model.
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Fig. 5.5: For Tantalum, the mass spectrum (a), an example intensity scan for Ta7 (b)

and Isat for z = 1 (c) and z = 2 (d) are shown (see figure 5.1 for details).

Three models are included in panel (c) and (d): (i) CSM, where the laser

induced polarizability is neglected (dashed line), (ii) CSM where the dynamic

multi-electron polarizability is included (solid line) and (iii) ZRP, a limiting

MAE theory (dotted line).

It is anticipated that the strong-field ionization of larger metal clusters can
be described classically as is the case for the strong-field ionization of C60 [20].
To incorporate both the finite size and the multi-electron nature of clusters (or
molecules), the systems of this study are modeled as conducting spheres (CS) of
radius a, using classical electrodynamics (see figure 5.6). The potential (ΦCS)
is obtained by integrating the force equation of removing an electron to infinity
from a charged sphere in the presence of an external electric field.

φCS(r) = −Er +
a3

r2
E − q

4πε

( a

2(r2 − a2
− z − a/2r

r

)
(5.1)

The two terms in brackets describe the contributions to the potential by the
image charge and ionic charge z. The αE/r2 term is due to the instantaneous
polarization in the sphere by the laser field, where classically α = a3. The
saturation intensities are obtained numerically by computing where the barrier
is suppressed by the (experimentally obtained) ionization potential. The radius
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Fig. 5.6: The cluster is modeled as a classical conducting sphere of radius a. The

MAE effect is taking into account as the polarization of the sphere by the

external laser field E. The ejected electron with charge q at a distance r

away from the center, induces an image charge of −aq/r.

a of a given cluster size N is given by

a = N1/3 · ra, (5.2)

where ra is the atomic radius. Calculating the radius as the cubic root of
the experimental polarizability (when available) yields similar results. Due to
the polarization term in the conducting sphere model (CSM), it is an effective
multi active electron (MAE) theory. The multi electron nature of the ioniza-
tion mechanism is modeled by the polarizability of the sphere; the tunneling
electron is still the only active electron. For comparison, a pure single active
electron (SAE) theory is obtained by neglecting the polarizability term. This
corresponds to considering the interaction of the laser field with one electron
only, without taking into account any multi-electron response. In figure 5.1-5.5
the results are added of the CSM without the polarizability term (dashed line)
and the CSM with the polarizability included (solid line). Known isomers with
different ionization potentials exist for Nb9, Nb12 and Ta12. The highest IP is
used in this study. As anticipated, by omitting the dipole term the theoretical
saturation intensities of all clusters are substantially lower than the experimen-
tal values. We ascribe this to a multi-electron dynamic screening effect that
suppresses ionization. By including the multi-electron dynamic screening as
the polarizability term in CSM, agreement for the saturation intensities of the
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first ionization step between the experiment and theory is approached for nickel
clusters with n > 10. This convergence is similar to the convergence of the
polarizabilities and ionization potentials of nickel clusters to classical models.
For the ionization potential, theoretical values start to approach experimental
values for n > 10 and are in full agreement for n > 20 [96]. Polarizabilities are
available for n > 11 and are generally very close to theoretical predictions [98].
It is evident that the convergence only arises by including the dipole term. Un-
fortunately, no experimental values for the ionization potential for z = 2 (IP2)
are available and therefore the ionization potentials have been estimated using
the first IP (IP1) and the theoretical value using the molecular capacitance
approach [106]

IP2 = IP1 +
z − 1

R
(5.3)

All measured saturation intensities for the second ionization step of the nickel
clusters agree fairly well with CSM (see figure 5.1d), even though the ionization
potentials are only an estimate. Once more, agreement between theory and ex-
periment only obtains with the inclusion of multi electron effects (polarization).
Although the convergence in the case of vanadium and tantalum is not as fast
as in the case of nickel, reasonable agreement is obtained for n > 10 between
the theoretical (CSM) and the experimental saturation intensity for the first
ionization step. Unfortunately, no data are available on the polarizabilities of
these clusters and therefore it is unknown where convergence to the polarizabil-
ities calculated with classical models takes place. The larger discrepancy for
the second ionization step might be ascribed to a wrong estimate of the second
ionization potential. For comparison of the experimental and theoretical val-
ues, the theoretical (CSM) predictions for the saturation intensities are added
to table 5.1 and 5.2.

Classical theories do not account for parameters like ionization potentials
and polarizabilities for small metal clusters (n < 10). A classical description of
the strong-field ionization of small metal clusters is therefore inapplicable. For
hydrogen like (SAE) systems, a well-known example of a quantum mechanical
SAE theory to calculate ionization rates is ADK theory [7]. It is only valid in
the tunneling regime and as long as W ¿ 1 (I ¿ Isat). In the case of high
ionization potentials, typical for noble gas atoms, the transition from W ¿ 1 to
W À 1 takes place very quickly and therefore ADK theory predicts correctly
the saturation intensity for noble gas atoms. For systems with a high ionization
potential, ADK and a classical theory, Barrier Suppression Ionization (BSI)
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predict very similar saturation intensities that agree well with the experimental
values for rare gas atoms. However, in the case of low ionization potentials (∼ 5
eV), typical for metal clusters, the transition from W ¿ 1 to W À 1 is very
slow and a discrepancy between ADK and BSI arises. Although ADK theory
predicts a higher saturation intensity than BSI for metal atoms in this study,
that are closer to the experimental value, the reason for better agreement is
the failure to apply ADK theory at high ionization rates and low ionization
potentials. Even so, the experimental saturation intensities are a factor of
4-6 higher than predicted by ADK theory. Since the saturation intensity is
a nonlinear measure, the absolute ionization rates can be off by a factor of
104 − 106, indicating the dramatic suppression of ionization in multi electron
atoms relative to SAE theories like ADK. In order to account fully for the
experimental results, a multi-body numerical method has to be employed that
is currently not available. As a limiting case we have argued previously that
the potential of a system with perfect screening mimics that of a zero range
potential (ZRP) [95]. In this study, the ZRP approach is applied to both the
atom and the (larger) clusters. This approach indicates what the saturation
intensity would be of a perfectly screened atom with an ionization potential of
the corresponding cluster. Therefore, this approach is a limiting case for the
effect of polarizability, but completely neglects the effect of size. The results
of the ZRP approach are added to figures 5.1, 5.2, 5.4 and 5.5 as well (dotted
line).

Classical models cannot account for the measured polarizabilities of small
metal clusters. Since the polarizability is a key parameter in the description of
strong-field ionization, classical models are likely to fail to describe strong-field
ionization processes in such systems. It can be seen in figure 5.1c, 5.2c, 5.4c and
5.5c that for the small clusters the experimental saturation intensities lie above
the classical CSM, but below the limiting quantum mechanical ZRP approach
that ignores any size dependence.

Niobium shows a more extreme MAE behavior than the other metals that
are investigated. The first indication of its anomalous behavior was obtained
from the mass spectrum where an almost complete absence of double ionization
was observed. Two more remaining anomalous results can be seen by comparing
niobium to the other metals. First, the saturation intensities of the small clus-
ters are significantly larger for niobium, whereas their ionization potentials are
among the lowest of the metals tested. Secondly, within the investigated regime
no convergence to CSM is obtained. Because of the anomalous results for nio-
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bium, additional results are presented at 800 nm. In the 800 nm results a drop
of the saturation intensities is observed in going from Nb2 to Nb3 (figure 5.3c).
This trend is not observed in the 1.5 µm results (figure 5.2c), indicating that at
800 nm the ionization process might be non-adiabatic. The anomalous behavior
of niobium is currently under further investigation in our laboratory, but several
indications of unusual properties, including polarizabilities, of niobium clusters
have been documented in the literature [92, 93].

5.5 Conclusion and future directions

The transition from quantum behavior of the smallest systems to a classical
description of strong-field ionization of large systems is discussed. Furthermore
the failure of SAE theories when applied to MAE systems is shown. The first
system that has been discussed in the literature where a classical approach to
describe the strong-field ionization has shown quantitative agreement with ex-
periment was C60. Here, additional results are presented where a convergence
to this classical limit is shown. Hereto a prototype system is used: metal clus-
ters. Small clusters of transition metals are ideal systems because of: (i) the
tunability of the number of atoms per cluster; (ii) the many equivalent elec-
trons to suppress ionization by polarization; (iii) the large mass per atom to
avoid nuclear motion during the laser pulse; (iv) the high dissociation energy
to avoid fragmentation; (v) the near spherical symmetry that allows for simple
classical models to apply and to avoid alignment effects; and (vi) the avail-
ability of experimental and theoretical data like electronic structure, geometry,
ionization potentials and polarizabilities. Four different metals from two dif-
ferent columns of the periodic table are tested: vanadium, niobium, tantalum
and nickel. The shortcomings of single active electron theories are shown for all
systems and agreement with experimental results is obtained for the larger clus-
ters of vanadium, tantalum and nickel by employing a conducting sphere model
that includes the multi-electron effect through dynamic polarization. Although
the correction arising from the inclusion of the dynamic polarization is in the
right direction for niobium, the predicted amounts of the boost in the barrier
is not sufficient to explain our experimental results. In the case of small sys-
tems, quantum mechanical multi-body numerical simulations that are currently
not available have to be employed. The physics from the classical model is
compared to a limiting case: the zero range potential. This approach includes
perfect screening as the MAE effect, but ignores any effects due to size. As
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anticipated, all measured ionization rates (including those from the small clus-
ters) are higher than predicted by the limiting model. Quantitative agreement
for the small systems might be obtained if the true potential of these systems
in a strong laser field, in combination with a classical or quantum mechanical
treatment of the escaping electron, can be calculated.

In future experiments the source will be further developed to produce larger
clusters to study the convergence to classical models. Especially in the case
of niobium it will be interesting to find at which cluster size the experimental
results will start to converge. Also, more metals will be investigated to produce
a systematic data set of the strong-field ionization dynamics of transition metal
clusters and to find out if the behavior of niobium is truly unique.
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6. APPENDIX

In the following, two Letters based on part of the results of this thesis are pre-
sented in the format of the original publication in the scientific journal ”Physical
Review Letters”. The first Letter deals with the Multi Active Electron (MAE)
effects in the Strong Field Ionization (SFI) of transition metal atoms, whereas
the second with MAE effects in the SFI of the clusters of these metals.
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Absolute ionization rates of multi-electron transition metal atoms in strong infrared
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We report on non-resonant strong field ionization of the multi-electron transition metal atoms
V, Nb, Ta, Ni and Pd. Operating in the adiabatic regime (λ = 1.5µm) and using a restricted
collection volume / constant axial intensity focusing geometry with calibrated absolute intensities,
we quantitatively determined both (i) the first charge state saturation intensities and (ii) the absolute
ionization rates for intensities ranging from threshold up to 3 × 1014 W/cm2. We observed a
dramatic suppression of ionization relative to Single Active Electron approximation expectations.
We suggest that this derives from dynamic polarization/screening effects within the multi-electron
atom, stressing a need for many-body theories of strong field ionization.

PACS numbers: 32.80.Rm, 42.50.Hz

Strong field ionization dynamics is central
to many extreme nonlinear optical processes
such as high harmonic, X-ray and attosecond
pulse generation. Much of our understanding
of these dynamics derives from adiabatic theo-
ries based upon strong field (SF) tunnel ioniza-
tion and single active electron (SAE) approxi-
mations. These theories, of which Ammosov-
Delone-Krainov (ADK) is a well known exam-
ple [1], successfully describe the strong field ion-
ization dynamics of the effectively SAE rare gas
atoms [2]. To understand the strong field physics
of matter more generally, true multi-electron sys-
tems and their many-body dynamics must be
considered. The first correlated two-electron
phenomenon, non-sequential double ionization
in rare gases, can be treated within the SF-SAE
picture by considering the recollision of the con-
tinuum SAE with the core [2, 3]. The strong field
ionization of two-electron atoms (Mg and Ca)
show perhaps the first hints of deviation from
the SF-SAE picture [4, 5]. Much more complex
multi-electron correlation phenomena, showing
a complete failure of the SF-SAE picture, were
observed in the strong field ionization of poly-
atomic molecules in both the adiabatic [6, 7] and
non-adiabatic [8, 9] regimes. Diatomic molecules
also show differences from SAE atoms that relate
to the molecular nature of the physics [10–12]. A
complete many-body theory treatment of multi-

electron dynamics in a strong laser field, how-
ever, is in the very early stages of development
[13, 14] and therefore there is a great need for de-
tailed, direct comparison of theory with simpler
systems: multi-electron atoms. In the following,
we present a quantitative determination of ab-
solute ionization rates as a function of intensity
and saturation intensities for a series of multi-
electron transition metal atoms.

In the adiabatic SF regime all electrons, not
just the most weakly bound ‘active’ one, must
respond to the applied field. If there are many
polarizable electrons, we expect that these will
all be pushed by the field up against the partially
suppressed barrier and lead to enhanced repul-
sion for the ‘active’ electron, as was discussed
for the case of molecules [8]. This type of dy-
namic polarization yields an effectively higher
tunnelling barrier and therefore a suppression
of ionization. SAE models such as ADK ap-
pear to provide a good description of the ion-
ization dynamics of the rare gases and, in this
context, these show no suppression of ionization.
To provide quantitative data on the adiabatic SF
ionization dynamics of multi-electron atoms, we
have undertaken a systematic study of two series
of transition metal atoms: V, Nb and Ta (each
having five outer valence electrons), and Ni and
Pd (each having ten outer valence electrons). We
compare our results with both ADK theory and
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a simple model which we argue mimics the lim-
iting behaviour of infinitely polarizable systems:
the delta or zero-range potential (ZRP).

A stable kHz-rate laser ablation source was
used to produce the transition metal atomic
beam, using helium as the carrier gas [15]. A
rotating, translating rod of pure metal (V, Nb,
Ta, Ni, Pd) was used as the target. An amplified
femtosecond Ti:Sa laser system pumped an opti-
cal parametric amplifier (OPA) to produce < 90
fs pulses at 1.5 µm with > 150 µJ of energy
[16]. The focused (f/15) infrared laser pulses
intersected the atomic beam in the extraction
region of a linear time-of-flight mass spectrome-
ter (TOFMS). The mass spectrum and laser in-
tensity were recorded for each laser shot. We
measured the intensity dependence of the atomic
mass peak up to a maximum of 3×1014 W/cm2.

We implemented the saturation intensity
method that employs a constant axial intensity
ion collection geometry, as discussed in detail
elsewhere [6, 7]. Briefly, a narrow slit (<500
µm) placed perpendicular to the laser propaga-
tion direction permitted collection only of ions
formed in a region of constant axial intensity.
With this geometry, a linear dependence of the
ionization yield on the logarithm of the inten-
sity holds at high intensity. The saturation in-
tensity, Isat, is defined as the threshold intensity
for this (extrapolated) linear behaviour and is
a general measure of the “ease” of ionization.
As Isat is an atomic property which does not
depend on experimental factors such as detec-
tion efficiency or focusing geometry, comparison
with theory is unambiguous. Absolute laser in-
tensities were determined by in situ calibration
against the known saturation intensity of xenon,
as described in detail elsewhere [7].

In Fig. 1 we show an example of a typical inten-
sity scan, here for the Nb atom. The measured
ion yield is plotted as a function of the logarithm
of the absolute peak intensity. Similar data were
recorded for V, Ta, Ni and Pd atoms. Saturation
intensities are obtained by extrapolation of the
high intensity linear behaviour, as shown in the
figure. The Isat determined from each fit is given
in Table I, along with the previously reported
ionization potential [17] and static polarizability
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FIG. 1: A typical intensity scan, shown here for the Nb atom.
The ion yield is plotted vs. the logarithm of the peak inten-
sity. The saturation intensity Isat is defined as the intensity
axis intercept of a linear extrapolation of the high intensity
behaviour. A multi-exponential fit to the data is shown as a
solid line. The limiting slope β∞, its intercept Isat and the
slope β at a lower intensity are shown. As discussed in the
text, β was used to extract the absolute ionization rates. All
other atoms (not shown) were treated in a similar manner.

TABLE I: Experimental saturation intensities and the cor-
responding values for both ADK and ZRP models are given
for V, Nb, Ta and Ni, Pd. η, the relative measure of ZRP
behaviour, ranges from zero for ideal ADK behaviour to 1 for
ideal ZRP behaviour. For reference, the electronic configura-
tions, ionization potentials [17] and static polarizabilities [18]
are given.

Atom Configuration IP α Isat (1013 W/cm2) η

(eV) Å3 Exp ADK ZRP
V [Ar] 3d34s2 6.75 12.4 3.2 1.2 12.2 0.18
Nb [Kr] 4d45s1 6.76 15.7 6.7 1.2 12.2 0.50
Ta [Xe] 4f145d36s2 7.89 13.1 5.4 2.1 18.4 0.20
Ni [Ar] 3d84s2 7.6 6.8 4.7 1.8 16.7 0.19
Pd [Kr] 4d10 8.34 4.8 6.2 2.6 21.3 0.19
Xe [Kr] 4d105s25p6 12.13 4 9.5 9.5 57.6 0

[18] of each atom.
The absolute ionization rates as a function of

intensity were determined by transformation of
the ion yield data in a manner detailed elsewhere
[7]. Briefly, the method depends on measuring
the slope of the ion yield curves as a function
of intensity. To reduce differentiation noise, the
raw ion yield data (as in Fig. 1) were smoothed
with a ten point binning method. The limiting
slope β∞ of the high intensity linear behaviour
was then evaluated. This experimentally de-
termined slope contains the dependence on all
experimental parameters (β∞ = κcπR2l): the
apparatus sensitivity (κ), the concentration of
atoms in the beam (c), the Gaussian beam waist
(R), and the length of the constant axial inten-
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sity region of the focus that is projected through
the slits onto the ion detector (l). Finally, the
slope β at all lower intensities was obtained by
a three-point differential method: the slope at
any given point was calculated from the rise and
run over its two neighbouring points. The cycle-
averaged intensity dependent ionization rate is
W (I0, f(t)) where I0 is the Gaussian peak inten-
sity and f(t) is the pulse envelope function. The
time integral of the ionization rate over the pulse
envelope, as discussed in detail elsewhere [7], is
given by the following transformation:∫

∞

−∞

W (I0, f(t))dt = ln
β∞

β∞ − β
. (1)

For the case of a square top pulse of duration τ ,
the integral in Eq. 1 reduces to W (I0)τ where
W (I0) is the absolute ionization rate. In Fig. 2,
both the square top absolute ionization rate and
the integrals

∫
∞

−∞
W (I0, f(t))dt, are plotted as a

function of absolute intensity for the atoms V,
Nb, Ta, Ni and Pd. The solid lines represent
ionization rates derived from transformation (in
the manner prescribed for the raw data) of the
functional fit to the experimental data shown in
Fig. 1 and similarly for all other atoms. The
effective pulse duration τ for the square top pulse
was obtained by fitting xenon intensity scan data
to ADK theory.

In the following, the observed ionization rates
of multi-electron atoms are compared with two
limiting case models. The first model is ADK,
a benchmark for single active electron atoms.
Our measurements are carried out at intensities
where the Keldysh parameter, γ, ≈ 0.5 or less,
conditions under which ADK is still expected to
maintain good accuracy for cycle averaged rates
[19]. It can be seen from Table I that, in all
cases, the experimental Isat significantly exceeds
the ADK value and from Fig. 2 that ADK drasti-
cally overestimates ionization rates: around the
ADK Isat, the ADK absolute ionization rate is
off by a factor of 104

−106 (it is important to note
that Isat is a logarithmic measure). This demon-
strates the dramatic nature of the suppression of
ionization in these multi-electron atoms relative
to SAE expectations. More general, but more
difficult to apply and therefore less widely used
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FIG. 2: Absolute ionization rates (open circles), determined
from direct transformation [ Eq. 1] of the data from Fig. 1
and similar data for the other atoms, are shown for each of
V, Nb, Ta, Ni and Pd. The envelope-integrated ionization
rates, left ordinate, are plotted as a function of peak intensity.
Assuming a square-top pulse, the resultant absolute ionization
rates in fs−1 are given by the right ordinate. The solid lines
are the same transformation applied to the numerical fit to
the data of Fig. 1 and likewise for the other atoms. The
dashed lines are the ionization rates obtained via ADK theory
and show a dramatic overestimation of the rates. The dotted
lines show the limiting behaviour expected from a zero-range
potential ZRP model, as described in the text.

treatments such as exact numerical SAE cal-
culations [2] and the analytical SAE derivation
of Perelomov-Popov-Terentev (PPT) [20] show
that that ADK progressively underestimates ion-
ization rates as γ increases above 0.5 so there is
even greater disparity between our experimental
results and the predictions of more sophisticated
SAE approaches. We suggest that this suppres-
sion is due to the dynamic (but adiabatic) polar-
ization of all electrons in the strong field, lead-
ing to displacement of electron density towards
the barrier and, hence, increased repulsion for
the ‘active’ electron which must pass through
this region in order to escape. Equivalently, a
test charge approaching the barrier from afar
climbs the potential due to the laser field and
feels, at close range, enhanced repulsion due to
the polarization of electrons towards the barrier
and, therefore, an increase of the barrier height
at short range (thus leading to dramatically re-
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duced tunnelling rates).

We now consider the other limiting case - that
of very high multi-electron contribution to the
polarizability. None of the SAE models, includ-
ing ADK, consider any dynamics internal to the
potential and therefore cannot include dynamic
screening effects. As full many-body theories of
strong field ionization dynamics are still under
development [13, 14], it is useful to consider sim-
plified models. Qualitatively, we expect an adia-
batic multi-electron polarization to lead to field-
induced enhancement of the tunnelling barrier
for the active electron. As a model of the high
polarizability limit, we used a simple function -
the delta function or zero range potential (ZRP)
- which we argue represents the limiting case for
high multi-electron polarizability systems.

We expect that multi-electron polarization
leads to displacement of electron density away
from the core in the direction of the laser elec-
tric field - i.e. downfield towards the tun-
nelling barrier. This enhancement of electron
density between the core and the exterior re-
gion should lead to enhanced screening of the
core as viewed from the downfield exterior re-
gion. In the upfield region opposite the bar-
rier, we expect, if anything, the core to be more
exposed due to this displacement of electron
density. As we are concerned with tunnelling
rates through the field-modified barrier, we fo-
cus only on the downfield side. A simple way
to mimic multi-electron screening is through the
use of an effective Coulomb charge z. A re-
duced z implies core screening and leads to a
change in the shape of the downfield potential
relative to the z = 1 Coulomb potential, as il-
lustrated in Fig. 3. The tunnelling barrier in-
creases as z decreases. In the limit tending to-
wards z = 0 (i.e. ‘perfect’ downfield screening),
the potential tends towards the triangular bar-
rier associated with a delta, or zero-range, poten-
tial function in the field. If we neglect changes
in the pre-exponential factor, we can estimate
the tunnelling rate through this limiting trian-
gular barrier as that from a zero-range poten-
tial (ZRP). We propose that the ZRP behaves as
the high multi-electron polarizability limit of dy-
namic screening of atoms in a strong laser field.

1.00

0.75

0.25

0.01

ZRP E

FIG. 3: Adiabatic multi-electron polarization in a strong laser
field leads to displacement of electron density towards the
barrier. This leads to enhanced screening of the core as viewed
from the downfield region. We mimic the enhanced downfield
screening through the use of an effective Coulomb charge z.
For an unscreened core of unit charge, z=1, reduction in z (i.e.
more core screening) mimics the field-induced modification of
the tunnelling barrier, as can be seen for z=0.75, 0.25 and
0.01. In the limit, z → 0, the potential tends towards a delta
or zero-range potential(ZRP).

Therefore, we used the cycle-averaged Wentzel-
Kramers-Brillouin (WKB) tunnelling rates out
of ZRPs as the second limiting case - that of
high multi-electron polarizability - for calculat-
ing ionization rates.

In Table I we present our experimental satu-
ration intensities as well as the ADK and ZRP
expectations. In Fig. 2, we show the absolute
ionization rates calculated for each atom from
both the ADK (dashed line) and ZRP (dotted
line) models. In all cases, the experimental rates
are bracketed by the two models, although the
Nb rates approach more closely to the ZRP limit.

As a single parameter measure of the multi-
electron contribution to the suppression of ion-
ization via the dynamic polarizability, we pro-
pose the following:

η =
Isat(Exp) − Isat(ADK)

Isat(ZRP) − Isat(ADK)
(2)

The value η is a number between 0 and 1. A
number close to 0 denotes good agreement with
ADK theory and a single active electron pic-
ture of the ionization dynamics (hence, η = 0
for Xe). A value close to 1 denotes good agree-
ment with the ZRP model which we suggest is
indicative of strong multi-electron contributions
to the dynamic polarization, leading to dramatic
suppression of ionization rates. It is important
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to note that η is defined in terms of the satura-
tion intensities (as in Fig. 1) and not from the
absolute ionization rates (as in Fig. 2). As can
be seen from Table I, except for Nb, all these
atoms show a value of η around 0.2, indicat-
ing some multi-electron contributions to the dy-
namic screening. Interestingly, these appear to
be invariant with respect to the total number of
valence electrons or the static polarizability. For
Nb, by contrast, η = 0.5 represents a very strong
dynamic screening effect. This anomalous be-
haviour is currently under further investigation
in our laboratory, but several indications of the
unusual polarizability of Nb and its clusters have
been documented in the literature [21, 22].

In conclusion, the strong field ionization dy-
namics of the multi-electron atoms V, Nb, Ta, Ni
and Pd have been investigated in the adiabatic
(infrared) limit. We reported absolute ionization
rates and saturation intensities that are indepen-
dent of experimental parameters and, hence, are
directly comparable with theory. We observed
a strong suppression of ionization, as compared
with single active electron theory expectations.
We ascribed this effect to multi-electron dynamic
screening, related to the multi-electron contribu-
tion to the polarizability of the system, analo-
gous to what was discussed in the strong field
ionization of C60 [23] and metal clusters [24].
The latter systems were described in terms of a
classical conducting sphere model, successful in
treating larger systems such as clusters of ten or
more metal atoms, but which does not apply to
small quantum systems: classical models fail to
describe the polarizability of single atoms. We
have bracketed the absolute ionization rates of
the atoms investigated here between, on the one
hand, a SAE model (ADK) and, on the other
hand, a simple model which we propose behaves
as the high dynamic screening limit - the zero
range potential (ZRP). In strong fields, even ma-

terial systems as simple as isolated atoms can
exhibit a richness that transcends the simple
physics of one electron systems. We hope that
these results will encourage the further devel-
opment of full many-body quantum mechanical
theories of strong field ionization.
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Ottawa) and E. Zaremba (Queen’s Univ.) for
valuable discussions.

∗ Electronic address: albert.stolow@nrc-cnrc.gc.ca;
† Electronic address: david.rayner@nrc-cnrc.gc.ca

[1] M. V. Ammosov et al., Sov. Phys. JETP 64, 1191 (1986).
[2] B. Walker et al. Phys. Rev. Lett. 73, 1227 (1994).
[3] P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993).
[4] G. D. Gillen and L. D. Van Woerkom, Phys. Rev. A 68,

33401 (2003).
[5] M. Sukharev et al., Phys. Rev. A 66, 53407 (2002).
[6] S. M. Hankin et al., Phys. Rev. Lett. 84, 5082 (2000).
[7] S. M. Hankin et al., Phys. Rev. A 64, 013405 (2001).
[8] M. Lezius et al., Phys. Rev. Lett. 86, 51 (2001).
[9] M. Lezius et al., J. Chem. Phys. 117, 1575 (2002).

[10] M. J. DeWitt et al., Phys. Rev. Lett. 87, 153001 (2001).
[11] X. M. Tong et al., Phys. Rev. A 66, 033402 (2002).
[12] J. Muth-Bohm et al., Phys. Rev. Lett. 85, 2280 (2000).
[13] J. Zanghellini et al., J. Phys. B 37, 763 (2004).
[14] C. Fabian et al., J. Mod. Opt. 50(3-4), 589 (2003).
[15] M. Smits et al., Rev. Sci. Instrum. 74, 4812 (2003).
[16] S. Lochbrunner et al., J. Electron Spectrosc. Relat. Phe-

nom. 112, 183 (2000).
[17] S. G. Lias and J. F. Liebman, in NIST Chemistry Web-

Book, NIST Standard Reference Database Number 69
(http://webbook.nist.gov), edited by P. J. Linstrom and
W. G. Mallard (NIST, Gaithersburg, 2003).

[18] T. M. Miller, in Handbook of Chemistry and Physics,
edited by D. Lide (CRC Press, Boca Raton, 2003), 84th
ed.

[19] G. Yudin and M. Ivanov, Phys. Rev. A 64 64, 013409
(2001).

[20] A. Perelomov et al., Sov. Phys. JETP 23, 924 (1966).
[21] R. Moro et al., Science 300, 1265 (2003).
[22] M. B. Knickelbein, J. Chem. Phys. 118, 6230 (2003).
[23] V. R. Bhardwaj et al., Phys. Rev. Lett. 91, 203004

(2003).
[24] M. Smits et al., submitted (2004).



89

APS/123-QED

Dynamic polarization in the strong field ionization of small metal clusters

Marc Smits†, C.A. de Lange †, Albert Stolow∗, D. M. Rayner ∗

† Department of Physics and Astronomy, Vrije Universiteit Amsterdam, Netherlands and

Steacie Institute for Molecular Sciences, National Research Council Canada,

100 Sussex Dr., Ottawa, ON K1A 0R6 Canada ∗

(Dated: December 17, 2004)

We report on the strong field ionization of small transition metal clusters (nickel, Nin n= 1-36)
within the quasi-static regime at an infrared wavelength of 1.5 µm and at intensities up to 2× 1014

W/cm2. By measuring ion yields in a constant axial intensity focusing geometry, we obtained
saturation intensities for the individual Nin clusters. As compared to quasi-static, single active
electron theory expectations, a dramatic suppression of ionization was observed. We ascribe this to
a dynamic polarization in the laser field that leads to strong multi-electron screening of the “active”
electron. To support this idea, we represented the metal clusters as classical conducting spheres and,
via a barrier suppression calculation, obtained classical ionization rates. Agreement was generally
obtained for larger clusters with n > 10, but only when the dynamic polarization was taken into
account, emphasizing the multi-electron nature of the ionization suppression.

PACS numbers: 33.80.Rv, 33.80.Wz, 36.40.Qv

The study of atoms in strong, non-resonant
laser fields has led to the discovery of extreme
non-linear optical processes such as ultra-high
harmonic, X-ray and attosecond pulse genera-
tion. For rare gas atoms, their adiabatic elec-
tronic response with respect to optical field os-
cillations and effective single-electron dynamics
permit a quasi-static (QS), single active elec-
tron (SAE) treatment of their strong field ion-
ization [1]. Certain polyatomic molecules, by
contrast, have extended geometries which can
lead to non-adiabatic multi-electron (NME) ion-
ization dynamics and an enhancement of the
ionization and fragmentation rates [2–4]. By
contrast, in the low-frequency limit many poly-
atomic molecules are significantly harder to ion-
ize than predicted by QS-SAE models [5, 6].
This resistance may contain contributions from
quantum interferences [7, 8] and molecular frame
alignment effects [9]. However, in polyatomic
systems, another important contribution may
be due to a multi-electron response which leads
to a dynamic screening of the “active” electron
[2, 3, 10]. Here we report on the non-resonant
strong field ionization of systems that have an
adiabatic electronic response, but contain many
polarizable electrons: metal (Ni) clusters. We

∗Electronic address: Albert.Stolow@nrc.ca;David.Rayner@nrc.

ca

observed a dramatic suppression of ionization
relative to SAE expectations, demonstrating the
need for true many-body theories of strong field
ionization.

Our goal is to study the failure of single active
electron approximations in quasi-static strong
field ionization, at threshold intensities. As
such, metal clusters, being multi-electron sys-
tems whose electronic and geometric properties
vary systematically with cluster size, present a
comprehensive test for models. The transition
metal clusters in particular are very strongly
bound, often with bond energies exceeding their
ionization potentials. This permits strong field
ionization studies without the complications of
fragmentation and large amplitude atomic mo-
tion leading to “enhanced” ionization effects
[12, 13]. Finally, metal clusters are of near spher-
ical symmetry, avoiding strong molecular frame
alignment effects.

The strong field ionization of rare gas clusters
has included studies of ionization up to highly
charged states in a regime where the laser pulse
duration is sufficiently long for the oscillating
“nano-plasma” to expand and come into reso-
nance with the laser field [14, 15]. These pro-
cesses have been observed in the strong field ion-
ization of metal clusters [16]. Here, by study-
ing Ni cluster ion yields at their ionization in-
tensity threshold and by choosing sufficiently
short laser pulse durations (< 100 fs), we en-
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deavoured to avoid atomic motion and plasma
oscillation effects. Furthermore, by working in
the low-frequency infrared region (1.5 µm), we
have attempted to minimize non-adiabatic ef-
fects in the electronic response [2]. We char-
acterized the metal cluster ionization process by
measuring the intensity dependence of singly and
doubly charged cluster ion yields. Extrapolating
to the ionization thresholds, we extracted (for
each cluster size) the saturation intensities [6]
which, importantly, allow for direct comparison
with theoretical predictions.

Nickel cluster beams were generated using a
kHz-rate laser ablation molecular beam source
[17]. An amplified femtosecond Ti:Sa laser
pumped an optical parametric amplifier (OPA),
producing < 90 fs pulses at 1.5 µm with over 150
µJ of energy [18]. The focused (f/15) infrared
laser pulses intersected the metal cluster beam
in the extraction region of a linear time-of-flight
mass spectrometer (TOFMS). In the metal clus-
ter experiments reported here, discrimination
between clusters of different size was achieved
post-ionization. As the transition metal clusters
exhibit no fragmentation at threshold, the par-
ent ion signal is a direct measure of the net ion-
ization response. Via the multiplexed nature of
TOFMS, the response of all cluster sizes was de-
termined under identical laser conditions. The
TOFMS axis was orthogonal to the cluster beam
and therefore deflection plates were used in the
drift region to compensate for molecular beam
lab frame velocity. This provided good mass res-
olution, but windowed the range of cluster sizes
that could be monitored in any one single ex-
periment. Mass spectra were recorded for each
laser shot using a PCI-based multichannel scaler
(MCS). We measured the intensity dependence
of each cluster mass peak and varied the laser
intensity pseudo-randomly (up to the maximum
of 2× 1014 W/cm2) using a computer controlled
variable neutral density filter wheel. The laser
pulse energy was measured on a shot-to-shot ba-
sis using an integrating sphere and a GeGaAs
photodiode. In order to ensure that the MCS
mass spectrum and the (randomly varying) laser
pulse energy were recorded in coincidence for
each laser trigger event, an amplitude-to-time
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FIG. 1: A mass spectrum of nickel clusters, obtained via
strong field ionization at 1.5 µm with an intensity ∼ 1014

W/cm2, plotted as a function of the number of nickel atoms,
n, divided by the charge state z of the ion. Peaks at half
integer n/z correspond to doubly charged clusters. Peaks
at integer n/z can have contributions from both singly and
doubly charged ions. The singly charged contribution can
be estimated by subtracting the average of the neighbouring
half-integer peaks.

converter was used to write the pulse energy in-
formation as a time delay at the end of each MCS
record.

We implemented the saturation intensity
method, employing a constant axial intensity ge-
ometry, described elsewhere [5, 6]. Briefly, a nar-
row (<500 µm) slit placed perpendicular to the
laser propagation direction permitted collection
only of ions formed in a region of constant axial
intensity. With this geometry, a linear depen-
dence of the ionization yield on the logarithm of
the intensity obtains at high intensity. The sat-
uration intensity, Isat, is defined as the threshold
intensity for this (extrapolated) linear behaviour
and is a general measure of the “ease” of ioniza-
tion. As Isat is a molecular property and does not
depend on experimental factors such as detec-
tion efficiency or focal length, comparison with
theory is unambiguous. As described in detail
elsewhere, absolute laser intensities (to within
20 %) were determined by standard calibration
against the known saturation intensity of atomic
xenon [2, 3, 6].

A Ni cluster mass spectrum, shown in figure 1,
is plotted as a function of cluster size n divided
by cluster charge z. The dominant isotopes of
nickel are 58Ni (68%) and 60Ni (26%). This par-
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FIG. 2: An example of an intensity dependence study of the
ion yield of Ni+7 and the calibration standard, Xe. A straight
line is fitted to the signal at high intensity. The saturation
intensity, Isat, is defined as the intercept with the intensity
axis. The dashed lines indicate the “worst-case” fits, used
to obtain error estimates for the Isat. Using an established
method, absolute intensities (to within 20%) were determined
using atomic Xenon as a reference standard, as described in
the text. Analogous plots were obtained for all other cluster
masses.

ticular spectrum, obtained at 1014 W/cm2, con-
sists of peaks attributable to both singly and
doubly ionized Ni clusters. The spectrum is
a function of the cluster size distribution and
the TOFMS transmission function. The lat-
ter is determined by the voltage applied to the
deflection plates, ions of the same n/z having
the same transmission factor. In Fig. 1 peaks
at half integer values of n/z are solely due to
doubly charged ions. Peaks at integer n/z can
have contributions from both doubly and singly
charged Nin. Both singly and doubly charged
species contribute to the integer n = 7 − 12
peaks. We assign the peaks for n/z = 1 to 5
to singly charged Ni+

n
(no non-integer n/z mass

peaks are observed below n = 6). The mass
peaks for n ∼ 13 − 18 to are largely due to the
doubly charged Ni2+

n
species (assuming the Ni2+

n

yield to be the average of the Ni2+
n−1 and Ni2+

n+1

yields). This information was used to extract
the intensity dependence of individual clusters
from the measured intensity dependence of the
TOFMS peaks. We note that there are no even-
odd abundance fluctuations in the Ni systems,

unlike those seen in other systems such as the
alkalis. Overall the form of the mass spectrum
shown in Fig. 1 is that expected from a typi-
cal bimodal cluster distribution, peaking at the
atom and at n ≥ 30, with a TOFMS transmis-
sion function centred at n/z ∼ 12. With modi-
fications to the source design, it should be pos-
sible to study considerably larger metal clusters,
a subject of future inquiry.

We show in Fig. 2 a sample intensity scan for
Ni+7 production, including the atomic xenon sig-
nal obtained simultaneously. Similar plots were
obtained for all other cluster species. A straight
line was fitted to the ionization yield curve in
the linear high intensity region. Isat is the linear
intercept with the intensity axis. In Fig. 3 we re-
port Isat as a function of cluster size and charge.
The values are the mean obtained from a series
of three or more measurements for each cluster.
Errors estimated from worst case fits, as illus-
trated in Fig. 2, include the error in measuring
Isat(Xe).

A striking conclusion emerging from the data
in Fig. 3 is that the Ni atom and clusters are
much harder to ionize than expected from sim-
ple QS-SAE models, which consider the ioniza-
tion potential (IP ) alone. For example, the Ni
atom Isat is 5 times greater than that predicted
using the commonly used ADK theory of atomic
ionization[19], shown as the open circle in Fig. 3.
As Isat is a logarithmic measure, this implies a
large suppression of the ionization rate. Simple
barrier suppression ionization (BSI) models pre-
dict that Isat varies as IP 4, suggesting that low
IP clusters such as Ni7 (IP = 6.13 eV) should
ionize at much lower intensities than observed
here.

In order to develop a simple physical picture

of Ni
(z−1)+
n ionization, we work within the BSI

approximation where Isat is identified with the
minimum laser field required to suppress the
Coulomb barrier below the IP . For a QS-SAE
”atom”, the BSI Isat = (IP )4/16z2 (atomic
units). We employed a classical BSI model
rather than a tunnel ionization model such as
ADK for several reasons: i) BSI predicts satura-
tion intensities in fs ionization of rare-gas atoms
fairly well [20]; ii) for low IP s (metal clusters)
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FIG. 3: Cluster size dependence of the ionization saturation
intensity, Isat, for (a) Ni+n and (b) Ni2+n . The error bars were
determined as indicated in Fig. 2. Metal clusters have dramat-
ically higher Isat than predicted by simple QS-SAE models.
The open circle shows the ADK prediction for the Ni atom.
The solid line shows the result of a simple classical conduct-
ing sphere, barrier suppression ionization model. The dashed
lines show the result of omitting the dynamic polarization
term from this simple model. For details, see the text.

ADK becomes less accurate due to the wide bar-
rier and resultant failure of the particular semi-
classical tunnelling connection formulae under-
lying ADK; iii) we expect BSI to become more
accurate as the tunnelling contribution is mini-
mized by wider barriers; iv) BSI can be easily
and transparently adapted to potentials other
than the Coulomb potential used in ADK the-
ory or the zero-range potential used in other tun-
nelling models.

Although oversimplified, treating metal clus-
ters as classical conducting spheres provides a
very simple first-order rationalization of their
ionization potentials and polarizabilities [11]. As
in C60 ionization[10], we adopted a classical con-
ducting sphere model (CSM) to mimic the elec-
tronic response of a Ni cluster to an intense laser
field in order to gain physical insight into the na-
ture of the ionization suppression. Strong devi-
ations from the CSM are well known for small

clusters, but for clusters with n ∼ 15, conver-
gence to CSM emerges for the polarizabilities,
α, of Ni clusters and, in a modified form, for the
IP s as well [21, 22].

Assuming an adiabatic electron response, the
potential in the direction of the field Φ(r) felt
by a continuum electron due to a charged con-
ducting sphere of a radius a in the presence of
an electric field E is [23]:

Φ(r) = −Er+
a3

r2
E−

q

4πε

(

a

2(r2 − a2)
+

z −
a

2r

r

)

(1)
The two terms in the bracket describe the con-
tributions to the potential by the image charge
and z. The a3E/r2 term is due to the instanta-
neous dipole induced in the sphere by the laser
field - the dynamic polarization. Note that a3

is directly related to the polarizability, α, of the
sphere. Thus, the potential in Eq. 1 includes
both the finite size and the polarizability of the
cluster, two of the major differences between
molecules and the rare gas atoms.

We found the CSM-BSI Isat by numerically
computing the field at which the classical bar-
rier is suppressed by exactly the IP . For the first
ionization step, we use the previously measured
Ni cluster IP s and set a = (a′ + δa) where a′ is
the Nin radius, calculated from the bulk density,
and δa is the spill-out, taken to be 0.74 Å[21].
The results of the CSM-BSI model for the first
ionization step are compared with experiment in
Fig. 3a (solid line). For the small singly charged
clusters, the CS-BSI value for Isat is up to eight
times lower than the experimental value. How-
ever, as the cluster size increases, the experimen-
tal and CSM values begin to converge to within
experimental error by n ≥ 10. For the doubly
charged Ni2+

n
clusters, there is reasonable agree-

ment with experiment (Fig. 3b), considering that
the (unknown) IP s were only estimated from the
CSM result IPz = IPz−1 + q/4πǫa. With these
CSM IP s, agreement obtains again in the larger
cluster limit.

In order to gain some physical insight into the
nature of the ionization suppression, we modified
the standard CSM. The dotted curves in Figs. 3a
and b show the result of omitting the polariza-
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tion term from the CSM. Dynamic polarization
is clearly required for any agreement with ex-
periment. For the larger clusters, the agreement
becomes quantitative. For smaller clusters, the
effect of dynamic polarization is in the right di-
rection but its magnitude is insufficient. In the
absence of a simple model, a full quantitative
description of dynamic polarization in the small
clusters will require detailed many-body quan-
tum mechanical calculations in the presence of a
strong external field.

In conclusion QS-SAE models can fail dramat-
ically for multi-electron systems even in the adi-
abatic, quasi-static limit. Using the saturation
intensity method, we observed a dramatic sup-
pression of strong field ionization in size-selected
metal clusters. We attributed this to the multi-
electron nature of metal clusters: their dynamic
polarization in a laser field leads to a dynamic
screening of the active electron and a suppression
of ionization. In order to gain physical insight,
we compared our results to simple classical con-

ducting sphere barrier suppression models and
showed that the polarizability term is required in
order to get convergence with experiment in the
larger cluster limit. We are currently studying
the infrared strong field ionization of Vanadium,
Niobium and Tantalum metal clusters in order to
make further comparisons. The strong field ion-
ization of polyatomic systems can contain, due
to failures of the adiabatic and single active elec-
tron approximations, physics much richer than
that seen in atoms.
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7. SUMMARY

In this thesis, the Multi Active Electron (MAE) response in the Strong-Field
Ionization (SFI) process is studied. Ionization is the process where a negatively
charged electron is removed from the system, leaving behind a positively charged
ion. The energy required for ionization can be extracted from an energy source
such as a laser. In chapter 1, it is explained that the theoretical description of
ionization in strong laser fields is complicated by large energy shifts of the field
free Eigenstates of the system (AC Stark shift) and by the increased probability
of highly nonlinear interactions. Perturbation theory becomes inapplicable and
different approaches have to be developed. First, the two limiting theoretical
cases of the description of SFI are introduced. In the first case, Multi Photon
Ionization (MPI), the system absorbs an integer number of photons until the
ionization energy is exceeded. In the second case, tunnel ionization, a simplified
picture can be obtained by considering the electric properties of the oscillating
laser field. The potential that binds the electron to the system is modified by
the laser field. As a result, a barrier is formed that can be suppressed fur-
ther by increasing the intensity of the laser. Classically, when the barrier is
suppressed sufficiently, the electron can escape over the top of the barrier. In
quantum mechanics there is another process possible, called tunneling, where
the electron penetrates the barrier before it is fully suppressed. A simple calcu-
lation reveals whether ionization takes place in the MPI or tunneling regime: if
the time required to tunnel through the barrier is longer than the laser period,
the oscillating laser field will change direction before the electron can escape
and ionization takes place in the MPI regime. When the tunneling time is
fast enough, the ionization process is dominated by tunnel ionization. A major
complication in the description of SFI is the response, not of only the tunneling
electron, but of all electrons: the MAE response. Traditionally, Single Active
Electron (SAE) theories are used instead, which seems to be justified in the case
of noble gas atoms. Not very surprisingly, these theories can fail dramatically
when applied to MAE systems, like molecules. In this thesis, two qualitative
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models are provided to describe the MAE dynamics, as well as a detailed data
set that can be used as a test case in the development of quantitative numerical
simulations.

As prototype systems, both relatively “simple” transition metal atoms, as
well as transition metal clusters are studied. For the latter systems the com-
plexity can be varied by changing the number of atoms per cluster. All mea-
surements take place in the gas phase, where as a function of the laser intensity
the ion yield is measured. In chapter 2, the analysis to obtain saturation inten-
sities and absolute ionization rates is presented. The saturation intensities are a
measure of the ease of ionization. The absolute ionization rates are obtained by
further analysis and require an excellent signal-to-noise ratio. The results are
directly comparable with theoretical calculations and provide a major advan-
tage over studies that measure relative rates only. Both the extraction of the
saturation intensities and the absolute ionization rates is completely indepen-
dent of experimental parameters, making the technique universally applicable.
In this chapter the vacuum and laser setup is presented as well. The design of a
kHz rate laser ablation source to bring the transition metal atoms and clusters
into the gas phase, are discussed separately in chapter 3. This unique setup that
operates at a repetition frequency of 50 or more times higher than conventional
sources, allows for experiments with low count rates as the experiments in this
thesis.

In chapter 4, the kHz laser ablation source is used to study the saturation
intensities and absolute ionization rates of the transition metal atoms Vanadium
(V), Niobium (Nb), Tantalum (Ta), Nickel (Ni) and Palladium (Pd). Even in
the case of the relatively simple systems a large discrepancy was found between
the experimental data and SAE calculations. The experimental ionization rates
are found to be lower by a factor of up to 104. The reason for this dramatic
suppression of ionization is ascribed to the joint motion of all electrons towards
the lower side of the potential: a dynamic polarization. The increased density of
electrons around the barrier will lead to an increased repulsion of the tunneling
electron, i.e. a suppression of ionization. An unrealistic but limiting model that
is based on the Zero Range Potential (ZRP) is presented. It provides a lower
limit for ionization rates of MAE systems, but completely neglects any effect
of size. This method makes it possible, however, to bracket the experimental
ionization rates between the two limiting cases: SAE and ZRP. A single non-
linear parameter is introduced that is a measure of the contribution of MAE
dynamics to the ionization process. Surprisingly, except for niobium, all tested
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atoms show a similar contribution from MAE effects irrespective of the number
of valence electrons or (static) polarizability. The niobium atom shows a much
higher contribution of MAE effects and virtually behaves as if it had a ZRP.

Saturation intensities for the clusters of V/Nb/Ta and Ni are presented in
chapter 5. Once more, all saturation intensities are found to be higher than
predicted by SAE theories, which is equivalent to an underestimation of the
ionization rates. To quantitatively describe the ionization process for larger
clusters, a classical method is employed. The cluster is described as a small
metal sphere and the MAE effect is taken into account by the polarizability
of the sphere. Except for niobium, all clusters converge to this model within
the investigated range of number of atoms per cluster. The anomalous results
of niobium (the extremely large contributions of MAE effects and the slow
convergence of the clusters to classical behavior) might be related to the large
fluctuations measured in the static polarizability of its clusters.

Finally, part of the results of this thesis are presented in chapter 6 in the
orignal format as they are published in two separate Letters in the scientific
journal ”Physical Review Letters”.
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8. SAMENVATTING

De vertaling van de titel van dit proefschrift in het Nederlands luidt: “Multi-
Actieve-Elektron invloeden bij de Intens-Veld-Ionisatie van atomen en clusters
van overgangsmetalen”. Ionisatie is het proces waarbij één of meer negatief
geladen elektronen van een deeltje, bijvoorbeeld een molecule, worden verwij-
derd en een positief geladen ion achterblijft. Eén van de manieren om dit te
bewerkstelligen, is om gebruik te maken van een lichtbundel zoals een laser.
In de inleiding van dit proefschrift (hoofdstuk 1) wordt aangegeven hoe de be-
schrijving van ionisatie in intense velden wordt gecompliceerd door de grote
correcties van de veldvrije Eigentoestanden van het systeem en door de toena-
me van de waarschijnlijkheid van niet-lineaire interacties. Storingstheorie is niet
meer toepasbaar en alternatieve beschrijvingen zijn nodig. Eerst worden twee
limieten uitgelegd om het proces van Intens-Veld-Ionisatie (IVI) theoretisch te
beschrijven. In de ene limiet, MultiFoton-Ionisatie (MFI) , wordt een geheel
aantal fotonen geabsorbeerd totdat de gecombineerde energie van de fotonen
meer bedraagt dan de ionisatieenergie. In de andere limiet spreekt men van
tunnel ionisatie, waar de oscillerende elektrische eigenschappen van licht direct
worden gebruikt om het elektron te verwijderen. In het ongestoorde systeem (in
afwezigheid van het laserveld) is het elektron gebonden aan het systeem door
de Coulombinteractie dat een zogenaamd potentiaaloppervlak vormt. Door de
interactie van het molecule met het laserveld kan deze potentiaal vervormd wor-
den waarbij een barrière ontstaat. In de klassieke mechanica moet deze barrière
zodanig verlaagd worden, dat het elektron over de top van de barrière kan ont-
snappen. In de kwantummechanica is er echter een additioneel proces mogelijk,
genaamd “tunnelen”, waarbij het elektron door de barrière heen kan bewegen.
Met een eenvoudige berekening kan bekeken worden of het elektron voldoende
tijd heeft om door de barrière heen te bewegen voordat het oscillerende elektri-
sche veld van het licht van richting verandert. Alleen als dit het geval is, vindt
ionisatie plaats in de tunnellimiet, anders wordt het ionisatie proces gedomi-
neerd door MFI. Een groot probleem in de theoretische beschrijving van IVI is
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dat in het algemeen niet alleen het tunnelende elektron reageert op het aange-
legde veld, maar ook alle andere elektronen in het systeem: de Multi-Actieve-
Electron (MAE) respons. Helaas bestaat er op dit moment geen kwantitatieve
theorie die alle elektron-elektron interacties kan beschrijven. Er wordt daarom
veelvuldig uitgegaan van de beschikbare Eén-Actief Elektron (EAE) theorieën,
hetgeen een redelijke aanname lijkt voor toepassing op edelgas atomen. Het
is echter gebleken dat deze theorieën, niet geheel onverwacht, dramatisch falen
wanneer ze worden toegepast op MAE systemen, zoals moleculen. In dit proef-
schrift worden twee kwalitatieve modellen gepresenteerd voor de beschrijving
van IVI voor MAE systemen, alsmede gedetailleerde data die gebruikt kun-
nen worden als referentie bij de ontwikkeling van nieuwe kwantitatieve MAE
theorieën.

Als prototype MAE-systemen voor de studie van IVI zijn zowel relatief een-
voudige overgangsmetaalatomen onderzocht, alsmede de clusters van overgangs-
metalen waarbij de complexiteit kan worden gevarieerd via het aantal atomen
per cluster. Alle metingen in deze studie zijn verricht in de gasfase. Als functie
van de laserintensiteit wordt de productie van ionen gemeten en in hoofdstuk
2 wordt de analyse van de data beschreven om saturatie-intensiteiten (Isat)
en absolute ionisatiesnelheden te bepalen. De waarde van Isat is een indicatie
om aan te geven hoe “eenvoudig” een system te ioniseren is. Om de absolu-
te ionisatie snelheden te verkrijgen, worden de data verder geanalyseerd. Een
uitstekende signaal-ruis verhouding is vereist voor deze analyse. De resulta-
ten van deze analyse zijn direct te vergelijken met theoretische berekeningen,
hetgeen een groot voordeel oplevert ten opzichte van studies waar relatieve io-
nisatiesnelheden worden gemeten. De bepaling van zowel Isat als de absolute
ionisatiesnelheden is volledig onafhankelijk van experimentele parameters en is
daarom algemeen toepasbaar. In dit hoofdstuk wordt tevens de vacuüm- en
laseropstelling in detail besproken. In hoofdstuk 3 wordt apart beschreven hoe
de metaalatomen en -clusters in de gasfase worden gebracht. Het ontwerp van
een unieke laserablatie opstelling wordt beschreven die een 50 keer hogere repe-
titie frequentie heeft dan bestaande opstellingen. De hogere repetitie frequentie
van de laser ablatie opstelling maakt experimenten met weinig signaal mogelijk
zoals de metingen uit dit proefschrift.

De opstelling voor laserablatie is allereerst gebruikt om Isat en absolute io-
nisatiesnelheden te meten voor de overgangsmetaalatomen Vanadium (V), Nio-
bium (Nb), Tantalum (Ta), Nikkel (Ni) en Palladium (Pd) (hoofdstuk 4). Zelfs
in het geval van deze relatief eenvoudige systemen wordt een grote discrepantie
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gevonden tussen de experimentele data en EAE theorieën: de experimentele
absolute ionisatiesnelheden zijn tot een factor 104 lager. De MAE respons van
de onderzochte atomen leidt tot een gezamenlijke beweging van alle elektro-
nen in de richting van de barrière waar het tunnelende elektron doorheen moet
ontsnappen: een dynamische polarisatie. Het resultaat is dat het tunnelende
elektron wordt afgestoten door de verhoogde dichtheid van elektronen rond de
barrière en dientengevolge dat de ionisatiewaarschijnlijkheid verminderd wordt.
Een onrealistisch model wordt voorgesteld dat echter wel een onderlimiet stelt
aan de ionisatiesnelheid. Dit model is gebaseerd op een uiterste geval, de del-
tapotentiaal, waarbij ieder effect ten gevolge van de grootte van het systeem
verwaarloosd wordt. Het is nu mogelijk de experimentele ionisatiesnelheid te
plaatsen tussen de overschatting door EAE theorieën en de onderschatting van
het uiterste model gebaseerd op de deltapotentiaal. Een nieuwe niet-lineaire
parameter wordt gëıntroduceerd die de MAE contributie aan het proces van
ionisatie als een percentage weergeeft. Verrassend is dat voor alle geteste ato-
men, met uitzondering van niobium, ongeacht het aantal valentie-elektronen en
de polariseerbaarheid, dit percentage min of meer gelijk is. Voor het niobi-
umatoom wordt een veel hoger percentage gevonden en een beschrijving door
middel van een deltapotentiaal geeft zelfs quantitatieve overeenstemming.

In hoofdstuk 5 wordt Isat voor de clusters van V/Nb/Pd en Ni gerappor-
teerd. De waarden voor Isat van de onderzochte atomen zijn wederom hoger
dan de waarden voorspeld met EAE theorieën (oftewel de ionisatiesnelheden
zijn lager). Hier wordt een klassiek model gëıntroduceerd, waarbij het cluster
als een heel klein bolvormig object wordt beschreven. De MAE dynamica van
het ionisatie proces wordt beschreven via de polariseerbaarheid van dit object.
Voor alle geteste metalen, behalve niobium, convergeren de experimentele data
naar dit model binnen het geteste meetgebied. Het wederom afwijkend gedrag
van niobium is wellicht terug te voeren op de extreme variatie die gemeten is in
de polariseerbaarheid van niobiumclusters als functie van clustergrootte.

Tenslotte worden twee korte publicaties met de resultaten van dit proef-
schrift gepresenteerd in hun oorspronkelijk vorm zoals verschenen in het weten-
schappelijk tijdschrift ”Physical Review Letters” (hoofdstuk 6).
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