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Abstract

Inner shell ionization and excitation in atoms has been studied extensively for

many decades using a variety of ultraviolet and X-ray light sources, especially, but

not exclusively, synchrotrons. In addition, the study of multiphoton absorption by

outer (valence) electrons rapidly followed the development of sufficiently intense

optical and infrared laser systems. The advent of intense EUV and X-ray Free Elec-

tron Lasers (FELs), based on the principle of Self Amplifed Spontaneous Emission

(SASE), has enabled the study of multiphoton ionization of inner shell electrons for

the first time. Results on the interaction of intense and ultrashort extreme ultravi-

olet FEL pulses with a specific focus on multiphoton ionization of neon, krypton

and xenon are presented in this thesis. As a guide, some common FEL parameters

utilised as part of experiments presented here included pulse energies of up to 50

µJ with average (envelope) durations of 30 fs for photon energies of 46 eV and 93

eV, with a beam diameter of typically 3 mm (unfocused) and focussed spot sizes of

< 50 µm. A tightly focused FEL beam at 93 eV hence results in intensities on the

order of 1016 Wcm−2

In a complementary experiment, ionization of a Ne+ target by combining EUV

radiation from FLASH with an intense, synchronized optical laser was investi-

gated. The ejected electrons undergo stimulated emission and absorption in the

presence of the IR field, creating so-called ’sidebands’ in the photoelectron spec-

trum. It was found that the photoelectron spectra exhibit a strong dependence on

the relative polarisation of the two fields as well as the magnetic substates of the

residual doubly-charged ionic core. This experiment utilised a second, IR laser, the

pulses of which were spatially and temporally overlapped with those of the FEL.

For reference, the 800 nm IR laser was operated in both ’long’ (3 ps) and ’short’

(120 fs) pulse modes, with ’long’ mode used for coarse synchronisation purposes.

Typically, the IR laser was focused to a spot size on the order of 50 µm.
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Chapter 1

Introduction - Free Electron Lasers

and Elements of Photoionization

This chapter is divided into two distinct sections. In Part I, the topic of Free Electron

Lasers is introduced, while in Part II a number of key features of photoionization

are discussed.

1.1 Part I - FEL Theory and Operation: An Historic Perspec-

tive

A vacuum-UV (VUV) free electron laser (FEL), operating at the then record short

wavelength of 98 nm was reported by DESY in 2000 [1]. Gigawatt peak power

was achieved soon afterwards [2]. A milestone was reached in 2006, when, whilst

operating at the then shortest wavelength of 13.7 nm, a signal from the 5th har-

monic of the fundamental wavelength (evidence of lasing at 2.7 nm) was de-

tected [3]. It was the world’s first example of a coherent radiation source capable

of reaching far into the water window. The development of this new, high bril-

liance light source permits the study of the structure and dynamics of matter un-

der intense irradiance at unprecedented high photon energies and ultrafast (fem-

tosecond) timescales. Among other applications, the diffractive imaging of macro-

molecules is possible as the high intensity and ultrashort pulsewidth allow one to

record a diffractive image with high signal to noise ratio in a single FEL shot before

the molecule fragments.

The first reference to what would be recognised today as an FEL can be traced

to the paper by Pantell, Soncini, and Puthoff [4], in which the authors postulated

that stimulated Compton scattering of a relativistic electron beam by a periodic

transverse magnetic field could be used to obtain lasing action. Using the theory
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of relativity, it was deduced that the emitted radiation from the electrons would be

blueshifted to shorter wavelengths in the observer’s (or laboratory) frame by a fac-

tor inversely proportional to γ, where γ = 1
(1−v2/c2) and v and c have the usual mean-

ings (further details are given later). Building on this principle, the first workable

system was proposed in 1971 [5]. Experimental results were subsequently obtained

from the first FEL single pass amplifier [6] and oscillator [7] systems operating in

the optical wavelength regime.

Subsequently, a theoretical framework was developed by Kroll and McMullin

which pointed towards the possibility of achieving positive single-pass gain [8] and

which correctly stated that amplification of the emitted radiation was due to the

ponderomotive microbunching of the electron beam. The first proposal to use the

FEL collective instability to produce optical radiation using a single-pass amplifier

starting from shot noise, was published by Kondratenko and Saldin in 1979 [9] with

a followup paper in 1980 [10]. Single-pass amplification with start-up from noise

was also investigated by Bonifacio, Pellegrini, and Narducci [11].

Bonifacio et al. [12] first used the term self amplified spontaneous emission

(SASE) in connection with an FEL amplifier starting from shot noise. In 1986, Kim

[13], conducted a full 3D analysis of the spontaneous emission characteristics of

relativistic electrons as a function of distance along the undulator length and pre-

dicted both the exponential gain in output power, as well as the onset of satura-

tion. Briefly, an undulator consists of a linear arrangement of magnets, in which

the north-south pole orientation alternates. The resultant periodic magnetic field

forces incoming electron beams to undergo a small amplitude oscillation, causing

radiation emission.

In 1982 Derbenev, Kondratenko, and Saldin first proposed to use the instabil-

ity in a single-pass amplifier starting from shot noise for a soft XFEL [14]. They

suggested the use of a storage ring to provide the electron beam, as at that time

storage rings delivered the highest electron beam quality. A similar proposal was

discussed by Murphy and Pellegrini in 1985 [15]. At that stage, the shortest las-

ing wavelength was considered to be in the region of 10 nm, due to, among other

things, the electron beam quality.

An important milestone was reached in 1992, when it was proposed by Pel-

legrini to use a radio frequency (RF) photocathode electron gun (to produce high

charge density electron bunches) in conjunction with a two-mile section of the Stan-

ford linear accelerator (linac), to produce lasing in the Soft X-ray region i.e. <10 nm

[16]. It was directly as a result of this proposal that the American Linac Coher-

ent Light Source (LCLS) project came into existence. Shortly afterwards, it was

reported that high gain had been reached by a single pass SASE system operating

3



in the IR regime where a gain of 105 was achieved [17]. This was the first demon-

stration of the SASE FEL mechanism. After many years of development, efforts to

produce saturated gain using a SASE FEL were successful. In 2000, a group at Ar-

gonne National Laboratory (ANL) demonstrated gain in a visible (390 nm) SASE

FEL [18]. In 2001, the VISA collaboration, between Brookhaven National Labora-

tory (BNL), University of California Los Angeles (UCLA) and the Stanford Linear

Accelerator Centre (SLAC), demonstrated lasing and saturated gain at 830 nm [19].

As mentioned above, in September 2001, the VUV-FEL at DESY demonstrated las-

ing and saturated gain at 98 nm [2]. In January 2002, saturation was achieved at 82

nm [20], and in 2005 lasing at 32 nm was demonstrated [21]. THE VUV-FEL facility

at DESY continued to record shorter and shorter wavelengths, finally reaching the

so-called ’water window’ in 2007 [3] (in fact, it was the fifth harmonic of the 13.5

nm fundamental that was recorded inside the water window, at 2.7 nm). This re-

gion is known as the ’water window’ since water molecules are transparent there -

this is crucial to the field of biological imaging. The VUV-FEL Facility was renamed

FLASH, The Free Electron Laser, Hamburg in 2005.

Figure 1.1: Peak brilliance of XFELs versus third generation SR light sources. Full blue
circles show experimental performance of FLASH at DESY in summer 2006 at 13.5 nm and
its harmonics [3].

At the time of writing (late 2010), FLASH routinely lases deep in the EUV, pro-
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ducing 4.45 nm photons in pulses of duration in the range of 10 fs to 300 fs, at pulse

energies approaching 100 µJ. LCLS, meanwhile, recently hosted the first user ex-

periments, in which this author took part (Nov. ’09), providing x-ray photons with

energies up to 2 keV at impressive pulse energies on the order of millijoules, in

similarly short pulse lengths of 50 to 250 fs. 2014 will see the commissioning of the

XFEL, the European X-Ray Free Electron Laser in Hamburg. It plans to lase at up

to 12.4 keV region by accelerating electron bunches to energies of up to 17.5 GeV.

See Fig. 1.1 where the expected XFEL operating range is compared with other FELs

and synchrotron facilities.

1.1.1 FEL LINAC

Figure 1.2: Layout of the EUV-FEL beamline at the FLASH facility.

Shown in Fig. 1.2 is the layout of the FEL at FLASH. From left to right, the

RF gun consists of a photoinjector (Sec. 1.1.2) which creates electron bunches with

energies on the order of 5 MeV. This is followed by a series of accelerating structures

(Sec. 1.1.3) which bring the electron bunch energy up to around 1 GeV. The bunch

compressors (Sec. 1.1.3) compensate for the natural dispersion experienced by the

bunches as they traverse the accelerating modules. Finally, the undulators (Sec.

1.1.4) force the relativistic electron beam through a periodic transverse magnetic

field, where it is forced to perform a slalom-type motion. The acceleration of the

electrons along this path results in the emission of photons. An FEL can reach

the resonant gain regime and saturate in a single pass along the undulator. The

wavelength of the emitted radiation can be tuned using the electron beam energy

and the magnetic field strength of the undulator, as can be seen from Eqn. 1.1

λFEL =
λu

2γ2
(1 +

K2

2
) (1.1)

where λu is the undulator period in millimetres, K = eBuλu/2πmec is the undu-

lator parameter, Bu is the rms value of the undulator field in Tesla, and γ = E/mec2
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is the relativistic factor. The principles underlying FEL operation are discussed in

more detail in Sec. 1.1.4.

1.1.2 The Photoinjector

The initial electron bunches are required to be extremely small spatially, have a high

current density and in addition a small energy spread. This was made possible by

the development of a radio frequency (RF) electron gun, originally intended for

use in linear collider experiments. Briefly a photocathode in the photoinjector is

irradiated with a train of laser pulses (pulse duration: 10 ps) from a neodymium:

yttrium-lithium-fluoride (Nd:YLF) laser to produce a train of electron bunches. The

cathode is usually made of molybdenum and coated with a thin Cs2Te layer to

achieve a quantum efficiency for photoelectron emission of typically 5 - 10%. A

high power accelerating RF electric field on the order of 40 MV/m imparts enough

energy to the emitted electrons to transfer them to the accelerator stage.

The relatively long exciting laser pulse (10 ps) is chosen to ensure that the in-

herent high density of the electron bunch does not lead to instabilities. The 50 A

collimated bunch, however, needs to be accelerated as soon as possible in order to

minimise the effects of electrostatic repulsion. The electron bunches enter the accel-

erator module at a repetition frequency of 5 - 10 Hz, carrying a charge of typically

less than 1 nC per bunch, and are usually several hundred microns in length.

It is at this point that the temporal ’jitter’ of the FEL pulse train is introduced,

as photoemission from the cathode is essentially a random process. The electron

bunches generated have current densities that are temporally and spatially out of

phase. That is, the electrons are not concentrated or localised in any systematic

way within the bunches. This essentially has the effect of making it impossible for

lasing to occur at the exact same point in the undulator for all electron bunches, the

result of which manifests itself in stochastically distributed temporal separation of

the emitted radiation. The pulse to pulse jitter, at the time of writing, on the order

of 500 fs.

1.1.3 Electron Acceleration & Bunch Compression

High peak currents of several kiloamperes are needed for extreme-ultraviolet and

X-ray free-electron laser action. These cannot be produced directly in the electron

gun. Therefore, moderately long bunches with a peak current of about 50 A are

created in the source. As it is difficult to increase the charge density further due to

space charge effects, the bunches are instead compressed longitudinally.

At FLASH, the electron injector section is followed by five 12-meter-long ac-
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celerator modules containing eight superconducting cavities cooled by superfluid

helium. The cavities are made from pure niobium and consist of nine cells. The

electron bunches are accelerated in the linear accelerator (LINAC) to relativistic ve-

locities as quickly as possible, in order to prevent the electrons in the bunch from

drifting apart due to the mutual repulsion between the negative charges.

Figure 1.3: Longitudinal profile of the electron bunches as measured with two different
methods. On the left hand side [22] the profile is deduced from a diffractive imaging mea-
surement, whilst on the right hand side [23] the profile is derived from a streaking tech-
nique.

The subsequent spatial bunch compression is achieved via the use of two mag-

netic chicanes [24, 25] (see Fig.1.2). The phase of the driving RF field is adjusted

such that the bunch is accelerated on the rising edge of the pulse. This introduces

a slight energy chirp and results in those electrons at the tail of the bunch receiving

a slight energy increase relative to those at the front of the bunch. By the end of the

chicane, in which higher energy electrons take a shorter path, the electrons initially

at the tail of the bunch have caught up with those at the front resulting in spatial,

and concomitant temporal, compression. Using a phase difference of 10◦ a bunch

of length of 2.5 mm can expect to be compressed by a factor of approximately five

i.e. 0.5 mm.

Finally the result is an electron bunch containing a narrow leading spike with a

width of less than 100 femtoseconds containing approximately 10%-20% of the total

bunch charge (Fig. 1.3). This is followed by the remaining part of the bunch which

extends to a few picoseconds in duration. This leading spike provides the high peak

currents necessary (on the order of many kiloamps) to initiate the SASE process

in the undulator, while the long tail does not possess sufficient beam current to

generate any significant FEL gain.
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By varying the parameters of the bunch compressors (mainly the RF voltage,

the RF phase and the chicane path length) it was possible to control the width of

the lasing fraction of the electron bunch, resulting in a controlled variation of the ra-

diation pulse length between 30 fs and 100 fs [26]. However, in ’normal’ operation,

that is, during routine user operation, the pulse length is not varied.

1.1.4 The Undulator

The electron bunch exiting the LINAC enters the 30 m long undulator chain, having

been accelerated to ∼ 1 GeV, and compressed longitudinally during its flight. As

each relativistic bunch traverses the periodic magnetic field of the undulator it is

forced to travel in an oscillatory path. The electrons begin to emit on-axis radiation

in a narrow bandwidth around a resonance wavelength λFEL given by Eq. 1.1, and

repeated here for convenience:

λFEL =
λu

2γ2
(1 +

K2

2
) (1.2)

where λu is the undulator period in millimetres, K = eBuλu/2πmec is the undu-

lator parameter, Bu is the rms value of the undulator field in Tesla, and γ = E/mec2

= 1957.Ee [GeV] is the relativistic factor. A sample calculation using some typical

FEL operating parameters is given here. A 1 GeV bunch results in a γ of 1957.

K equals 1.198 for a Bu of .47 T and a λu of 2.73 cm. This gives λFEL a value of

approximately 7 nm. For a complete derivation, see Chapter 5 of reference [27].

This leads to a resonance condition that occurs when the radiation field leads the

electron bunch by a distance λ after one undulator period.

1.1.5 FEL Radiation

The resonance condition described above occurs after a single pass of the bunch

through the undulator. The SASE radiation has a typical bandwidth of 0.5-1% and

is highly collimated, with a divergence of less than 1 mrad. The temporal structure

of a typical FEL pulse from FLASH is shown in Fig. 1.4. The typical repetition rate

is 5 Hz (but can be as high as 10 Hz), which is equivalent to the macro bunch rate

i.e. users can request single (one micro bunch per macro bunch) or multi bunch

macropulses. As many as 800 microbunches can be requested per pulse. Depend-

ing on the beamline, the FEL spot size varies from 100 µm (FWHM) if unfocussed

[28] to ∼ 3µm (FWHM) if focussed with a high quality normal incidence multi-

layer mirror [29]. The output of a SASE FEL is usually quoted in terms of its peak

brilliance (see Fig. 1.1) and is in units of photons/s/mm2/mrad2/0.1% BW, where

0.1% BW denotes a bandwidth of 10−3ν centred around the frequency ν. Brilliance
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Figure 1.4: Pulse structure of the FLASH FEL operating at a macropulse repetition rate of
5 Hz. In this example, each macrobunch of 10 µs duration contains 10 micropulses. Each
micropulse is due to a single electron microbunch and is separated by 1µs from neighbour-
ing micropulses. The number of microbunches is variable, as is the temporal separation of
microbunches within the macrobunch [28].

takes into account the photon flux (photons per second in a given bandwidth), and

also the high phase-space density of the photons, i.e. a small effective source area

which is highly collimated.

Since the exponential amplification process in a SASE FEL starts from sponta-

neous emission (shot noise) in the electron bunch, the SASE FEL radiation itself

is of a stochastic nature, meaning that individual radiation pulses differ in their

intensity, temporal structure and spectral distribution.

The key to the SASE-FEL process is the interaction of the electrons within each

bunch with the radiation field generated in the undulator. As the electrons travel

through the undulator on their oscillatory trajectories, the transverse component of

their motion will couple to the transverse electric field of the radiation, causing an

energy transfer between the electron and the light wave. This coupling is critically

dependent on the high charge density within the bunch. The ’FEL instability’ arises

as a result of the interaction between the electron and the radiation field and leads

to an instability in the electron bunch. Depending on the phase of the electron with

respect to the radiation field it may either be accelerated or decelerated by the field,

leading to a periodic velocity modulation of the electrons within the beam with a

period equal to the wavelength λ of the applied radiation field [30]. This periodic
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Figure 1.5: Simulation of the density modulation of the electron beam as it progresses along
the undulator. Each microbunch becomes modulated in this way as it interacts with the
radiation field. The peaks are separated by λ, meaning photons emitted at each peak add
coherently. Left: at the entrance to the undulator, Centre: in the middle of the exponential
growth regime, Right: at the undulator exit.) [30].

velocity modulation leads to a longitudinal density modulation of the electrons, as

can seen in Fig.1.5. This modulation is the key to coherent photon emission.

1.2 Part II - Photionization of Atoms

The study of the photoionization of atoms has provided many fundamental in-

sights into light - matter interactions for radiation in the UV to X-ray band of the

electromagnetic spectrum. This interaction, in the most basic sense, has the poten-

tial to provide detailed information on the structure of atoms, molecules and solids,

specifically, the structure and arrangement of the electrons. The photoelectric effect

involves a photon of sufficient energy knocking an electron out of an atom, as first

discovered by Hertz in 1887 [31]. The subsequent electron yield is dependent on

many factors, including the photon energy and bandwidth of the light source, the

binding energy or work function of the electronic subshell or metal under investi-

gation, and inter / intra-subshell electron - electron correlation effects.

Electron spectroscopy can be broadly classified into three modes - Photoelectron

Spectroscopy (PES), Constant Final State (CFS) Spectroscopy, and Constant Initial

/ Ionic State (CIS) Spectroscopy. The experimental method used in this thesis is

PES, in which for a fixed photon energy hν, all photoemitted electrons over a range

of kinetic energies are collected, typically with a time-of-flight (TOF) spectrometer

[32, 33, 34]. In CFS, the photon energy is scanned and only electrons with a select
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kinetic energy are collected. This is also known as the Constant Kinetic Energy

(CKE) method. For this purpose, Hemispherical Deflection Analysers (HDA) [35]

are often used (although other detectors based on the principles of electrostatic de-

flection to measure only electrons with a specific energy, such as Cylindrical Mirror

Analysers (CMA) may also be suitable. See [36] for an early example). In CIS, both

hν and the kinetic energy window are scanned incrementally, such that the value

Ek - hν is constant.

There are a number of reasons for using TOF PES. Firstly, it allows one to sam-

ple a whole energy spectrum simultaneously. As will be seen later, this property

facilitated the collection of individual photoelectron spectra, each generated by a

single laser pulse. Secondly, by employing retarding fields of different values at

the entrance of the TOF, one is able to detect both high and low kinetic energy elec-

trons with good resolution (albeit not always simultaneously). Retarding fields can

of course be used for other analysis methods. Initial experiments in the field were

limited to measuring the total electron yield (see, for example, [37], whilst more

sophisticated experiments were made possible later on with the development of

spectrometer systems that allowed energy resolved measurements to be made (see

[38] for one of many early examples). Time-of-Flight (TOF) spectrometry allowed

electron spectra to be recorded, in which partial ionization yields (i.e. yields from

different electronic subshells) could be recorded and compared. Further improve-

ments in experimental techniques led to the development of angle resolved electron

spectrometry, in which the angular distribution of emitted photoelectrons could be

analysed. As a result, in conducting a modern photoionization experiment, one

could expect to obtain high resolution, angularly resolved partial and total cross

section measurements of atomic beams.

1.2.1 Photoionization Cross Sections

The probability of ionization of an atomic system by electromagnetic radiation is

given by the value of the total photoionization cross section. This value is generally

expressed as a function of incident photon energy. A useful measurement is the

partial cross section, in which emitted electrons are ascribed to their initial electron

orbital. Furthermore, electron lines in the spectra can additionally be subdivided

into satellite or ’shake’ lines (Sec. 1.2.2.1), and Auger electron lines (Sec. 1.2.4).

Some of these are illustrated in Fig.1.6.

The cross section for a photoionizing transition (that is, a transition in which

the final state is in the continuum) with unpolarised electromagnetic radiation of

energy hν is given by Eq. 1.3 [39]
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Figure 1.6: An energy level diagram is presented here outlining some of the photoioniza-
tion terms used throughout this work. (i) Excitation, (ii) ionization (iii) Inner shell ioniza-
tion (iv) Auger Decay.

σif (hν) =
4π2αa2

0(hν)

3
|Mif |

2 (1.3)

where α is the fine structure constant, a0 is the Bohr radius, and hν is the inci-

dent photon energy [39]. The term |Mif | is the transition matrix element coupling

the initial state i and final state f and is essentially a measure of the transition

amplitude with the photoelectron line intensity proportional to the square on this

value. The transition probability depends on the square of this quantity and is

written explicitly as Eq. 1.4 [40]

|Mif |
2 = |

∫ ∞

0
Rε2 l2(r)rRn1 l1r

2dr|2 (1.4)

where Rn,l and Rε,l are well defined radial wavefunctions of the nlth and εlth

bound (n1,l1) and continuum (ε2l2) states, and l2=l1±1 respectively. Cross sections

are generally expressed in units of megabarns (1Mb = 10−18cm2).

The differential cross section for a given photon energy hν is given by [41]

dσif (hν)

dΩ
(θ) =

σif (hν)

4π
[1 + βif (hν)P2(cosθ)] (1.5)

where θ is a measure of the angle between electric field vector of the incoming

polarised photon beam and the direction of the outgoing electron. P2(cosθ) is a
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second degree Legendre polynomial.

It should be noted that on absorption of a photon of sufficiently high energy,

the electron emission is not homogenous over all angles. The angular distribution

of photoemitted electrons from a given subshell is described by β, the so-called

asymmetry parameter. Another interesting aspect of angle resolved measurements

is that it allows one to further characterise the ionization event. An electron pro-

moted above threshold into the continuum is still subject to the rules of angular

momentum conservation (the angular momentum of the electron must change by

unity i.e. l± 1). For example, an electron removed from a p subshell into the con-

tinuum can change its angular momentum by one unit and have εs or εd momenta.

Whilst appearing to have the same kinetic energy, the electrons would have very

different angular distributions. This interesting property will be examined later in

Chapter 5.

By fixing θ at the so called ’magic angle’ of 54.7◦, the polynomial has a value

of zero, meaning that the measurement at this angle is directly proportional to the

partial cross section i.e. is not dependent on the angle. In addition, if σ is known for

a given angle, measurement of the differential cross section yields the β parameter.

On extraction of the β parameter, one can derive the phase shift of the outgoing

partial electron waves using the following expression [42]:

β =
l(l − 1)R2

l−1 + (l + 1)(l + 2)R2
l+1 − 6(l + 1)Rl−1Rl+1cos(δl+1 − δl−1)

(2l + 1)[lR2
l−1 + (l + 1)R2

l+1]
(1.6)

where Rl±1 are solutions to the radial part of the Schrödinger equation.

1.2.2 Correlation Effects and Interchannel Interaction

Of course, the many electron nature of atoms can lead to a drastic modification

of the photoionization cross-section. A non-exhaustive list of additional processes

that occur as a result of the motion of electrons include autoionization, satellite

or ’shake’ state formation, Auger decay and Post Collision Interaction (PCI). The

production of doubly excited atoms or ions i.e. atoms or ions in which a pair of

electrons have been simultaneously promoted, is also a direct result of many-body,

’correlative’ effects, as is the formation of doubly charged ions from double electron

ejection. New theoretical models have been developed to reproduce these exotic

ionization mechanisms. A good overview can be found in [43].

Perhaps the simplest approach to treating photoionization of a single electron

is by means of the Hartree-Fock approximation [44]. In this framework, an initial

guess is made of the form of the electron orbitals in terms of Hartee-Fock type or-
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bitals. These orbitals take into account an average effective potential felt by an elec-

tron as a result of the nuclear charge and the field due to neighbouring electrons.

This modified potential is known as the Hartree potential. The Fock term takes

into account the Pauli exclusion principle, that is, that no two electrons can share

the same four quantum numbers. The self - consistent nature of the method refers

to the way in which the electron wavefunctions and potential are derived. This

method makes an initial guess for the potential usually using screened hydrogenic

wavefunctions to construct that starting potential - this potential is subsequently

used to obtain an initial estimate of the electron wavefunctions. Subsequently, a

new potential is derived. The process is repeated iteratively until a solution for the

potential and wavefunctions is converged upon. The removal of an electron, for

example, perturbs the self-consistent field, resulting in initial and final states of a

transition experiencing different potentials. This method is therefore an improve-

ment on the one-electron approximation.

An improvement to the treatment of the photoionization process came with the

development of the Random Phase Approximation (RPA) [45]. In this method, the

electron system of an atom is treated as a collective ’electron cloud’. Ionization

and vacancy creation lead to perturbations in the cloud resulting in a redistribu-

tion of the electron charge, and the launch of collective oscillations. The strength

and nature of these oscillations is described in terms of the target ’polarisability’.

The description of the ionization process in this fashion allows for the inclusion

of more complicated ionization and excitation pathways, such as double excita-

tion (in which two electrons are simultaneously excited, leaving behind a double

vacancy). This technique can be further improved by taking into account the inter-

action between electrons in different subshells, in a framework known as Random

Phase Approximation with Exchange (RPAE) [46]. Hence the technique includes

both direct removal of an electron by the absorption a photon and indirect removal

or excitation of another electron via correlation.

A further modification to the RPA is the Generalised Random Phase Approx-

imation with Exchange (GRPAE). This approach takes into account the change in

the electric field felt by an outgoing electron due to the creation of a hole in the

corresponding subshell. In addition, this perturbation in the potential affects the

states of all the other electrons in the system. The creation of a hole in the subshell,

particularly an inner shell hole, leads to an adjustment of the Coloumbic ’screening’

felt by outer and continuum electrons. Subsequent relaxation or rearrangement of

electrons within shells can lead to further multiple excitation or ionization of the

atom. This approach is commonly used in the theoretical treatment of correlated

interactions such as autoionization and satellite or shake state formation.
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1.2.2.1 Satellite / ’Shake’ State Formation

As mentioned in the preceding paragraph, another example of electron correlation

is the formation of satellite, or ’shake’, states. These occur when an electron is re-

moved from an atom via photoionization. As the electron is ejected, it interacts

with another electron and changes its energy. In a shake-up process, an electron

is promoted to a higher lying, unfilled orbital, whilst a shake down state involves

an electron moving to a state of lower binding energy [47]. A shake off process

involves the promotion of the second electron into the continuum (i.e., ionization).

An example of such an excitation scheme is shown later in Chapter 3, specifically

in Neon. In this case, a neutral Ne target was ionized via Ne 2s22p6 + hν → Ne+

2s22p4nl + e−. In this example, one electron has been ejected by absorption of a

photon, however the resultant ion has not been left in the ground state configura-

tion - an additional electron from the 2p subshell has been promoted to a higher

lying bound state. If the second electron is ejected into the continuum and pos-

sesses comparable energies, the two free electrons can interact, and it is this process

that is known as Post-Collision Interaction (PCI), leading to a strong modification

of the photoionization cross section [48]. Another interesting example of PCI in the

case of 1s photoionization in neon: hν + Ne→ Ne+(1s−1) + e−photo → Ne++(2p−2) +

e−Auger + e−photo. PCI occurs between the photoelectron and the Auger electron. The

strength of the interaction depends on the mutual velocities of the emitted electrons

and manifests itself in the asymmetric distortion of the line shape and in the shift

of their maxima in photoelectron and Auger electron spectra, as seen in [49], for

example.

1.2.3 Inner Shell Ionization

Much of the work presented in this thesis involves the interaction of EUV radiation

with inner shell electrons. The promotion of tightly bound electrons to either an

excited autoionizing state or directly into the continuum and any subsequent relax-

ation effects lead to many surprising and interesting phenomena. Inner-shell pho-

toionization differs from outer-shell processes in that the relaxation of the ion with

an inner-shell vacancy is considerably more complex, even aside from the Auger or

X-ray emission processes which result from the filling of the vacancy [43]. From a

physical point of view, removal of an outer-shell electron strongly affects the other

outer-shell electrons which it partially screens. According to Gauss’s law of elec-

trostatics, this electron vacancy exerts no force inside the shell, i.e., on inner-shell

electrons. The primary effect, therefore, of the removal of an outer-shell electron

on inner shells is a step change in the potential energy [50]. However, removing
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an inner-shell electron changes the potential experienced by all electrons in both

it’s own shell and those at greater radial distances (outer shells) due to screening

effects, thereby leading to much more significant relaxation effects.

Figure 1.7: Photoionization cross section of Xe in the region from 40 eV to 150 eV. The
4d and 4p ionization thresholds are labelled. The cross section reaches a maximum of
approximately 22 Mb at 100 eV, over 30 eV above the 4d ionization threshold [51].

Perhaps the most comprehensive literature reviews on the topic of inner shell

photoionization processes are contained within the now, admittedly, not so recent

works of Sonntag [52] and Schmidt [53]. In the former, a comprehensive review of

EUV spectroscopy of free metal atoms has been compiled, whereas the latter has

concentrated on those aspects of spectroscopy involved in the use of synchrotron

radiation and rare gas atoms. Several experimental techniques have been em-

ployed to record EUV spectra of a range of atoms since the 1960s, including, but not

limited to, fluorescence spectroscopy, in which one seeks to detect emitted photons;

photoelectron spectroscopy, in which the ejected electrons are the primary source

of information; and photoion spectroscopy, in which the resultant ion yield after

an excitation or ionization event is recorded. The technique used in this work was

photoelectron spectroscopy (PES). Perhaps the first experimental measurement to

deal with the inner shell absorption by atoms was that of Madden and Codling

[54], in which the 3d and 4d photoabsorption spectra of Kr and Xe respectively

were recorded photographically. In the same year, Ederer [51] measured the pho-

toionization cross section of Xe in the region of the 4d-εf continuum resonance,

and noted the delayed onset of the photoionization maximum. The result is repro-

duced in Fig. 1.7. Further work on the absorption spectra of neutral atoms was to

come from Connerade et al in the 70s, a selection of which include a comparision

of the absorption spectra of increasingly heavy elements [55], along with spectra

in the vacuum ultraviolet region of heavy transition [56, 57, 58] and rare gas [59]

elements.
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The study of ultraviolet absorption spectroscopy was extended to ionic targets

with development of the resonant laser driven ionization (RLDI) [60] and merged

beam [61] techniques. Using the electron impact technique, Peart, Dolder and col-

laborators obtained the first measurements of absolute cross sections for ion tar-

gets, notably Rb+, Cs+, Ca+, and Sr+ [62]. A synchrotron source was subsequently

used to obtain high resolution photoionization cross section measurements, as in

Ba+ [63], Ca+[64] and Sr+ [65]. More recent cross section measurements have been

obtained by the groups of Bizau (a selection of which include Fe4+ [66], Xe+ [67],

Xe3+ to Xe6+ [68] and Si4+ [69]), Covington (for example, C3+ [70] and Ar+ [71])

and West (Ca+ - Ni+ [72]).

Studies of the photoion yield of ions as a result of vacuum ultraviolet photoex-

citation were pioneered by the group of Koizumi et al, and some examples are listed

below. Using a merged photon-ion beam technique allowed for the study of rela-

tive photoion yield of Ba ions following the creation of an inner 4d hole [73], and

subsequently Sr ions following direct 3d ionization [74].

A comprehensive review of all work in the field of inner shell spectroscopy is

not attempted in this work, however relevant literature surveys have been com-

piled and can be found at the beginning of Chapters 3, 4 and 5.

1.2.4 Auger Decay

A vacancy created in an inner shell may be filled by an electron from any of the

outer subshells. This has a finite probability of occurring as a radiative transition,

with a photon carrying away the difference in energy between the two subshells.

The probability that an inner shell vacancy decays in this manner is called the flu-

orescence yield, and is normally of the order of 10−4, hence is considerably more

likely that the filling of the inner-hole occurs via a non-radiative transition. If the

excess energy is transferred to an electron in one of the other outer subshells giving

it enough energy to become unbound and enter into the continuum, this relaxation

process is known as the Auger effect and the secondary electron emitted is called

the Auger electron [75]. The normal Auger effect can be reasonably well described

as a two-step process, leading to double ionization. The manner in which the inner

vacancy is filled is described as follows:

• Normal Auger decay: The initial vacancy leads to vacancies in subshells dif-

ferent in n and l, e.g. 3s−1 → 4s−1 4p−1.

• Coster-Kronig decay: After the decay of the initial vacancy, one of the subse-

quent two vacancies is in a different subshell of the nth shell of the original

vacancy, i.e. same n but different l, e.g. 3s−1 → 3p−14s−1.
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• Super Coster-Kronig decay: This refers to a particular case where the initial

vacancy in the nth shell leads to two vacancies in subshells from the same n,

e.g. 3s−1 → 3p−2.

Figure 1.8: Shown schematically here (A) Normal Auger decay, (B) Coster-Kronig decay
and finally (C) Super Coster-Kronig decay.

These decay mechanisms are illustrated in Fig.1.8. Auger decay events can be

further classified, as illustrated in Fig.1.9, according to the secondary emission pro-

cess. As can be seen in Fig.1.9, a number of different transitions are possible fol-

lowing inner-shell ionization. ’Normal’ Auger decay generally refers to the scheme

as shown by ’A’, in which the incoming photon has enough energy to completely

remove an inner-shell electron. The hole is subsequently filled by an electron from

an outer shell, and the excess energy is transferred or released by the emission of

a second electron. In the scheme labelled ’B’, the incoming photon has an energy

such that the inner-shell electron is resonantly excited and promoted to an empty,

bound subshell. The bound electron is not freed and does not take part in the sec-

ondary emission process. The bound electron is hence referred to as a ’spectator’

electron. One such example of this process is given in Chapter 4, in which an inner

3d electron in Kr is resonantly excited via two photon absorption to an unoccu-

pied 4d shell. The excited electron remains bound whilst the hole is filled by a 4p

electron. In a second step another 4p electron is subsequently promoted to the con-

tinuum. Finally, mechanism ’C’ illustrates a ’participator’ decay process, in which

the excited electron is also the one that plays a role in the subsequent relaxation
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process and is released as the secondary electron.

Figure 1.9: Schematic representation of (A) normal Auger decay, (B) spectator Auger decay
and finally (C) participator Auger decay.

The decay rate for inner shell excited states is extremely fast, with rates ranging

from 1012−1s up to 1015−1s, corresponding to lifetimes of pico- to femtoseconds.

This is as compared to valence excited states, which have typical decay rates on the

order of 109s−1.

1.2.5 Photoionization Maxima

It is now well established that ionization of the d-shells of some elements, do not

yield expected absorption edges, but a broad peak extending over tens of eV, and

lying far above the photoionization threshold [76]. This effect is known as delayed

onset. As mentioned previously, this was first seen by Ederer [51] and indepen-

dently by Lukirskii [77]. The is due to the shape of the positive electrostatic poten-

tial energy term in the radial Schrödinger equation [78]

Veff = V (r) +
l(l + 1)!2

2mr2
(1.7)

Goeppert-Mayer first pointed out that, for large values of l i.e. for d or f elec-

trons, this relationship can lead to a double valley profile in the potential [78]. In

the case of Xe, the 4d electron must tunnel through a potential barrier, resulting

in a photoionization maximum located approximately 30 eV above the ionization

threshold, as seen in Fig. 1.7. The theoretical treatment of such a transition was

19



summarised in the work of Fano and Cooper in [79]. An alternate treatment was

proposed by Amusia and co-workers in which the enlarged photoionization cross

section was attributed to the resonant excitation of all the electrons in the 4d sub-

shell [80]. Other such examples of delayed onsets or ’shape’ resonances are found

in the Ba, Ba+ and Ba2+ [81] and Sr+, Sr2+ and Sr3+ [82] isonuclear sequences, Ba,

La, and Ce [83] and Sm, Eu and Gd [84]. A quite recent review of the subject of 4d

photoionization is to be found, in addition to new experimental data for Ce, Nd,

Gd, Dy, and Er lanthanide atoms, in [85].

1.2.5.1 Collective Effects

It is now understood that some of the core assumptions invoked in the understand-

ing of the photoelectric effect such as, for example, that single photon processes

dominate, and that electrons participate independently in the absorption of light,

can break down under certain circumstances [86]. Examples of such circumstances

include the use of very strong field lasers, as one can no longer assume only one

photon will be absorbed. Another example concerns effects due to the collective

response of a group, or even an entire subshell of electrons that occur when the

electron-electron interaction is on the same order of magnitude as the electron-

nucleus interaction and / or the spin-orbit interaction. Some of the chief manifes-

tations of so-called ’collective effects’, or many-body processes is the broadening of

giant resonances, simultaneous multielectron excitation or ionization, and various

shake processes. In the case of giant resonances, initial attempts to describe them

theoretically while assuming that each electron moves within a single common po-

tential were not successful. It was first demonstrated in [87] that, for the case of Xe,

the interaction of at all ten electron in the 4d subshell is required in order to achieve

sufficient accuracy in the theoretical description of the experimentally measured

cross section. Perhaps the best summaries of the associated phenomena are con-

tained in the works of Amusia [80, 43].

1.2.6 Wavefunction Collapse

It is interesting to note that as one moves from Z=54 (Xe) to Z=57 (La), the 4f wave-

function has moved from residing in the outer well to occupying the inner well, as

noted in Sec. 1.2.5. This effect is called wavefunction collapse. The layout of the

periodic table can be attributed to wavefunction collapse; in Ca I, the ground state

is 4s2 as opposed to 3d2, as the 4s radial wavefunction lies closer to the core within

the potential barrier and is hence preferentially filled. As Z increases further, the

inner-well region of the effective potential (Veff ) becomes deeper and wider, which
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Figure 1.10: The 4f wavefunction of the 4d94f excited configuration for the early members
of the Xe isonuclear sequence. This is a term dependent calculation i.e. only the 4f radial
wavefunction arising from the 1P term is displayed [88]. The numerals I, II refer to the ion
stage of Xe, with Xe I indicating neutral Xe.

eventually results in the collapse of the 4d, 5d, nd functions, and the formation of

the second, third, nth transition series of elements. The inner well of Veff does not

become sufficiently wide and deep to hold the 4f wavefunction until La where the

lanthanide series of rare-earth elements begins at Ce. The collapse of the 5f wave-

function marks the beginning of the actinide series of elements. This phenomenon

is also responsible for the subsequent sudden increase in binding energies of the

3d, 4d, 5d, 4f and 5f electronic orbitals.

Wavefunction collapse can also occur as a result of increasing ionization along

an isonuclear and isoelectronic sequences, not just with increasing Z. This effect is

shown in the case of the 4f orbital along the Ba [81, 89] and Xe [88, 90] isonuclear

and Xe isoelectronic [91, 92] sequences. In Fig. 1.10, the 4f radial wavefunction

for a series of ion cores is displayed. For increasing ionization, it is clear that the

contraction and localisation of the square of the wavefunction (|Ψ4f (r)|2) is closer

to the core.

1.2.7 Multiphoton Ionization

The field of a monochromatic laser can be imagined as a group of photons each

possessing an energy E=hν and propagating co-linearly. If such an ensemble of

photons meets an atom, the electrons can take up the energy of one or more pho-

tons. For example, an atom may absorb two photons simultaneously. In this case,

the ionization probability is proportional to the number of pairs of photons. Hence,
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the ionization probability will depend on the square of the photon flux, and this is

in fact demonstrated experimentally later in Chapters 3 and 4.

The theory of simultaneous two photon absorption was first described by Goeppert-

Mayer, in 1931 [93]. In molecular physics, the two photon absorption cross section

is ofter given in units of GMs. It is possible to calculate two photon (in fact, n pho-

ton) photoionization cross sections [94, 95], by employing an equation similar to

equation 1.3. It involves, however, replacement of the one photon transition matrix

element with that of an n photon matrix element. The calculation of these transition

strengths is entirely non-trivial, requiring the use of time dependent second-order

perturbation theory. Recently (2004), the task of computing ionization rates for two

photon inner shell ionization was undertaken in the doctoral thesis of Peter Koval

[96]. Numerically, the multiphoton ionization cross section takes the form

σif (hν) =
4π2αa2

0(hν)

3
|Mfi

2 |2 (1.8)

where Mfi
2 is the two photon transition matrix element and is written as

|Mfi
2 |2 = |

∑

v

〈f |
∑

j rj |v〉〈v|
∑

j rj |i〉

Ev − Ei − EL
|2 (1.9)

where v denotes the intermediate virtual state involved in the two photon tran-

sition. For a complete derivation, see [96].

Two-photon excitation occurs at a photon energy of half that required for the

one-photon process. The electric dipole transitions now allow two channels and

two final states, normally unreachable in one-photon excitation, as the angular mo-

mentum coupling condition ∆l=±1 no longer applies (the rule is now ∆l=0, ±2).

Essentially, a transition must take place between states whose angular momentum

is the same, or differs by two units. Two-photon ionization resembles the two pho-

ton excitation except that the final state is unbound in the continuum. In addition, a

two-photon excitation depends strongly on the polarization of light. For example,

the channels s → p → d and s → p → s are open in case of linearly polarized light,

but only the s → p → d channel is open for circularly polarized light (with beams

of the same helicity) [97, 98].

1.2.7.1 MPI in the Strong Field Regime

At very high intensities, the field of the laser can become strong enough to distort

the potential barrier of the nucleus so that the electron may momentarily experience

a lower binding energy, in what is commonly referred to as field-ionization [99].

The Keldysh parameter is commonly used as a guide to determine whether a laser
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field will induce multiphoton ionization (as described in the preceding paragraph,

and examined in detail in Chapters 3 and 4) or tunnelling ionization, in which the

electric field of the laser is strong enough (and its frequency low enough) that the

electron essentially experiences a quasi-static potential which can be lowered by

the laser field. The low frequency of the applied laser field ensures the electron has

more time to experience the lowered potential and escape before the potential is

restored in the second half of the laser cycle.

The Keldysh parameter γ is a unitless quantity that relates the ionization poten-

tial to the ponderomotive energy (Up) and was introduced to define the transition

between the multiphoton and tunnelling regimes [99]. Expressed in atomic units

this parameter is defined as Eq.1.10

γ =

√

Ip

2Up
(1.10)

where Up is the ponderomotive energy and is given as

Up = 9.337 × 10−20I0λ
2 (1.11)

with I0 as the peak laser intensity in units of Wcm−2 and λ as the laser wave-

length in units of nanometers. Generally speaking, in the case of multiphoton ion-

ization in moderately intense fields or rare gas atoms which have high ionization

potentials, Up is less than the ionization potential, resulting in a large value of γ.

In a typical experiment at FLASH, with 93 eV photons (13.3nm) at intensities on

the order of 1016 Wcm−2, Up is on the order of 0.2 eV, resulting in γ > 1 for a Ne

atom. Conversely, long wavelength (on the order of hundreds of nm, or µm), high

intensity lasers typically result in a value of γ < 1, and ponderomotive energies

comparable to the incident photon energies. An 800 nm IR laser, for example, gen-

erating an intensity of 5 × 1014 Wcm−2 incident on the same Ne target yields a

value of γ = 0.34 as a result of the high ponderomotive energy (on the order of 50

eV, far in excess of the photon energy), indicating the tunnel ionization regime.

1.3 Summary

In the first section of this chapter, an introduction and brief overview of the oper-

ation of the Free Electron Laser in Hamburg (FLASH) was presented. Much of the

terminology used throughout the rest of the work has been presented. In addition,

a brief overview of the theory of photoionization has been compiled, along with a

summary of important or landmark experimental measurements over the past few

decades.
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The next chapter introduces the experimental system, based around the Mag-

netic Bottle Electron Spectrometer (MBES), used to conduct photoelectron spec-

troscopy measurements on rare gas targets at FLASH. Two configurations of the

system are detailed, (i) introduction of a back-reflecting multilayer mirror to in-

crease the FEL laser intensity in the interaction region and (ii) addition of a second,

infrared (IR) laser to study two colour ionization.
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Chapter 2

Experimental Systems and

Procedures

The experiments detailed in this work concern photoelectron spectroscopy mea-

surements of rare gas targets conducted under high vacuum conditions. Photoelec-

tron detection was carried out using a magnetic bottle-type electron spectrometer.

Experiments detailed in Chapters 3, 4 and 5 used almost identical base setups as

detailed in [100]. To summarise briefly, those experiments presented in Chapters 3

and 4 utilised a back reflecting multi-layer mirror in order to focus the FEL beam

to a point in front of the entrance aperture of a time-of-flight spectrometer. The

experiment described in Chapter 5 saw the introduction of a second, 800 nm, IR

laser which propagated collinearly with the FEL in the chamber. In this instance,

both beams were brought to a common focus in front of the spectrometer entrance

aperture without the need for back-reflecting optics.

2.1 Experimental Hall

Fig. 2.1 shows the layout of the FLASH user facility with the FEL as well as THz and

bending magnet radiation beamlines entering into the hall from the bottom. The

experimental hall is positioned 30 m behind the dipole magnet that separates the

electron and the photon beam emerging from the undulator in the accelerator tun-

nel. The approximately 60 m long photon beam transport system delivers the FEL

pulses under ultra-high vacuum (UHV) conditions to five experimental stations.

The extreme-ultraviolet pulses are guided to one of five different end stations via

evacuated beamlines, held at ultrahigh vacuum in order to minimise losses due to

absorption. In contrast to synchrotron facilities a single-pass FEL can serve only

one experiment at a time. The FLASH beam is delivered directly to the beamlines
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BL1, BL2 and BL3. BL3, the beamline utilised in Chapter 3, provides users with an

unfocused FEL beam in order to allow installation of experiment-specific focusing

optics by retracting the toroidal focusing mirror upstream. BL1 and BL2 provide

users with a focused FEL of spot size 100 µm and 20 µm respectively. Due to the

inherent bandwidth of the FEL radiation, beamlines PG1 and PG2 were installed

with a high-resolution monochromator to produce EUV radiation of yet narrower

bandwidth.

Figure 2.1: Schematic layout of the FLASH experimental hall. The five beamlines are des-
ignated as follows: FEL beam in dark blue, IR laser in orange, monochromatized FEL beam
in light blue, and THz radiation in red[28].

2.1.1 Gas Monitor Detector

Before being separated into individual beamlines, the FEL radiation is passed through

an attenuation system based on gas absorption and a set of four gas-monitor de-
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tectors (GMDs) for intensity and beam position determination. In order to monitor

the photon flux and pulse energy of the EUV radiation, these GMDs were devel-

oped [101] as tools to provide shot-to-shot measurements of the pulse energy, and

can be used to obtain the absolute number of photons per pulse. The detector uses

the photoionization of a low density rare gas (Xe) and provides a measure of the

FEL pulse energy of up to 1 mJ covering a dynamic range of seven orders of magni-

tude. They are radiation transparent due to the very low particle density. Electrons

and ions created upon photoionization are extracted and accelerated in opposite

directions by a homogeneous electric field. Faraday cups are used to detect the

large number (106 - 109) of charged particles created in a single FEL pulse (shown

in Fig. 2.2). It was an essential tool for analysing the electron yield as a function of

pulse intensity, a technique that will be discussed later. The average pulse energy

for the experiments carried out to date was about 40 µJ but it fluctuated from about

5 µJ to 100 µJ thereby allowing us to build intensity dependent plots of the electron

yield by referencing single shot data to the GMD.

Figure 2.2: Schematic diagram of the gas-monitor detector [102].

2.2 Experimental Setup for One Colour Spectroscopy

Fig. 2.3 and Fig. 2.4 illustrate the salient features of the setup. The main features

are the multilayer mirror, which is positioned so that the divergent FEL beam is

brought to a focus at the entrance aperture of the TOF. It is moved by means of a

3-axis translation stage. The spot size (specifically, the diameter) at the focus of the

mirror was estimated from the target depletion effect [103] to be close to 5 µm . A
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Figure 2.3: A photograph taken at a recent experiment. The incoming FEL path is shown,
along with the relative orientation of the spectrometer.
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magnetic bottle type electron spectrometer was positioned on the electro-optic axis

such that the magnet pushed electrons from the interaction region into the time-of-

flight spectrometer. Typical base pressures were on the order of 10−8 mbar, with

rare gas pressures generally around 10−5-10−6 mbar used in experiments. A beam

block in front of the mirror enabled us to determine the signal produced by the un-

focussed incoming beam (diameter of about 10 mm). Using this background signal,

appropriately weighted, we were able to extract the electron spectrum correspond-

ing to the strongly focused FEL beam only. This is done to ensure that the detected

signal is not due to the second harmonic of the FEL, as the mirror does not reflect

it.

Figure 2.4: Experimental setup: The main component of the system is a magnetic bottle-
type electron spectrometer. Focusing of the FEL beam was achieved by a spherical multi-
layer mirror. Spectra were taken with the unfocused and the unfocused plus focused FEL
beam in the chamber by using a beam block in front of the mirror (see text for details).

2.2.1 The Magnetic Bottle Electron Spectrometer

A magnetic bottle electron spectrometer (MBES) [104, 105] was used to measure

the kinetic energy of electrons produced in the photoionization of rare gas atoms

by the EUV FEL beam. The main components of the electron spectrometer are the

extraction region, the field-free drift tube and the MCP electron detector. Electrons

produced by photoionization in the interaction region were directed towards the

entrance slit of the 0.65 m long flight tube by a strong permanent magnet (0.5 T).

The permanent magnetic field collects emitted electrons, driving them towards the

entrance aperture of the spectrometer. By the time the electrons reach the retarda-

tion grids their paths are almost parallel. The magnetic field results in detection
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of electrons emitted in almost any direction in the interaction region i.e. it can pro-

vide a single shot spectrum due to its high collection efficiency over a 4π solid angle

[106]. However, this very useful feature comes at the expense of angular resolution.

A solenoid producing a weak guiding field (0.5 mT) causes the electrons to undergo

a spiral path to the micro-channel plate (MCP) detector. A time-of-flight (TOF) de-

tection scheme allows the kinetic energies of all the photoelectrons to be measured

from a single oscilloscope trace. Single shot or averaged TOF spectra were recorded

with the aid of a fast digital oscilloscope (LeCroy Wavemaster 8600A). The energy

resolution in the electron spectra was mainly determined by the bandwidth of the

FEL (0.5% 1%) and the MBES (at best 5% of the electron kinetic energies). A typical

photoelectron spectrum is displayed in Fig. 2.5.
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Figure 2.5: Electron spectrum produced by the interaction of FLASH operating at the pho-
ton energy of (93 ± 1) eV with a Ne gas target. The peak labels indicate the configuration
of the Ne+ ion after ionization i.e. 2s2p6 refers to direct emission of a 2s electron.

2.2.1.1 Resolution Limitations

The TOF spectrum shows very narrow lines at short flight times (high kinetic en-

ergies) and broad lines at long flight times (small kinetic energies), but when con-

verting the spectra on the kinetic energy scale the opposite is the case, since the

resolution is a constant percentage of the kinetic energy (5% in this case). This
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results in the fast high energy peaks becoming broad and the low kinetic energy

peaks appearing quite narrow. One can see in Fig. 2.5 how broad the fast 2p−1 line

is in comparison to the slower 2s−1 and satellite lines. It is for this reason that a

retardation field is applied in front of the entrance aperture of the spectrometer.

The aim is to minimise the velocity of the electrons in the drift tube whose energy

we wish to measure. This serves two purposes; firstly as mentioned earlier, our

resolution is best for slow electrons. Secondly, as the MCP signal is sampled by the

storage oscilloscope at fixed time intervals, slow electron spectra consist of more

data points, thereby increasing resolving power further.

2.2.2 Multilayer Mirrors

Extreme ultraviolet radiation is characterized by the high absorption at normal and

low angle incidence it experiences when incident on most materials. This, under-

standably, has made the development of high reflectance multilayer mirrors that

can operate at normal incidence angles entirely non-trivial [107]. Developments in

advanced deposition techniques, such as DC Magnetron Sputtering, have resulted

in multilayer interference coatings, or simply, multilayer mirrors, that possess high

reflectance (on the order of 70%) at normal and near-normal angles of incidence in

the spectral range of 10-15nm for both flat and curved substrates [108, 109].

Briefly, multilayer optics work on the principle of interference of reflected waves.

The mirrors utilised in this thesis were constructed of alternating layers of materi-

als with differnt refractive indices, in this case silicon and molybdenum, with a

periodicity of λ/2. The spectral bandpass of the mirror is inversely proportional to

the number of layers, N. Incident radiation is partially reflected at each layer and

constructive interference occurs causing those partial waves that are in phase to

add coherently. This is accomplished when the Bragg equation is satisfied, i.e. nλ

= 2.d.sinα, where n is the Bragg order, α is the angle of incidence, d is the period

i.e. period thickness (combination of two layers) and λ has the usually meaning.

By keeping the period constant but minimising the thickness of the material with

the highest absorbance, the reflectivity of the structure is maximised.

Shown in Fig. 2.6 and Fig. 2.7 is the measured reflectivity as a function of in-

cident photon energy. Both mirrors were deposited on a curved substrate with a

radius of curvature (ROC) of 400 mm, providing a focal length of 200 mm. The

mirror optimised for normal incidence at 93 eV photon energy consists of 40 layers,

resulting in a bandwidth of approximately 5% or approximately 5 eV. The mirror

reflectivity is an impressive 68%, which taking into account the diffusion between

layers, is possibly the maximum available. It produces a focal spot of 3 µm, which

for an FEL pulse of 10 fs duration carrying an energy of 10 µJ provides intensities
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in the region of 1016 Wcm−2.
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Figure 2.6: Computed reflectivity as a function of incident photon energy for a
molybdenum-silicon (Mo/Si) mirror at normal incidence. The mirror consists of approxi-
mately 40 layer pairs with a thickess of 6.7 nm. Peak reflectivity approaches 68% at 93 eV.
Computed using the online application at [110].

The 46 eV mirror is coated in order to optimise reflectance at an incidence angle

of 3◦. However, it can be used at any angle between 0◦ and 5◦ without any signif-

icant losses (due to larger spot size diameter). The off-axis configuration ensures

that the interaction regions of the unfocused and focused beams are spatially sepa-

rated. This solved the problem inherent in normal incidence back reflecting mirrors

i.e. the focused beam interacts with a target that has potentially been ionized by the

incident, unfocused beam. As a result of the relatively low amount of layer pairs

(N=20), it has a modest bandwidth of around 5 eV, while its reflectivity is on the

order of 30%. It can yield an intensity in the focal region on the order of 5×1014

Wcm−2.

A drawback with this mirror is the high reflectivity at around 92 eV, the second

harmonic of 46 eV. However, in our experiments, no strong signal resulting from

the second harmonic was detected.

2.3 Experimental Setup for Two Colour Ionization Studies

Users at FLASH can avail of an ultrafast optical laser system via a dedicated optical

beamline based on a Ti:Sapphire laser generating intense 800 nm IR radiation. The
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Figure 2.7: The theoretical reflectivity of the 46 eV mirror is shown here as a function of
photon energy. It consists of 20 bilayers, so bandwidth is higher than that of the 93 eV
mirror. The mirror was able to achieve a focal spot size on the order of 5 µm [111].

pulse length can be varied on request, from 120 fs → 3 ps. The delivery of the IR

pulses to the experimental end-stations is synchronised with the FEL pulses. The

alterations to the experimental setup are illustrated in Fig. 2.8

2.3.1 Spatial Overlap of EUV and IR Laser Pulses

The strength of any two colour excitation signal is critically dependent on the de-

gree of spatial overlap of the EUV and optical laser beams. Spot sizes of the FEL and

IR beams at the entrance to the spectrometer were approximately 30 µm and 50 µm,

respectively. Utilising a custom made phosphor screen (15 µm layer of Y3Al5012:

Ce, 2.8 µm grain diameter), the foci of the beams were imaged and aligned. Light

from the FEL caused causes the phosphor to fluoresce (FEL photons are absorbed,

and re-emitted at longer wavelengths, in this case bright green coloured), whilst

light from the Ti:Sapphire source is scattered by the relatively large grains (relative

compared to the wavelength of the IR light). Both the scattered and fluorescent

light are visible on a CCD camera, enabling spatial profiling.

Spatial alignment is achieved primarily by moving the focus of the IR beam

relative to the FEL beam, as movement of the FEL focus is not recommended during

beamtime. The IR beam is moveable in three dimensions; two lateral (in the plane

of the focus), and one longitudinal (along the direction of the beams). Movement
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Figure 2.8: Experimental set-up for the pump-probe experiments using the combination of
the FEL with an optical laser [100].

transverse to the direction of the FEL is made possible with the use of a stepper

motor to control the orientation of a parabolic mirror located outside the vacuum

chamber. Movement along the direction of propagation was achieved by varying

the divergence of the beam using a 1:1.5 Galilean telescopic system (f1 = - 200 mm,

f2 = 300 mm). By changing the distance between the two lenses, the divergence is

altered, hence shifting the focal position. Movement of ±1 mm in the longitudinal

direction was achievable.

2.3.2 Temporal Overlap

Somewhat more difficult to achieve than spatial overlap, temporal synchronisation

of the two independently generated pulses is achieved by varying the time delay

between the arrival of successive FEL and IR pulses. The principal method of con-

trolling the relative delay is through use of a variable optical delay stage located

outside the chamber in the laser hutch some 20 m from the experimental cham-

ber. With this setup, the arrival time of the IR pulses can be varied over a period

of up to 1000 ps, with a resolution of a few femtoseconds. Two methods are used

consecutively to achieve a zero time delay i.e. perfect temporal synchronisation.

A coarse overlap (within tens of picoseconds) was initially achieved using a
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Figure 2.9: A typical set of traces obtained from the fast photodiode setup. The inset shows
the negative slope of the IR response corresponding to the rise in signal from the FEL [100].

radiation hardened photodiode (Model: AXUV-HS3), sensitive to both EUV and

IR radiation. For this purpose, a custom built, self contained electronic circuit was

built by Dr. John Dardis [112], containing the diode and appropriate bias, with the

capability to output the resultant photodiode traces to the digital scope (LeCroy

Wavemaster 8600A). A typical readout is given in Fig. 2.9. Note the inset, showing

the negative slope of the IR response corresponding to the rise in signal from the

FEL. Further, more accurate temporal synchronisation was performed using a cross

correlation technique, the so called laser assisted photoelectric effect or LAPE. By

plotting the intensity of the first photoelectron sideband as a function of relative

delay, one can build up a cross-correlation trace or function. If the temporal profile

of both radiation sources is known then the temporal jitter between the two sources

can be obtained. The resulting measurement of the time delay is on a time scale

comparable to that of the width of the laser pulses [113].

2.4 Summary

In this section, a brief history of free electron lasers has been given, along with spe-

cific details on the operation of FLASH, the Free Electron Laser in Hamburg. In

addition, the most important components of the two experimental systems utilised

in this work have been described in detail, for use in one and two colour photoion-

ization experiments.
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Chapter 3

Two Photon ionization of Ne and

Xe in the ”Extreme Ultraviolet”

3.1 Introduction

An atom subjected to an intense electric field, in the form of a laser, for example,

may become ionized. This process can happen via a number of competing path-

ways. An electron may absorb a single photon of sufficiently high energy and be

liberated from the atom in a single step. The kinetic energy of the freed electron

is equal to the photon energy minus the binding energy of the electron, as was de-

scribed by Einstein in his 1905 paper as the photoelectric effect [114]. In this case,

the ionization rate is proportional to the intensity of the laser. If an inner shell

electron is ionized, an additional electron may be liberated in a process known as

Auger decay, in which an inner shell hole is filled by an outer shell electron. The

excess energy of the system is then shed via ionization of an additional electron

[75]. With the development of sufficiently intense lasers, ionization of an atom by

more than one photon became feasible, as demonstrated first in [115] and [116].

It was soon discovered that the signal arising from multiphoton ionization (MPI)

scaled as IN , where N is the number of photons required to ionize the atom. In ef-

fect, one could confirm an MPI pathway by measuring the signal as a function of

laser intensity. A log-log plot of ion yield against laser intensity (in Wcm−2) would

produce a straight line graph with slope of N, where N represents the order of the

process [117].

Alongside ongoing experimental work, advances in theoretical work resulted

in a framework from which experimental results could be interpreted. The first

papers to build on the work of Goeppert-Mayer [93] and Zernik [118, 119] on two

photon absorption to provide a theory of N-photon transitions initially dealt with
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Figure 3.1: Schematic energy level diagram of element ’A’, illustrating some of the terms
used throughout this chapter (a) single photon ionization, (b) multiphoton ionizations and
(c) resonantly enhanced multiphoton ionization. Note that the excited intermediate state
that facilitates the resonance may not necessarily lie below the first ionization threshold.

hydrogen and rare gas atoms [95] and also alkali atoms [94]. Fine structure phe-

nomena were incorporated into the framework by P. Lambropoulos [120] to take

into account spin-orbit level splitting of the target atom. The dependence of the

ionization yield on the temporal coherence of the laser pulse was investigated ini-

tially in [121]. A comprehensive review [122] summarised developments in the

field up to the mid 1970s.

In the early 1980s it was discovered that the multiphoton ionization rate could

be greatly enhanced if a transition (involving one or more photons) promoted an

electron to an unoccupied bound state. This pathway is referred to as resonantly

enhanced multiphoton ionization (REMPI) [123], and is illustrated schematically in

Fig. 3.1(c). MPI using picosecond laser pulses was studied in [124], in which no

enhancement due to intermediate resonances was apparent due to the short tem-

poral nature of the laser pulses (the resultant increase in intensity ponderomotively

shifted the intermediate levels out of resonance). Absolute multiphoton cross sec-

tions of Kr and Xe were obtained in [125] (see Fig. 3.2) These data were obtained

with the aid of a UV (λ = 293 nm) laser operating at the then unprecedented UV

intensity of 1013 Wcm−2. The cross sections obtained were found to be in good

agreement with theoretical estimates.

Another aspect of multiphoton ionization that was under investigation in the

early eighties was the process of above-threshold ionization (ATI). First described

theoretically by Gontier et al [126], this MPI event involves free electrons in the

continuum (above-threshold) undergoing stimulated emission or absorption of ad-
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ditional photons. These types of transitions are also referred to as ’continuum -

continuum’ transitions [127]. These transitions manifest themselves in the pho-

toelectron spectra as extra peaks separated in energy by an amount equal to the

photon energy of the ionizing laser field. The first experimental evidence was pub-

lished by the group of Agostini et al [128]. The original spectrum showing the ATI

peaks is displayed in Fig. 3.3

Figure 3.2: A resonantly enhanced time-of-flight spectrum in which ion states of xenon
and krypton are separated by their mass/charge ratio. Obtained using 293nm laser light at
intensites on the order of 1013Wcm−2[125].

An interesting debate started in the mid 1980s centred on the results of Luk et

al [129]. The observation of very high charge states (U10+), suggested as the result

of multiphoton absorption (99 photons), initially raised some doubts regarding the

validity of the prevailing perturbative approach to MPI (that is, the unperturbed

Hamiltonian for a single bound electron in a single oscillating electric field is mod-

ified to take into account an electric field operator containing multiphoton absorp-

tion terms). It was postulated in [130, 131] that the collective excitation of an entire

valence electron shell could in principle transfer large amounts of energy to inner

shells, facilitating unprecedented levels of photon absorption. This non-linear ap-

proach, in which, at suitably high laser intensities, coherent multi-electron oscilla-

tions become the dominant absorption mechanism, seemed to adequately describe

the experimental results. However, it was shown soon after that no valence shell

electrons would ever experience the order of laser intensity required to induce col-

lective effects, as the outer shell would be sequentially stripped of electrons as it

experienced the rising edge of an intense laser pulse. The seemingly unusually

high degree of ionization could in fact be attributed to sequential, one electron ion-
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Figure 3.3: Photoelectron spectrum of Xe using a 2.34eV, 200mJ Nd:YAG laser system illus-
trating above ATI / continuum - continuum transitons. The 1’, 2’ notation indicates ATI
originating from the 2P1/2 core configuration [128] i.e. Xe + nhν → Xe+ (5p5 2P1/2 + e− (1’,
2’, ...))

ization as summarised in [132], in which high order multiphoton ionization rates

and relative ionic populations through the laser pulse were derived. The idea of

multielectron excitation was soon revisited by the group of DiMauro et al [133], in

an experiment in which multiphoton single and double ionization of Ca was inves-

tigated. It was found that ionization via a correlated, doubly excited bound state

was a dominant pathway. The role of these doubly excited states was investigated

in [134], and in the early and mid 1990s the first observation of non-sequential dou-

ble ionization was made [135]. Using ultrafast laser pulses (120 fs) in the optical

wavelength regime ensured that tunnel ionization, as opposed to ’conventional’

multiphoton ionization, was the dominant double ionization (DI) mechanism. This

mechanism was subsequently investigated with improved intensity resolution in

[136] in order to determine better the ion-yields. The exact nature of the double

ionization mechanism was not clearly understood until relatively recently. Several

’mechanisms’ were proposed, including sequential ionization, in which each of the

two electrons are emitted independently by two separate absorption events, and

sequential ionization involving only one photon, in which the freed first electron

knocks out a second via a collision. Strong experimental evidence for a ’rescat-

tering’ model, in which the liberated electron is driven back into the target by the

laser field causing the ejection of a second electron, was published by the groups

of Fittinghoff et al [137], Corkum [138] and Dietrich et al [139]. The development

of Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) enabled kinemat-

ically complete experiments to be carried out, in which more than one electron
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emerging from a multiple ionization event could be observed simultaneously [140].

3.2 Two-Photon Inner-Shell Ionization of Xe in the Extreme-

Ultraviolet

It should be noted that, some years ago, high order harmonic sources developed

to the point where they could attain the threshold intensities to drive two photon

processes in an atom. The very first results were reported in breakthrough experi-

ments at the very limit of intensities that can be obtained with high order harmonic

sources, These included two photon single [141] and double [142] ionization of He

and single ionization of the valence shells of Ar and Xe [143]. However these stud-

ies still only concerned valence electrons. In contrast FLASH provides a monochro-

matic (bandwidth < 1%), wavelength tunable light source, with focussed intensities

which can approach 1016 W.cm−2 and so has provided the platform for a dramatic

expansion of the range of sequential and simultaneous multiphoton ionization ex-

periments that could be both planned and performed at EUV wavelengths. One

such study, in which interesting insights into dynamics of two photon double ion-

ization was investigated using a COLTRIMS system, was reported in [144]. The

fundamental nature of this three body problem has attracted significant theoretical

interest, and the reader is directed to [145], in which a time-dependent solution to

the Schrodinger equation for a two-electron system is derived.

Hence, the advent of high-intensity extreme ultraviolet (EUV) and X-ray free

electron lasers (FELs) subsequently heralded a new era in the study of nonlinear

optical processes, in which the applied laser field exhibits a high degree of coher-

ence in addition to an unprecedented combination of high average and peak inten-

sity at high photon energy. As a result, inner-shell electrons can become important

mediators of the multiphoton-matter interaction.

Yet another interesting example of a non-linear process is summarised briefly

here. At intensities in excess of 1015 Wcm−2, nearly 50 photons of 90eV photon

energy interact within 10 to 20 femtoseconds with a single xenon atom and lead

to the emission of up to 21 electrons. Neon, argon, and krypton do not show this

high degree of photoionization under the same experimental conditions [146]. If

these interesting results are due, even in part, to the 4d-εf giant continuum reso-

nance, it raises the question whether the resonance also contributes to multiphoton

excitation from the inner 4d shell.

This resonance is, in comparison to the other rare gases, a particular feature of

Xe in the EUV and arises in the photon energy range from about 85 to 115 eV [43].

For many years, it has represented a prime example of the impact of electron cor-
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relation on inner-shell photoionization at low irradiance [147, 86]. The correlations

may be described by a collective motion of the ten 4d electrons, driven by the os-

cillation field of the electromagnetic wave, which results in the emission of one of

their members. The effective radial potential for the emitted εf electron shows a bi-

well structure [148]. The potential barrier between the inner and the outer region

of the atom explains the delayed onset of the 4d one-photon ionization leading to

the strong and broad one-photon 4d-εf resonance feature, known as the giant reso-

nance. In the case of Xe, it is centred 30 eV above the 4d ionization threshold and

dominates most of the 4d oscillator strength [See Chapter 1.2.5 1.2.6]

The proposal that the strength and nature of this resonance may also drive, at

high irradiance, simultaneous multiphoton excitation from the inner 4d shell con-

stitutes the core of the matter, so an investigation was initiated an into the underly-

ing processes using electron spectroscopy at FLASH [3].

3.2.1 Experimental Setup

Figure 3.4: Experimental setup: a magnetic bottle type electron spectrometer was used for
the electron analysis. Focusing of the FEL beam was achieved by a spherical multilayer
mirror. Spectra were taken with the unfocused and the unfocused plus focused FEL beam
in the chamber by using a beam block in front of the mirror

The setup has been described previously in some detail, so only the most impor-

tant features are mentioned here. Fig. 3.4 illustrates the salient features of the exper-

imental set-up. It is essentially a combination of set-ups described in [29, 146, 100].

The photon energy of (93 ± 1) eV was chosen as it permitted us to employ a

high-quality spherical Si/Mo multilayer mirror [108], of the type used in EUV-

lithography systems, to focus the FEL beam. The characteristics of the mirror have
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been described in detail in the preceding chapter. The reflectance of the mirror at

the photon energy of 93 eV was of the order of 65% while the focal spot-size diame-

ter was close to 3µm. The pulse energy was measured on a shot-to-shot basis using

a gas-monitor detector (GMD) [102, 101]. In the focus, an irradiance of up to 1016

Wcm−2 could be achieved. The Xe gas filled the experimental vacuum chamber

homogeneously at a pressure of 10−6 mbar. The base chamber pressure was 2 ×

10−8 mbar. Emitted electrons were analyzed using the magnetic bottle type elec-

tron spectrometer [100, 149] (described in Ch.2). A retardation voltage was applied

to the entrance aperture to the TOF to prevent electrons with kinetic energies below

a given threshold entering the flight tube. A beam block in front of the mirror en-

abled us to determine the signal produced by the unfocussed incoming beam with

a diameter of a few millimetres and to extract in this way the electron spectrum

corresponding to the strongly focused FEL beam only.

Since the pulse energy fluctuates from shot to shot, it is necessary to record it

for each and every FEL pulse. The device used to do this is called a Gas Monitor

Detector or GMD for short. A typical GMD signal is presented in Fig. 3.5. The

GMD output is essentially a photoionization signal of xenon. The pulse energy of

the FEL pulse is directly proportional to the area under the first peak of the GMD

signal, and, at least in the intensity range for this experiment, the response of the

gas monitor is linear over our entire range of intensities. That is, a pulse with twice

the amount of energy of a subsequent laser pulse will result in a GMD signal for

which the area under the first peak is twice as large. This linear response is of

course dependent on the detector not being saturated, which occasionally was the

case in some of our experimental runs.

As every single photoelectron spectrum is tagged with a corresponding GMD

signal, so too is every background. The background in this experiment, that is,

the signal produced in the focal region of the mirror in the absence of gas is signif-

icant. In a workaround to account for this issue, all single-shot spectra were first

sorted according to the intensity of the GMD signal. Background spectra measured

without Xe in the chamber were also sorted according to FEL intensity. Then corre-

sponding background and Xe electron signal spectra were subtracted. Importantly,

they were averaged to minimise error due to fluctuations, with a typical average

spectrum containing 100 single shot spectra.

3.2.2 Results

The results presented in this section were taken at a mean FEL pulse energy of

approximately 30 µJ, with maximum pulse energies in the region of over 45 µJ, and

minimum pulse energies of 10 µJ. These measurements are recorded upstream in
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Figure 3.5: Shown here are typical photoion signals from the GMD. The strength of the
GMD pulse is directly proportional to the area under the first peak. Inset: The GMD signal
in its entirety, exactly as it would appear on a digital readout, such as an oscilloscope. The
blue curve was generated by a particularly strong FEL pulse, the black curve by one of the
weaker pulses.

one of the beam diagnostic areas. Taking into account the beamline transmission

( 35%) and the steering mirror reflectivity ( 56%), the pulse energy in the interaction

region is smaller by a factor of approximately 5. An average pulse energy of 45 /

5 = 9 µJ at a pulse length of 10 fs, focused to 3 µm results in a peak intensity of

approximately 1 × 1016 Wcm−2.

For the unfocussed beam and/or for low intensities of the FEL beam, one-

photon ionization is the dominant process. Part of the corresponding electron spec-

trum is displayed in Fig. 3.6 showing the 4d photolines at kinetic energies of 25.5

eV and 23.5 eV which correspond to ionization of the 4d5/2 and 4d3/2 spin-orbit

components, respectively. The corresponding N4,5O2,3O2,3 Auger lines appear in

the kinetic energy region extending from 30 to 35 eV. The discrete Auger features

labelled 1 to 9 in references [150, 151] are blended into two asymmetric features

here, centred at 30.7 eV and 33.2 eV, as a result of the resolution limit of the mag-

netic bottle spectrometer. Additionally, at higher kinetic energies, some broad lines

corresponding to the emission of 5p and 5s electrons were observed at about 80

and 70 eV, which are not shown here. This spectrum is included here for illustra-
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Figure 3.6: Electron spectrum produced by the interaction of FLASH operating at the pho-
ton energy of (93 ± 1) eV with a Xe gas target. The data were obtained at the lowest irra-
diance used in the experiment, of the order of 1010Wcm−2. The spectrum is dominated by
the one-photon 4d ionization and the subsequent N4,5O2,3O2,3 Auger decay. The FWHM
of the fits is 2.2 eV, which is in part due to the not insignificant bandwidth of the FEL.

tive purposes, as these Auger lines have of course been examined previously in

thorough detail. This spectrum confirms the monochromatic properties of the FEL,

as the binding energy of the electrons is well known, allowing one to predict accu-

rately and confirm the kinetic energy of the photoelectrons. In addition, the relative

line heights are correct, indicating that our MCP intensity calibration is sufficiently

adequate (the response is linear across this drift energy region).

The spectrum presented in Fig. 3.6 consists of the average of 100 single shot

photoelectron spectra. It is an average of the spectra corresponding to the low-

est energy FEL laser pulses in order to maximise the kinetic energy resolution. It

was found that for the gas pressure and laser parameters used all but the weakest

signals resulted in saturation. This approach maximised the resolving power, oth-

erwise the spin-orbit splitting of the 4d−1 photoelectron line would not have been

resolved. Furthermore, the spectrum presented in Fig. 3.6 indicates that the TOF

kinetic energy calibration is quite good.

An additional broad and asymmetric line appears in electron spectra recorded

at higher FLASH irradiance, of the order of 1016 Wcm−2 in the focus, centered at

a kinetic energy of about 118 eV as shown in Fig. 3.7. A retarding field of -90V
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Figure 3.7: Electron spectra recorded at the highest FLASH irradiance of about 1016Wcm−2

in the focus. The photon energy was (93 ± 1) eV. Spectra recorded under different exper-
imental conditions are shown: (a) focused plus unfocussed FEL interacting with Xe, (b)
focussed and unfocussed FEL interacting with residual gas, (c) unfocussed FEL interacting
with Xe, (d) unfocussed FEL interacting with residual gas. The inset shows the pure Xe
spectrum due to the focused FEL, i.e. the difference spectrum (a-b)-(c-d), fitted by the sum
of two Gaussians separated by 2 eV.

was applied to the entrance to the time-of-flight tube for this series of spectra, so

that photoelectrons produced by one-photon processes were rejected and electron

signals obtained were due solely to multiphoton processes. Spectra were recorded

with, and without, Xe gas in the chamber to allow the determination of the back-

ground contribution from residual gas and scattered light. In addition, the spectra

recorded show only a very small contribution from the second harmonic of the

FEL radiation when the spherical mirror was blocked. Due to the statistical nature

of SASE FELs, the emitted light is expected to contain a finite contribution from

odd and even harmonics of the fundamental. The second and third harmonic con-

tent has been measured previously [106] for at a photon energy of 38.5 eV, with

a contribution on the order of 0.3 - 0.4 % for both second and third. The spectral

composition is not expected to be radically different at the photon energies used

throughout this work.
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3.2.3 Discussion

In order to prove the observation of a multiphoton process, the integrated inten-

sity of the broad line at about 118 eV kinetic energy in Fig. 3.7 was measured as

a function of the FEL pulse energy. The result is shown in Fig. 3.8 on a double-

logarithmic scale. In fact, the almost quadratic dependence obtained, with a slope

of 1.95 ± 0.12, confirms that the feature at 118 eV arises from a two photon process.

In the case of a photoelectron line, the corresponding ionization energy is 2 × (93

± 1) eV - (118 ± 2) eV = (68 ± 3) eV which fits well with the 4d ionization energy

range of atomic Xe (Fig. 3.6).
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Figure 3.8: Electron yield of the 118 eV feature in Fig. 3.7 as a function of pulse energy. The
slope of the linear fit is 1.95 ± 0.20 and confirms that the feature arises from a two-photon
ionization process.

However, from ion spectroscopy results obtained on Xe at 93 eV and irradiance

levels beyond 1015 Wcm−2 [29], one may conclude that the FEL field produces and

interacts with a highly ionized target. Hence, photoelectron emission from Xe ions

has to be taken into consideration. Xe+ as a target has four 4d−1 ionization thresh-

olds at 71.6 eV, 72.9 eV, 74.9 eV, and 76.2 eV [152] which would yield photolines

in the kinetic energy range from 110 to 115 eV but Xe+, in particular, appears only

weakly in the ion spectra even at very high FEL intensity as seen in Fig. 3.9 [29].

More highly charged ions appear in much greater numbers but yield electrons
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Figure 3.9: Ion TOF mass/charge spectra of xenon taken at a photon energy of 93 eV, dis-
played here as a function of intensity. The relative abundance of Xe2+ and Xe3+ compared
to Xe+ is clear [29].

with kinetic energies below 100 eV due to the increased 4d−1 ionization energies

for doubly and more highly charged Xe ions. O-shell ionization, e.g., 5p−1 ion-

ization of Xe5+ with a ionization energy at 67 eV or 5s−1 ionization of Xe4+ with

a ionization energy at 69 eV [68] could produce photoelectrons with relevant ki-

netic energies but the two-photon cross sections for these sub-shells are expected

to be much smaller than for the 4d case, as ionization from these subshells is not

resonantly enhanced. In addition, it is noted that, for atomic Xe, there may be a

contribution from 4p−1 Auger processes [153] to the low energy wing of the line in

Fig. 3.7 at 118eV. However, we do not have signatures of direct two-photon 4p−1

ionization, i.e., photoelectrons in the 40 to 45 eV range even at the highest FEL in-

tensities. Thus, one may conclude that the 118eV feature in Fig. 3.7 is mainly due

to the two-photon 4d−1 ionization process which might be resonantly enhanced by

the giant resonance of Xe at 93 eV photon energy.

Calculations performed by Hugo van der Hart of Queens University, Belfast,

show that at the estimated mean irradiance levels (in the focus) of several about

1015 - 1016 Wcm−2, the two-photon emission of a 4d electron via an εf state ac-

counts for at least 0.5 % of the total photoionization rate. The experimental ratio is,
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however, smaller due to our large interaction volume and the considerable detec-

tion of one-photon emissions from outside the focus, as in reality, the entrance slit

of the spectrometer (on the order of 4 mm long) can’t discriminate between those

electrons produced at the focus and those outside the focus.

Figure 3.10: One- and Two-photon ionization rates for 4d direct ejection in Xe at a photon
energy of 93 eV. Note that the two photon ionization rate is 1% of the one photon rate at
1016 Wcm−2. Calculated by H.W. van der Hart.

According to his calculations, the two-photon 4d−1 ionization process favors

emission of g electrons. Since the absorption of the first photon is theoretically

confirmed to be enhanced by the 4d giant resonance, the two-photon 4d−1 ioniza-

tion process proceeds via a sequence of the form: 4d-εf-εg. Due to the first nd-εf

step, this scheme represents a resonant process. Due to the continuum charac-

ter of the intermediate εf electron state, it resembles, however, direct rather than

sequential two-photon ionization (a sequential scheme would imply two photon

absorption via a bound state). The observation of this so-called above threshold

ionization (ATI) process, thus, demonstrates that inner-shell ionization may play a

role in nonlinear multi-photon processes in the EUV. The large one-photon ioniza-

tion cross section offered by the 4d-εf giant resonance, leads to an enhanced cross

section for two-photon ATI. In Fig. 3.10, one and two photon ionization rates have

been extracted from the cross sections calculated by Dr. van der Hart. For the peak

intensities obtained in the present experiment (1016 Wcm−2), one photon ionization

of a 4d electron is by far the dominant ionization mechanism. However, it is also

apparent that by extrapolation of the curves that the two photon rate will overtake

the one photon rate at about 1019 Wcm−2 to become the main ionization process.

To put this figure in perspective, laser light at a photon energy of 100 eV in pulse
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energies on the order of 100 µJ, delivered in 1 fs focused to a 1µm diameter spot

size will result in intensities over 3 × 1018 Wcm−2.

In conclusion, we have studied the two-photon 4d inner-shell ionization of Xe

in a focused EUV beam at FLASH by electron spectroscopy. The corresponding

photoelectron line in Fig. 3.7 represents the first detection of an so-called above

threshold ionization (ATI) two-photon process in an inner electron shell. This work

demonstrates the significance of inner-shells and inner-shell resonances in nonlin-

ear multiphoton-matter interaction for experiments at the new EUV and X-ray laser

facilities.

3.3 Two- and Three-Photon Ionization of Neon in the Ex-

treme Ultraviolet

The response of Ne to a strong laser field was also investigated at a photon en-

ergy of 93eV. Using photoelectron spectrometry, the simultaneous absorption of

two extreme-ultraviolet photons by a valence 2p subshell and the inner 2s subshell

electrons of neon has been observed. Evidence for two photon ionization of a 2p

electron from Ne+ was also found, along with signatures from sequential three

photon ionization via excited Ne and Ne+ states.

The interpretation of the data is complicated by the presence of a not insignifi-

cant amount of lowly charged ions. The structure at 93 eV above the ground state

of Ne is dominated by a series of singly excited 2s12p5nl states [155]. These states

are shown in a highly schematic fashion in Fig. 3.11.

3.3.1 Results

For the unfocussed beam and/or for low intensities of the FEL beam, one-photon

ionization is the dominant process. Part of the corresponding electron spectrum

is shown in Fig. 3.13 with the 2s and 2p photolines centered at kinetic energies of

43 and 72 eV. The 2p4nl satellites levels of Ne+ are visible in the kinetic energy re-

gion extending from 30 to 40 eV. The discrete satellite features labelled in reference

[155] are blended here as a result of the resolution limit of the magnetic bottle spec-

trometer. In particular, the features labelled as 9 and 10 are most prominent (See

Fig.3.12), appearing as a feature at a kinetic energy of approximately 37 eV. There

may be unresolved features in this region due also to sequential ionization of the

Ne+ ion, the lowest threshold of which is 40.9 eV.

The spectrum shown in Fig. 3.13 comprises an average at 100 single shots of the

lowest laser pulse intensity in order to minimise the effects of saturation (the 2p
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Figure 3.11: Energy level scheme for Ne, Ne+ and Ne2+. Data taken from NIST [154].

photoelectron line saturates the detector rapidly) and also to maximise energy res-

olution. A linewidth of 1.5eV was obtained for the 2s photoelectron line, which is

the narrowest obtained for the experimental system. This width is almost certainly

the result of the bandwidth of the FEL, as the electron spectrometer has a resolu-

tion of 5% of the drift energy of the photoelectrons. A 50 eV photoelectron with a

drift energy in the flight tube (after passing the retardation field) of 10 eV should in

principle have a linewidth 0.5eV. This spectrum serves to confirm the validity of the

TOF calibration, and in addition, the relative intensity of the 2p43p 2P and 2s2p6 2S

photoelectron lines of 13.8% (13.4% [155]) indicate that the detection efficiency of

the MCP is correctly accounted for. The feature lying at 33 eV is probably another

satellite, most likely corresponding to the blend of features labelled 19 and 20 in

Fig.3.12.

In electron spectra recorded using the focused beam (achieving intensities on

the order of 1016 Wcm−2), additional broad and asymmetric lines appear as shown

in Fig. 3.14. As in [156], we set a high retarding field of -90 V at the entrance to

the TOF so that photoelectrons due to one-photon processes were rejected. Hence

electron signals obtained are due solely to multiphoton processes. Spectra were

recorded with and without Ne gas in the chamber to allow the determination of

the background contribution of ionization from residual gas and of scattered light.
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Figure 3.12: The photoelectron spectrum of the Ne 2p4nl satellites, produced by excitation
by 96 eV photons [155]. As a guide, the line labelled 19 is 4.4% as intense as the 2s−1

photoelectron line (off-screen).

In addition, the spectra recorded when the spherical mirror was blocked show only

a very small contribution from the second harmonic light of the FEL radiation.

3.3.2 Discussion

The following labels are assigned to the main structures in Fig. 3.14: The broad

structure centered at 163 eV is a result of direct two photon ionization of the 2p

electron from the Ne atom (labelled ’d’ in Fig. 3.14). The energy range for such an

event are as follows (2 × (93 ± 1) - 21.6 = 164 ± 2). Similarly, the feature lying in

the energy range around 140 eV is due to two photon ionization of the inner 2s

electron, as given by (2 × (93 ± 1) - 48.48 = 138 ± 2). This peak is labelled ’b’ in

Fig. 3.14. The assignment of the features ’a’, ’c’ and ’e’ are not obvious, so we infer

the following based on their relative amplitudes and kinetic energies.

For the remaining peaks, we first of all establish that by using a mirror to

achieve especially high irradiance, the laser field of the FEL is now interacting

with more complex, ionized target. The following accessible thresholds will ion-

ize Ne+ leaving it in a Ne2+ configuration: 40.96 eV, 41.04 eV and 41.08 eV (2s22p4

3P2,1,0) respectively, 44.17 eV (2s22p4 1D2) and 47.85 eV (2s22p4 1S0). Two photon

ionization out of Ne+ yielding these Ne2+ configurations would yield a series of

photoelectron lines at kinetic energies of 138 eV to 145 eV, resulting in a contribu-
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Figure 3.13: Electron spectrum produced by the interaction of FLASH operating at the
photon energy of (93 ± 1) eV with a Ne gas target. The data were obtained at the lowest
irradiance used in the experiment, of the order of 1010 Wcm−2. The peak labels indicate
the configuration of the Ne+ ion after ionization i.e. 2s2p6 refers to direct emission of a 2s
electron.

tion to feature ’c’. This is an example of sequential three photon double ionization,

where the first photon is used to produce the Ne+ ground state. Whilst it is feasible

that such a mechanism could generate the features at ’b’ and ’c’, this would require

the population of Ne+ in the target to be comparable to that of neutral Ne. The

structure below 130 eV (’a’) is tentatively assigned as two photon ionization of the

excited 2p4nl states of Ne+, leaving behind a Ne2+ state in the ground configura-

tion. Finally, the weak feature labelled ’e’ is produced via two photon ionization of

an excited Ne+ 2s22p4nl state, producing a Ne2+ ion in the ground configuration.

These ionization mechanisms are illustrated in Fig. 3.15.

It is of course possible that the high kinetic energy photoelectron features present

here originate from ionization processes from lowly charged ions. The ionization

threshold for a 2s electron in the Ne+ target is approximately 66.2eV. However,

two photon ionization would results in a free electron with an energy of less than

120eV. L-shell ionization from higher charge states i.e. from 2p or 2s subshells in

Ne2+ might also yield electrons around the 110-120 eV kinetic energy region. With

increasing ion stage though, electrons in the L-shell have increasingly higher and
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Figure 3.14: Electron spectra recorded at the highest FLASH irradiance of about 1016

Wcm−2 in the focus. The peaks ’a’ to ’e’ are explained and discussed in the main text.

higher binding energies, so this alternative pathway is ruled out. The multi-photon

nature of the features can be inferred in a semi-quantitative fashion based on theo-

retical predictions. Examining closely the 2s and 2p photoelectron peaks, it is clear

that the ratio of the one and two photon generated features are different. The ratio

2s/2p in the one photon case is the about 10%, as expected from the literature [157].

The two photon ratio differs drastically however, with values 2s/2p = 21% in the

experiment compared to a prediction of 42% from theory.. The disparity between

theory and experiment is to be somewhat expected given the complexity of the nu-

merical problem, coupled with uncertainty regarding the multimode nature of the

laser (N photon ionization is theoretically more efficient by a factor of N ! for totally

incoherent light source i.e. many modes, than for a single mode, purely coherent

laser [127]) and its pulse profile (that is, does the atom experience a laser pulse

with a Gaussian-like energy distribution, or can a square pulse approximation be

used?). However, the ratio does confirm, at higher photon energies (and indeed,

for multiphoton processes) the increased 2s photoionization probability. It is clear

from [157] that for increasing photon energies, the 2s partial cross section rapidly
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Figure 3.15: Schematic energy level diagram illustrating the variey of ionization pathways
that make up Fig. 3.14. Labels ’a’-’e’ correspond to those in Fig. 3.14. ’a’ - orange, two
photon ionization of ground state Ne leaving behind an excited Ne+ state; ’b’ - red, two
photon ionization of a 2s electron from neutral Ne; ’c’ - green, two photon ionization of a
2p electron from Ne+ to produce ground state Ne2+; ’d’ - black, two photon ionization of
a 2p electron from neutal Ne; ’e’ - purple, two photon ionization of an excited Ne+ state
leaving behind a Ne2+ core in the ground configuration

overtakes the corresponding 2p value.

3.4 Chapter Summary

New insights have been gained into the field of non linear optical processes. Mul-

tiphoton ionization spectra of xenon and neon have been presented. The first ob-

servation of an inner shell, multiphoton ionization event has been made resulting

from the 4d [156] and 5s subshells in Xe, and the 2s subshell in Ne. In addition

the identification of numerous other ionization mechanisms has been made. As

far as this author is aware, they are the first observations of such ionization path-

ways. The observations have been made possible by the ultrahigh intensity XUV

radiation provided at FLASH. With the aid of state-of-the-art computational results
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from H. van der Hart (Queen’s University, Belfast), it is clear that multiphoton ion-

ization of inner shell electrons can contribute to the overall ionization rate for atoms

in intense XUV fields. The work demonstrates the significance of inner shells and

inner-shell resonances in nonlinear multiphoton-matter interaction for experiments

at the new EUV and X-ray laser facilities.

A additional result, pertaining to inner shell ionization in Xe at a photon energy

of 46 eV can be found in Appendix A.
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Chapter 4

Resonant Two Photon Inner Shell

Excitation in Kr

4.1 Introduction

Two-photon excitation of a one-photon forbidden Auger resonance has been ob-

served and investigated using the intense extreme ultraviolet radiation from the

Free Electron Laser in Hamburg. At a wavelength of 26.9 nm (46 eV) two photons

promoted a 3d core electron in a neutral Kr atom to an unoccupied outer shell,

in this case the 4d orbital. This was made possible only by the absorption of two

photons, each carrying half of the resonance energy. As this transition (nd→nd) re-

quires two units of angular momentum, it is impossible to excite it with just a single

photon. The inner shell hole is filled by an outer shell electron via a non-radiative

transition, with the excess energy being transferred to another outer-shell electron.

This electron now has enough energy to become unbound and enter the continuum

in a process known as Auger decay. As the first step is resonant, the whole process

is referred to as Resonant Auger Decay. Here, results on the pathway Kr(3d10) +

2hν → Kr* (3d9
5/24d) - Kr+ + εl. In addition, above threshold ionization (ATI) of the

outer 4p and 4s shells of Kr and Kr+ was observed

4.1.1 Auger Spectra by Photon and Electron Impact

The Auger spectrum of Kr has been previously studied in some detail. Using the

electron impact technique, the first detailed interpretation of the Auger spectra

of Kr (L2,3MMandM4,5NN) and Xe (M4,5NN and N4,5OO) was published by the

group of Werne et al [158] (Fig. 4.1). Earlier attempts had been hampered by limited

energy resolution [159].

The spectra were reinvestigated by the group of Ohtani et al [49], this time how-
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Figure 4.1: A high resolution Kr M45NN Auger electron spectrum as presented in [158].
Numerous satellite and shake-up lines have been identified with the help of relativistic
calculations utilising Hartee-Fock-Slater type electron orbitals in order to calculate energy
levels.

ever at a lower impact energy closer to the M shell ionization threshold. This en-

sured that ionized electrons were relatively slow, and resulted in a greater degree

of electron correlation and post-collision interaction (PCI). A shift in the Auger

electron line energies was observed along with a corresponding asymmetric line

broadening. Using a synchrotron source (i.e. photon impact), Schmidt et al [160]

examined closely the role of PCI for threshold N-shell ionization of Xe, first look-

ing at a single isolated Auger peak (N5O2,3O2,3
1S0) and subsequently the whole

N4,5O2,3O2,3 Auger spectrum [161]. In 1976, the first results appeared in which

Auger decay via a resonant first step was investigated. In [162], the 3d→5p and

4d→6p transitions of Kr and Xe respectively were excited with the use of bright

synchrotron radiation. It was noted that the resultant spectator Auger decay spec-

trum was shifted somewhat due to the increase in binding energy felt by the 6p (Xe)

and 5p (Kr) subshells as a result of the inner shell vacancies created in the process

and consequent decrease in screening. This was followed up in the 1986 work of

Aksela et al [163] and [164], in which detailed comparisons of line intensities and

relaxation mechanisms were made with theory.

A study of the angular distribution of the Auger decay features of a number

of atoms (Ar, Kr, Xe) was initiated in 1988 by the group of Carlson et al [166, 167]

who used a resonant first step and later again in [168] by the group of Kammerling.

The unusual degree of angular anisotropy attracted much attention from theory

(see [169] for an early work, and references therein), from which it was deduced

that the angular distribution was governed primarily by two processes - the de-
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.]Energy-loss spectrum of atomic krypton obtained by electron impact. Here,

the 3d5/2 and 3d1/2 core electrons have been promoted into empty valence shells,

including the optically forbidden 4d orbital [165].

gree of alignment of the target atom, and the anisotropy of the individual Auger

decay pathways. This group also presented high photon and electron energy res-

olution measurements of the angular anisotropy of a number of individual Auger

decay mechanisms via a resonant excitation, along with a comprehensive compar-

ison with multiconfiguration Dirac-Fock (MCDF) calculations [170].

Electron energy loss spectroscopy (EELS) is used to obtain excitation spectra,

and is useful for identifying available excitation pathways. By employing high-

resolution EELS, King et al [165] identified an optically forbidden series of the form

’md→nd’ and extracted lifetimes for a range of rare gases. A sample electron-loss

spectrum is reproduced in Fig. 4.1.1. Most recently, the subject of 3d inner shell ion-

ization has been investigated by the group of Yuan et al in [171] using an electron

energy loss spectroscopy (EELS) technique similar to [165] to investigate and iden-

tify some additional optically forbidden transitions, as well as extracting a value

for the lifetimes of a range of levels.

4.1.2 From Single to Multiphoton Processes

Phenomena such as multiphoton multiple ionization, above threshold ionization

(ATI), and high order harmonic generation span the broad range of strong field

physics that has until recently been restricted to interactions with infrared and op-

tical radiation, as detailed in e.g. [172, 173, 174]. As a result of the low photon en-

ergy for optical lasers, only the outermost electrons are removed and multiple ion-
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Figure 4.3: Energy level diagram and excitation scheme for atomic Kr. (a) Excitation by
46 eV FEL photons (b) Scheme for direct one photon ionization. One photon is enough
to cause 4s−1 and 4p−1 ionization. (c) Resonant 3d-4d step and subsequent Auger decay
scheme

ization is obtained via successive stripping of the outer subshell. In contrast, short-

wavelength radiation couples predominantly to electrons in deeper, more strongly

bound shells, producing corehole states, which decay primarily by ultrafast Auger

decay. The opportunity to study the underlying multiphoton dynamics arises only

now with the availability of free electron lasers (FELs) in the extreme ultraviolet

(XUV) to hard-x-ray wavelength regime [3, 175, 176]. As mentioned in the previous

chapter, the investigation of nonlinear interactions using FELs started recently and

has already revealed several new phenomena; for example, the formation of very

high charged states [29, 146] and two-photon double ionization [177, 178], both of

which uniquely require high intensity XUV radiation.

A unique insight into the interaction between matter and strong XUV fields is

given by resonant two-photon inner-shell processes. Firstly, two-photon processes

enable the study of a class of resonances which are inaccessible in a single-photon

process from the ground state. Secondly, inner-shell resonances are characterized

by an increase (compared to the non-resonant case) of the photoionization cross

section - so-called ’photoionization maxima’. The lifetime of a core hole of the order

of several femtoseconds is determined by Auger processes, and the excitation in
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strong XUV fields of similar durations will inevitably result in competition between

sequential ionization and Auger decay.
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Figure 4.4: The transmission curve for a 100nm thick Al filter, coated with a thin layer of
Al2O3. Whilst attenuating the fundamental mode of the 46 eV FEL by approximately 30%,
importantly it completely blocks the second harmonic at 92 eV.

4.2 Experimental Setup

Using a setup similar to that described for Xe two photon non-resonant ionization

at 93 eV, but with the multi-layer mirror switched to one that reflects at 46.1 eV, an

experiment was carried out in order to observe a two photon inner shell excitation

in Kr, specifically the 3d10(4s24p6) → 3d9(4s24p6)4d resonance. Using photoelec-

tron spectroscopy, a signature of this process was observed, specifically Auger de-

cay of the neutral Kr 3d94d excited state leaving the Kr+ ion in the Kr+ 4s24p44d

excited state. The production of this state results from the filling of the 3d vacancy

by a 4p electron, and subsequent ionization of another 4p electron. The excited 4d

electron remains excited and does not partake in this decay, so the overall process

is known as spectator Auger decay, and the pathway is illustrated in Fig. 4.3.

The experiments were performed on beam line BL2 at FLASH using an experi-

mental setup for electron spectroscopy similar to that described earlier in Ch.2. The

FEL was operated in single-bunch mode at a 5 Hz repetition rate and a fundamen-

tal wavelength of 26.9 nm (46 eV) with a mean pulse energy of 12 µJ as measured

online for each pulse using a gas-monitor detector [101]. In this wavelength re-

gion the temporal width of the pulses is of the order of 30 fs [179]. The FEL beam

was focussed to a diameter of about 5µm in the acceptance volume of a magnetic
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Figure 4.5: Photoelectron spectra taken with the unfocused FEL beam only. The one photon
4p−1 photoelectron line intensity is reduced to 72% of its initial value with the introduction
of a 100 nm aluminium filter. It is clear from this spectrum that there is no significant
presence of the the second harmonic, which would result in weak photoelectron lines in
the higher kinetic energy regions.

bottle electron spectrometer (MBES). Focusing was obtained by a spherical Mo/Si

multilayer mirror (reflectivity of about 40%) mounted at the rear of the vacuum

chamber. By introducing a small angle (5◦) between incoming (unfocused) and re-

flected beams, only the focused beam interacted with the gas target. Taking into

account the reflectivity of the mirror, an intensity of more than 5×1014 Wcm2 was

obtained at the focus. The spectral bandwidth of the FEL pulses was measured to

about 0.25 nm (0.43 eV) and was therefore larger than the natural width of the Kr∗

3d−1 hole state (about 120 meV). As a result of the fluctuation of the spectral profile,

a strong FEL pulse does not always lead to a strong resonant excitation. For this

reason, the electron spectra were recorded by averaging over many FEL pulses and

normalized to the average intensity. The base pressure in the chamber was below

10−8 mbar and experiments were carried out with a Kr gas target pressure of 3 ×

10−7 mbar.

A range of filters is available for use at the beamline designed to selectively

attenuate either the fundamental or second harmonic of the incoming FEL beam.

For the purpose of this experiment, a 100 nm aluminium filter was used in order to

pass the fundamental (at reduced transmission) and to completely block the second

harmonic. This was the primary method of discerning those signals arising from

two photon processes, and those from one photon second harmonic ionization. The

transmission curve of the filter is displayed in Fig. 4.4. To be specific, it is the curve

for a 100 nm Al filter coated with a 2 nm Al2O3 layer due to oxidation over time.
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Figure 4.6: Electron spectrum produced by the interaction of FLASH operating at a photon
energy of 46 eV with a Kr gas target. The data was obtained at the lowest irradiance used
in the experiment, of the order of 1010Wcm−2 in order to prevent saturation of the signal.
The spectrum is dominated by the one-photon ionization of the 4p subshell from atomic
Kr, and there is also a small contribution from 4p ionization from Kr+ and 4s ionization
from neutral.

A sample photoelectron spectrum is displayed in Fig. 4.5. The spectrum con-

sists of a peak at 32 eV due to single photon ionization of a 4p electron in Kr from a

very dilute gas target. The pressure in the chamber for this measurment was main-

tained at only 8.3 × 10−8 mbar, in order to be sure that the line was not saturated.

On insertion of the filter into the path of the beam, the intensity of the photoelec-

tron signal was attenuated to 72% of its original value, in line with the Al filter

transmission of approximately the same value.

4.3 Results

Fig. 4.6 shows a typical photoelectron spectrum of atomic Kr recorded under the

above conditions. This spectrum is dominated by the strong photoline at 32 eV

kinetic energy due to single-photon ionization of the 4p electron leading to the

Kr+4p5 final electronic state. The two spin-orbit components 2P3/2 and 2P1/2, be-

ing separated by only 0.66 eV, are not resolved in the present experiment. The small

feature at about 20 eV arises from sequential two photon ionization of a second 4p

electron from the Kr+ion, as well as from a contribution from ionization of the 4s

shell. The cross section of Kr(4s) ionization at 46 eV is more than 2 orders of mag-

nitude smaller than that of Kr+(4p), and, therefore, most of the intensity at 20 eV

can be attributed to the ionization of the Kr+ ion. Calculations by P. Lambropoulos
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Table 4.1: Comparison of experimental values obtained Fig.4.7 with expected values from
NIST [154]. The binding energies are displayed here to make comparison with NIST easier.

Level Eexp (eV) ENIST (eV)

Kr+
3/2

→ Kr2+4s24p4 3P 25.2 24.35
1D 26.6 26.2
1S 27.6 28.4

Kr+
1/2

→ Kr2+4s24p4 3P 25.9 25.01
1D 27.2 26.81
1S 27.9 29.11

[180] of the relative abundance of the Kr+ ion as a function of laser intensity indi-

cate that at even moderate intensities of 5 × 1013 Wcm−2, the ratio of Kr neutral to

Kr+ is almost equal.

Spectra recorded with increased spectral resolution show the three components,

namely 1S, 1D, and 3P of the final Kr2+ 4p4 electronic configuration, as seen in

Fig. 4.7. The uncertainty in the energy calibration, retardation voltage and even
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Figure 4.7: A high resolution photoelectron spectrum taken at a photon energy of 46 eV. The
multi-featured structure and its component are tentatively assigned labels corresponding
to 4p−1 ionization of Kr+, producing a number of energetically different Kr2+ states.

photon energy make a completely definitive assignment far from certain, so the

multi-featured structure and its components are tentatively assigned labels corre-

sponding to 4p−1 ionization of Kr+, producing a number of energetically different

Kr2+ states. The data is tabulated for clarity in Table 4.1 along with the known

values. The spectrum was obtained by sorting 1000 single shot spectra according
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to the corresponding pulse energies, and, in this case, averaging the 100 spectra

resulting from the most intense laser pulses.
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Figure 4.8: Electron spectrum of atomic Kr upon excitation by intense FEL radiation of 46
eV photon energy recorded by integrating the signal over 500 FEL pulses. The peak at 80
eV is due to two photon 4p ionization of neutral Kr. The structure centered at 65 eV is due
to two photon 4p ionization of Kr+. Finally, the structure in the region 50-60 eV is a result
of the 3d94d → 4p44d Auger decay.

In the region of high kinetic energies (≥46 eV), where electrons are released by

two-photon ionization processes, very small structures are observed, visible only

after the intensity scale has been magnified by 3 orders of magnitude. The line at

the highest kinetic energy (78 eV) results from two-photon ionization of the Kr(4p)

shell, which is an ATI process. This simultaneous absorption of two photons by

the 4p electron is, in accordance with theoretical estimates, about 500 times smaller

than the corresponding one-photon absorption at FEL intensities of 5×1014 Wcm2.

The broad structure between 50 and 60 eV is attributed to the resonant Auger de-

cay Kr∗3d94s24p64d → Kr+3d104s24p44d 2,4LJ . Only very few of these Kr+ multi-

plet lines have been observed in the past, as small satellites in conventional pho-

toelectron spectroscopy experiments [155], and it is, in that case, their resonantly

enhanced intensity which allows for a detailed investigation of the multiplet struc-

ture. On the basis of energy considerations, the structure at 65 eV kinetic energy is

assigned to the 4p ATI of the Kr+ ion (See Fig. 4.8).

To exclude any influence of the second harmonic of the FEL (typically of the

order of 0.1% - 0.5% of the fundamental beam energy [106]), complementary mea-

surements were performed. A 100 nm Al filter was introduced in the path of the

FEL, which reduced the intensity of the FEL at the fundamental wavelength (26.9

nm) to 70% and of the second order harmonic signal (13.45 nm) to 5%. The electron
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Figure 4.9: Electron spectra illustrating clearly the attenuation due to the insertion of an
Al filter. The filter attenuates a one photon signal to 72% of its initial value. Therefore, a
two photon signal should be attenuated to approximately (0.72)2-52% of the unattenuated
signal.

signal dropped to 53%, indicating that contributions from the second harmonics

were negligibly small. This attenuation is highlighted in Fig. 4.9. In addition, the

nearly quadratic dependence of the electron signal on the intensity of the incoming

FEL light, i.e., (0.7)2 ≈ 0.5, is a clear signature of a two-photon process.

As further evidence, the structure below 60 eV almost disappeared when the

wavelength of the FEL was slightly detuned to 27.8 nm (44.7 eV), i.e., out of res-

onance for the two-photon process. As can be seen in Fig.4.10, the lines in this

spectrum are shifted slightly to lower kinetic energies as a result of the lower pho-

ton energy. Whilst the features at 78 and 65 eV are attenuated somewhat, the Auger

feature below 60 eV is attenuated, confirming its dependence on the initial resonant

exitation step.

The photoelectron spectrum resulting from the Auger decay has been computed

by Dr. Stefan Fritzsche. The experimental and theoretical results are compared in

Fig.4.11. The strength of the two photon 3d-4d coupling has been evaluated us-

ing the GRASP Dirac-Fock code [181]. The subsequent Auger decay rates were

computed for all available energy levels using the RATIP suite of codes [182]. The

calculated overall intensity for the two-photon processes corresponds well to the

experimental values. Theoretically the two-photon processes are calculated to be

about 103 times smaller than the one-photon processes at intensities on the order of

1014 Wcm−2. Furthermore, the intensity ratios of most peaks, especially between

the 4p line and the resonant Auger lines, is well reproduced. However, the kinetic

energies of the Auger lines are 2 eV higher than the experimental values. The dif-
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Figure 4.10: Photoelectron spectra for two different FEL photon energies - 26.9 nm (46.1eV)
and 27.8 nm (44.7 eV). The spectrum taken at 27.8 nm has been normalised so that the 4p
line due to two photon ionization is of equal intensity.

ference lies within experimental uncertainty though, and so the discrepancy could

be due to approximations in the calculations, experimental error, or indeed both.

4.4 Chapter Summary

The interaction of intense short wavelength radiation with atoms has attracted

some experimental and considerable theoretical interest as the need for further un-

derstanding of fundamental nonlinear optics continues to increase. In this chap-

ter, an observation was made of an atomic two photon inner shell excitation via

its resonant Auger decay spectrum [180]. Owing to the high intensity of the FEL

pulse necessary for the observation of a specific nonlinear process, other processes

such as non-resonant two photon 4p ionization from both the neutral atom and the

ion, have been detected in the photoelectron spectra. The kinetic energy and rela-

tive intensities of the photoelectron lines has been reproduced well by a theoretical

model. It is hoped that the strength of the transitions in this case can serve as a

point of calibration for future experiments in atoms and matter in general.
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Figure 4.11: Experimental and theoretically generated electron spectrum of atomic Kr. The
different excitation pathways are taken into account (i.e. J=0,2).
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Chapter 5

Two-Colour Above-Threshold

Ionization of Singly Charged Ne

5.1 Introduction

The results presented in this chapter are based primarily on the ionization of a

gaseous neon target by combining extreme ultraviolet (XUV) radiation from the

Free Electron Laser in Hamburg with an intense synchronized optical laser. The

dependence of the photoelectron spectrum for the electrons ejected from singly-

charged neon (Ne+) on the relative polarization of the XUV and optical laser fields

was investigated. It was found that it exhibited a strong dependence on the degree

of alignment of the planes of polarization of the incoming laser fields and on the

term structure of the residual doubly-charged ion. A quantitative analysis was un-

dertaken with the aid of perturbation theory in order to reproduce the magnitude

of these low kinetic energy electrons as a function of the relative field polarization

directions. It is concluded that the variation of the photoelectron spectrum with the

angular deviation of XUV and optical field directions is mainly related to the differ-

ent responses of the magnetic substates of the ejected electrons in their interaction

with the laser field.

It is well established that an electron promoted into the continuum in the pres-

ence of an intense optical dressing field may exchange photons with the optical

field resulting in a gain or loss of kinetic energy equal to ±nhν, where n is an integer

and hν the photon energy. The electron is said to have undergone transitions be-

tween two free states in the continuum. In a typical two-colour experiment, where

an optical laser with an average intensity (1012 Wcm−2), is overlapped in space

and time with a beam of EUV photons from FLASH, the photoelectron spectrum

consists of a main photoelectron peak, associated with the one-photon (EUV) ion-
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ization event accompanied by sidebands, positioned either side of the main line.

This phenomenon has been investigated recently in detail in, for example, [112],

and in addition, has been the subject of a number of reviews [183, 184]. The effect

of the optical laser can be summarised as follows: The sidebands confirm that the

photoelectron is exchanging photons with the optical dressing field, and is gaining

or losing energy in increments of !ωIR. In addition, there may be a slight change

in the kinetic energies of the peaks due to the ponderomotive shift (on the order of

0.05 eV for a dressing field of 1012 Wcm−2). This last point is discussed in [185],

where the relative shift in kinetic energy was measured as a function of dressing

laser pulse energy. Finally, in the case of ultrashort optical dressing pulses (that is,

comparable or shorter than to the EUV pulse duration) the features in the photo-

electron spectrum may become broadened due to the fact that the intensity of the

dressing field is not constant during the EUV field.

For the specific case of a singly charged neon ion, the intensity of the photoelec-

tron sidebands will depend on the ratio of the amplitudes of the outgoing electrons,

the analysis of which is complicated by the presence of a Ne+ core in a variety of en-

ergy (i.e. angular momentum) configurations. With the aid of a theoretical model

[186] a comparison is made with the experimental data, focussing on the depen-

dence of the sideband intensity on the angular deviation between the polarization

planes of the EUV and optical fields. It is hoped this will help to reveal, at least

partially, the relative contribution that these ejected electrons make to the overall

intensity of the sideband.

In Fano [187], the tendency of an electron to preferentially make a transition of

the form l→l+1 was discussed. Essentially, transitions involving an increase of the

angular momentum are strongly favoured. For example, a ’p’ electron, in principle,

on absorption of a photon, has a higher chance of being promoted to a ’d’ state than

to an ’s’ state i.e. the cross section is dominated by the contribution by of ’d’ waves.

In the following sections, this propensity of the electrons to favour one angular

momentum transition channel over another will be investigated.

5.1.1 FELs and Multiphoton Ionization

With the advent of higher intensity and higher photon energy light sources, the

field of light-matter interaction is revealing new insights into the structure and dy-

namics of the atom. This work, carried out at the Free Electron Laser in Hamburg

(FLASH) [3], is focused on improving the understanding of the photoelectric effect

in intense electromagnetic fields. Unique to FLASH is its unprecedented XUV flux,

monochromaticity and intensity in the 6 - 60 nm wavelength band, leading to in-

teresting and often surprising multiphoton processes in the short wavelength laser
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regime [188, 189, 190].

Single colour multiphoton experiments on dilute samples with ultralow pho-

toionization cross sections [191], few photon processes in few electron systems

[178], and two colour pump-probe experiments on a femtosecond time scale [192]

are all made possible with the advent of ultrafast XUV [3, 193] and X-ray FELs

[176, 194]. Two-photon double ionization (TPDI) of valence shell electrons via a

sequential pathway has been made possible, as previously observed in He and Ne

[195], and via a nonsequential scheme as in [196]. More recently, three photon ion-

ization via a resonant second step was reported for Ar [197]. In addition, one colour

experiments on non-linear interactions have been carried out using XUV radiation

from high harmonic generation or HHG sources, in which doubly charged Helium

was observed as a result of sequential two photon ionization [143, 142].

In complementary studies, two colour multiphoton experiments have been un-

derway for many years, in which the XUV HHG field is combined with a second,

IR field. In this class of experiment, electrons ionized by the XUV laser are born

directly into the second IR field and undergo ’free-free’ transitions, that is, they ab-

sorb and emit additional photons in the continuum [198, 199]. It was found that

the strength and nature of these free-free transitions is critically dependent on the

temporal separation [185] and relative polarization of the two laser fields [200, 201].

Recently, the angularly resolved above threshold ionization spectra of Ar [202] and

He [203] were investigated using a velocity map imaging (VMI) technique, and ex-

pressions for the two photon ionization anisotropy and cross sections were derived.

However, contributions to the ATI processes must take into account the fact that

the harmonics are phase related, as are the corresponding photoelectron waves. As

these waves are mixed with the original optical laser field one must account not

just only the stimulated emission/absorption process but also for the role played

by the coherence between the electron waves and the dressing field which give rise

to the harmonic ’parents’ of the electron waves. Unravelling the interference effects

from the experimental data is very complex and nigh impossible in some cases.

However, the monochromaticity of the FLASH laser-like radiation allowed these

studies to be carried out in an entirely interference free regime [204], essentially

enabling scrutiny of any two-colour multiphoton ionization channel without ad-

ditional overlapping contributions from neighboring harmonics. Furthermore, the

observed sideband structures represent an important testing ground for the fun-

damental theory of photon-atom interactions, since they are the direct signatures

of the combined action of the XUV and optical fields. Theoretical studies have es-

tablished that the sideband intensity depends on the kinetic energy of the liberated

electron as well as on the strength and polarization state of the optical laser field
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[205]. Fitting theoretical profiles to the measured sideband signals should yield the

main parameters which govern the photon-atom interaction in this regime. For ex-

ample, changing the polarization state of either of the radiation beams gives rise to

dichroic effects in the photoelectron spectrum. It therefore opens up the possibil-

ity to control the relative contributions of photoionization channels with different

angular momenta.

In [204], the polarization dependence of two-colour above threshold ionization

in helium was studied. In this experiment an electron from the 1s subshell of he-

lium was promoted into the continuum where it was subject to the IR dressing field

with which it could exchange photons. The relative angle between the polarization

planes of the FEL and optical lasers was varied, and the sideband intensity was

tracked as a function of said angle, as can be seen in Fig. 5.1. It was found that the

electron emission was very sensitive to this angle, and a notable modulation in the

main features of the photoelectron spectra was observed. The resultant sideband

intensity (in the case of a relatively low optical laser field) is directly related to the

ratio of the ’s’ and ’d’ waves i.e. it constitutes a measure of how likely a ’p’ state

becomes an ’s’ or a ’d’ state following absorption of an additional photon.

Figure 5.1: Scheme of the two-colour above threshold ionization in He atoms and re-
sultant photoelectron lines. The optical laser dressing field intensity is estimated to be
6×1011Wcm2. In this case, the FEL was operated at a photon energy of 90.5 eV. Spectra are
presented for different relative orientations θ between the linear polarization vectors of the
FEL and the 800 nm laser [204].
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5.2 Experiment

Operating at wavelengths of 26.9 nm (46.1 eV) and 800 nm (1.55 eV) respectively,

the two linearly polarized laser beams were introduced into the vacuum chamber

collinearly. The photoelectron spectrometry setup has been described in detail pre-

viously (Chapter 2.3 and [100]). The FEL was operated in single bunch mode with a

pulse duration 10-20 fs at a pulse energy of approximately 15 µJ, whilst the IR beam

for synchronisation purposes was operated at 3 ps pulse width at mJ pulse energies.

For beam diameters of 30 µm (FEL) and 50 µm (IR), upper intensity limits of 1011

Wcm−2 and 1013 Wcm−2 for the IR and FEL fields respectively were achieved. A

gas jet nozzle was positioned in the path of the two beams at the entrance aperture

to our time-of-flight spectrometer. The optimum gas pressure, that is, that pres-

sure which results in the maximum signal before space charge effects [103] begin to

dominate, was 1.5×10−7 mbar. This compares to a base pressure in the chamber of

approximately 10−8 mbar. The angle of polarization of the IR beam was rotatable

relative to that of the FEL beam using a half-wave plate. By employing a magnetic

bottle type electron spectrometer, we obtained excellent single-shot collection effi-

ciency at the expense of angular resolution. Single-shot spectra were recorded with

the aid of a digital oscilloscope. The resolution of the electron spectrometer was

approximately 5% of the electron kinetic energy, and also by the bandwidth of the

FEL, estimated at 1%.

5.3 Results

Ionization of neutral neon by the FEL at 46 eV provides the primary Ne+ target,

as illustrated in the Fig. 5.2. The availability of the Ne+ ground state opens up

the possibility of exploring the polarization dependence of ATI in an ion species,

and also for electrons that have relatively low kinetic energy (i.e. less than 1 eV).

It is of course important to note that photoelectron spectroscopy has indeed been

used as a tool to investigate ionic species in the past, see for example [206, 207, 208,

209], however previous studies have been limited somewhat by the low achievable

ionic target densities. It is at these low kinetic energies that the analysis of the

outgoing electron waves using the Soft Photon Approximation is no longer trivial

[205], as the photon energy of the secondary laser field is now comparable to, as

opposed to far less than, the kinetic energy of the photoelectron. In a second step

Ne+ is ionized producing Ne2+ (with an electron configuration of 2p4, giving rise

to terms 1D2 and 3P2,1,0). Each corresponding photoelectron carries a kinetic energy

characteristic of the corresponding binding energies. As the 3P states lie lowest in

Ne2+ they give rise to electrons with the highest kinetic energy, and vice versa, for
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the 1S, as can be seen in Fig. 5.3. The spectra of Fig. 5.3 therefore are dominated

by two photoelectron lines, corresponding to ionization of Ne+ 1D, binding energy

44.2 eV, and 3P with a binding energy of 41 eV.

40.9 eV 3P

44.2 eV 1D

47.9 eV 1SNe2+ 2p4

0 eV 2P

−21.6 eV 1S

Ne+ 2p5

Ne 2p6

Figure 5.2: Schematic binding energy level diagram illustrating a sequential two photon
double ionization (TPDI) scheme in Ne for an FEL photon energy of 46 eV and IR laser
energy of 1.55 eV. This scheme illustrates an indirect, sequential pathway, as distinct from
a direct process, in which two photons eject two highly correlated electrons in one step
producing Ne2+ [210, 195]

When the optical laser field overlaps the FEL field, the photoelectrons are born

into an intense dressing field with which they exchange photons, resulting in so-

called ’sidebands’. Since they are dressed by a single laser field, they are coher-

ently coupled and therefore each of the dressed free electron waves are phase re-

lated. However, these outgoing electrons see different ionic cores and hence dif-

ferent coulombic potentials. As mentioned above, these induced sideband signals

are the results of two or more photon processes (i.e. ionization by the initial XUV

pulse, followed by above-threshold ionization by the overlapped IR field), and so

these signals are composed of multiple outgoing electron partial waves, the ratio

of which is determined by electronic dipole selection rules. In the case of a pho-

toionized ’p’ electron undergoing stimulated emission and absorption by a second

linearly polarized electric field, the allowed transitions are denoted by ∆l = ± 1 and

∆ml = 0 for parallel fields, and ∆ml=± 1 for perpendicular orientation.
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Figure 5.3: Sample photoelecton spectra showing evidence of TPDI (black) and those ad-
ditional features induced by the IR laser field (red) The sidebands are separated from the
main photoelectron lines by 1.5 eV, i.e. the energy of the dressing laser field. The sideband
signal contains a small contribution from the one colour (XUV) photoionization lines as a
result of the ’wings’ either side of the lines. The overall number of electrons in the main
photoline and the sidebands remains constant throughout. The IR laser is plane polarized
and aligned parallel to that of the FEL to ensure maximum photoelectron energy redistri-
bution.

In Fig. 5.4 and Fig. 5.5, a series of experimental and theoretically generated spec-

tra are shown in which the relative polarization of the IR laser was rotated through

180◦. It is clear that the electron emission is very sensitive to this angle, and a no-

table modulation of the signal intensity is observed. The sidebands are strongest

when both the polarisation states of the IR and FEL are parallel, and weakest for

perpendicular alignment. Labels are assigned to the peaks as illustrated in Fig. 5.3.

The peaks at kinetic energies of 2eV and 5eV we designate as photoelectrons from

the Ne+ target resulting in a Ne2+ core in a 1D and 3P configuration, respectively.

The feature at 6.5 eV and small feature just below 8 eV are ATI sidebands result-

ing predominantly from one and two photon absorption respectively. The feature

at 3.5 eV is a blend of a low energy sideband from the 3P electron and a high en-

ergy sideband from the 1D electron. In order to map the angular anisotropy of the

photoelectrons and to determine the contribution each possible pathway makes to

the photoelectron spectrum, the amplitude of the sidebands as a function of the
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angular deviation between the XUV and IR laser fields was examined closely. This

analysis allows one to scrutinise in detail the underlying ionization dynamics of

two colour multiphoton ionization by employing a detailed theoretical model.

Figure 5.4: Recorded experimental and theoretically generated photoelectron spectra dis-
played as a function of polarization angle. The intensity of the IR dressing field is estimated
at 1×1011 Wcm−2. Complete experimental (a) and theoretical (b) spectra of two colour ion-
ization of Ne+.

5.4 Theoretical Framework

A brand new theoretical model was written by Dr. Lampros Nikolopoulos, Dublin

City University, for the purpose of interpreting the results presented in this chapter.

The full framework is to be published in the near future, but for now a brief sum-

mary of the approach, in which the most salient details and equations employed

by this author in the course of the analysis is given.

To recap briefly, in this section what is under investigation are the processes in-

volved in the ionization of the Ne atomic system in its ground state |g; JgMJg ; LgSg〉 =

|(1s)22s22p6 1S0〉 in the presence of two linearly polarized fields along different axes

(polarization angle θp), with central frequencies ωF = 46.1 eV and ωL = 1.55 eV (as

shown schematically in Fig. 5.2). The pulse duration (FWHM) of the two fields

is about 20 fs for the FEL and 3 ps for the laser field (labelled IR in the figure).

The intensity of the IR field is sufficiently low so that the neon is ionized exclu-

sively by the FEL field, by promoting one bound electron from the valence shell
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Figure 5.5: Fig.5.4 reproduced again, this time rendered in 2D for clarity. Experimental (a)
and theoretical (b). The false colour scheme is identical to that in Fig. 5.4.

(2p) to a continuum state and the residual ion is left in its ground configuration

|i; JiMi; LiSi〉 = |1s22s22p5;2 P o
ji
; MJi

〉 with Ji = 1/2, 3/2. The ionization poten-

tial is εi − εg = 21.564 eV. The spin-orbit (SO) splitting between the two ground

ionic states is given by ∆ESO = 0.0967 eV. The production of singly-charged ions

is followed by the ionization of Ne+ ions leading to the ejection of yet another

electron from the valence shell. Again the dominant channel for Ne+ ionization is

the absorption of an extra FEL photon. The doubly ionized Ne2+ states and the

dominant ionization pathways are determined by energy and angular momentum

conservation arguments and consist of the four ionic states |f ; Jf , Mf ; Lf , Sf 〉 =

|1s22s22p4;1 D0〉, |1s22s22p4;3 P0,1,2〉 plus an extra electron in a continuum state. There-

fore, the final states of interest will consist of two continuum electrons, ejected se-

quentially from the valence shell (2p) of the neutral and singly charged neon, and

the ground states of the doubly charged neon ion. The two continuum electrons are

evolving in the presence of a relatively short duration FEL field (of the order of 10

to 20 femtoseconds) and a relatively long laser field (on the order of picoseconds).

Thus, given the experimental measurements the important consideration is the in-

teraction of these (continuum) electrons with laser field. The IR laser essentially

plays the role of a ’probe field’ with the task of investigating the response of that

particular electron to the polarization state of the laser.

The formal treatment of double ejection from a multielectron atomic system is

rather intricate as it involves a number of intertwined effects [211]. The double
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ionization of an atom can proceed via a sequential process, in which successive

electrons are removed one after another via separate pathways. The resulting ion

can be left in states other than the ground configuration, depending on the branch-

ing ratios involved in the relaxation process. However, another mechanism, known

as direct double ionization, involves the simultaneous absorption by a correlated

pair of electrons of one or more photons. It is difficult to detect signatures of this

pathway, however, using conventional photoelectron spectroscopy, as the pair of

electrons essentially share the photon energy; hence any signal appears as a con-

tinuous background. In addition, for relatively large atoms, the effect of the mul-

tielectronic core needs to be taken into account. In the present case the successive,

well justified approximations based on the above mentioned experimental condi-

tions, leads to a satisfactory and realistic description of the relevant processes. In

addition, due to the relative weakness of the laser field with (compared to the FEL

field), the present theory focuses only on the first sidebands disposed on both sides

of the main FEL ionization peaks which correspond to the emission/absorption of

one single IR photon.

Given the experimental FEL bandwidth (which is greater than the energy differ-

ence ∆ESO), the 2P1/2,3/2 SO doublet is unresolved, thus allowing the results to be

interpreted by considering only LS coupling instead of the conventional LSJMJ

intermediate scheme normally employed when the SO interaction must be con-

sidered. In addition, due to the large kinetic energy difference between the two se-

quentially ejected electrons, from Ne and Ne+ respectively, any correlation between

them due to Coloumbic interaction is ignored. In addition, the present theoretical

interpretation of the experiment should also involve a summation over all dynamic

variables of the electron ejected from the neutral since the experiment detects only

the electron ejected from the Ne+.

By taking into consideration the above mentioned approximations, a set of dif-

ferential equations (TDSEs) written in terms of amplitudes uc(t) and u(C)
f (t) is ob-

tained (see Appendix A). In the TDSEs, |uc(t)|2 and |u(C)
f (t)|2 represent the prob-

ability as a function of time of the Ne2+ continuum being reached sequentially

through the ion stage Ne+ with the absorption of one FEL photon (main peak) and

the absorption/emission of an IR photon (sidebands peaks). The superscript C in

the amplitude u(C)
f represents its association with the core states the ion is left in

after ejection of the electron. A direct interpretation for the amplitude u(C)
f (t) can

be understood from the following: Since the |uc(t)|2 represents an electron in a con-

tinuum state with quantum numbers εclcmc in the presence of the core C, then the

amplitude u(C)
f (t) describes the probability for the same electron, due to its inter-

action with the laser field, to change to a continuum state with quantum numbers
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εf ∼ εc±ωl, lf = lc±1, mf = mc±1, 0, in the presence of the same core C. The above

interpretation shows that interference effects from electrons ejected from different

cores are quantum mechanically impossible and the contribution from different

cores should be added incoherently.

The particular geometry of the laser field with respect to the FEL field, ex-

pressed here through the dependence on polarization angle θp of the dipole matrix

element D(IR)
cf (θp) involved in the continuum (c)→ final (f) state transitions and the

effective ionization width γ(IR)
c (θp, t), has a direct influence on the available mag-

netic substates involved in the transition. For example when the two fields are in

a parallel configuration (θp = 0◦) only mf = mc transitions are allowed and when

they are in a perpendicular configuration only (θp = 90◦) only mf = mc±1. For any

other polarization angle θp between 0o and 900 all magnetic substates are available

however with transition amplitudes that depend on the actual value of θp.

Fortunately, the fact that both the FEL and the IR fields contain a large number

of cycles and the peak intensities are within the perturbation theory regime allow

the derivation of a semi-analytic expression for the observed photoelectron kinetic

energies. The expression depends on the set of salient atomic parameters, namely

the relevant dipole matrix elements and potential energies.

By assuming a low intensity laser field, the expression for the first lower and

upper sidebands with core C =1 D,3 P is approximately given by:

SC(θp) ∼ γ̄(FEL)
g

∑

lf mf

|
∑

lcmc

D(IR)
fc (θp,t)D

(FEL)
ci (t)

(ε− ε̄f )2 + γ̄(IR)
i (θp)/2

|2 (5.1)

∼ A(C)
‖ (ε) cos2 θp + A(C)

⊥ (ε) sin2 θp

with ε̄f the positions of the main photoelectron peaks. The term D(IR)
fc (θp,t) con-

tains information regarding the transitions induced by the IR laser between final

and continuum states as a function of polarization angle and time. The expres-

sion D(FEL)
ci (t) contains the matrix elements involved in characterising transitions

of bound electrons in the ion to the continuum as a function of time, and gives a

measure of the relative population of the ionic species throughout the duration of

the FEL pulse. The Ne2+ 2p4 (1S) term is not included as it lies outside the mea-

surement range of interest here. The above formula yields the peaks for the photo-

electron spectrum (PES) at positions ε̄f = Ēi +ωF ±ωL− Ēc, with height and width

determined by the quantities γ̄(FEL)
g , γ̄(IR)

i (θp)A(C)
‖ (ε), A(C)

⊥ (ε). The bar above the

relevant quantities denotes that the values are evaluated at maximum peak inten-

sity of the relevant fields. The expression for the total photoelectron spectrum is

then obtained by a summation over all possible configurations of the continuum
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and final states.

The terms A‖ and A⊥ contain the two photon transition matrix elements and

their respective contributions to the total intensity to the individual photoelectron

peaks. For a given core (either 3P or 1D), the value of A contains the contribution

made to the photoelectron spectrum by all allowed two photon transitions, starting

from an initial ground state, through the continuum state to a final state. Starting

from a Ne+ configuration, the allowed angular momenta of the outgoing electron

is d or s, and by conventional selection rules the continuum electron have p or f

symmetry. A sample expression, derived by Dr. Nikolopoulos, gives the relative

strength of the sidebands for polarization angles θp = 00 and θp = 90o as:

∆SC = A(C)
‖ − A(C)

⊥ ∼ 25|A(C)
DF |

2 + 7|A(C)
DP |

2 + |5A(C)
SP + 2A(C)

DP |
2 > 0 (5.2)

where A(C)
DF , A(C)

DP and A(C)
SP are the two-photon radial matrix elements from the

singly charged ion Ne+ to the final continuum sideband (SB) states associated with

the C core.

5.5 Discussion

Solution of the time-dependent Schrodinger Equation (TDSE) results in good agree-

ment with experiment. A complete framework in which a two colour, three pho-

ton ionization pathway leads to the production of multiple sidebands is presented.

However, it was found that the modulation of the amplitude of the sidebands as a

function of relative polarization angle can be adequately described by a two colour,

two photon process i.e. one XUV photon to ionize the Ne+ target, and, in this

case, one additional photon to create a sideband. Examining closely the relative

amplitudes of the sideband peaks as a function of polarization angle provides a

potentially rich vein of insights into the underlying ionization processes. A semi-

quantitative analysis of the partial wave contributions can be extracted from the

plots given in Fig. 5.6. In this figure, the sideband yield is plotted as a function of

the relative polarization angle displaying a clear, systematic variation. The plots

for the sidebands have been normalised by making the theoretical and experimen-

tal signals at parallel polarization are equal.

As mentioned above (see Eqn. 5.1 and subsequent simplification), the ampli-

tude of the sidebands as a function of polarization angle can be described by an

expression of the form σ(θ) ∝ A‖cos2(θ) + A⊥sin2(θ) in which A‖ and A⊥ are fac-

tors containing all partial wave contributions, and are proportional to the square

of the respective two photon transition matrix elements. Some selected scenarios
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Figure 5.6: Variation of the amplitude of the photoelectron features as a function of the rel-
ative angle between the linear polarization vectors of the two laser fields. The experimental
spectra have been normalized to the theory. The solid lines denote theoretical fits using the
TDSE with 0◦ indicating parallel polarization (maximum attenuation of mainlines, maxi-
mum sideband signal), and ±90◦ denoting perpendicular alignment.

will be discussed in detail, but first the general trends are examined. The plots in

Fig. 5.6 have been fitted with the general expression previously mentioned. The

exact underlying ionization mechanisms are not so easy to extract directly from

these kinetic energy spectra, but the relative contribution made to the sideband in-

tensity by the parallel and perpendicular components can be extracted. On closer

inspection of the second sideband, SB2 (bottom-right quadrant), it is straight for-

ward to obtain the ratio A‖ / A⊥ 4.6exp (6.4th), along with values A‖ - A⊥ (which is

proportional to the sum of all partial wave contributions) of 0.172exp (0.186th).

An additional value is given in the last entry of the Table 5.1 and Table 5.2. At

an angle of 45◦, the sideband consists of a mixture of parallel and perpendicular

contributions. The electron yield is proportional to 1
2 (A‖ + A⊥) . For SB1 value is

obtained of 0.148exp (0.137th).

Examining the lineout of SB1 (bottom-left quadrant), which contains contribu-

tions from both photoelectron lines (and hence the outgoing electron experiences

two separate ionic cores), parameters are obtained resulting in a ratio (A
1D
‖ + A

3P
‖ )

/ (A
1D
⊥ + A

3P
⊥ ) of 4.4exp (5.5th) respectively. Furthermore, the values A‖ - A⊥ can be
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Table 5.1: Compilation of parameters obtained from peak labelled SB2.

SB2
Exp Theory

A‖ − A⊥ .172 .186
A‖ / A⊥ 4.6 6.4
1
2 (A‖ + A⊥) .148 .137

Table 5.2: Compilation of obtained parameters from peak labelled SB1.

SB1
Exp Theory

(A
1D
‖ + A

3P
‖ )- (A

1D
⊥ + A

3P
⊥ ) .211 .224

A
1D
‖ + A

3P
‖ /A

1D
⊥ + A

3P
⊥ 4.4 5.5

1
2 ( A

1D
‖ + A

3P
‖ + A

1D
⊥ + A

3P
⊥ ) .164 .168

extracted, giving values of 0.221exp (0.224th). It can be deduced from the values of

(A‖ - A⊥) that the makeup of SB1 and SB2, that is, the total signal as a result of all

εs-εp, εd-εp and εd-εf waves, are fundamentally different.

A similar value for the cross section at an angle of 45◦ can be derived for SB1,

however the expression is complicated somewhat by the contribution to the inten-

sity by the two ionic cores. The electron yield at this angle is proportional to 1
2 (

A
1D
‖ + A

3P
‖ + A

1D
⊥ + A

3P
⊥ ) and is valued at 0.164exp (0.168th).

5.6 Conclusions

The response of Ne+ to intense XUV pulses at an energy of 46 eV has been inves-

tigated by photoelectron spectroscopy. Clear evidence of sequential two photon

double ionization and subsequent above threshold ionization has been found. In

addition, the relative intensities of the two-colour photoelectron lines as a function

of the relative angle between the initial and dressing laser fields have been investi-

gated. The monochromaticity of the XUV radiation from FLASH enabled the study

of the ATI process free from disturbing interference processes. Good overall agree-

ment is found between experiment and theoretical results, giving confidence that

future studies can reveal yet more internal dynamics.

Similar to the 1s ionization of He, the intensities of the 2p lines of Ne and the

corresponding sidebands depend strongly on the relative orientation between the

linear polarization vectors of the ionizing FLASH radiation and of the NIR dress-

ing field. Since the dressing field simply redistributes the photoelectrons among

the photolines and the sidebands, both main photolines and sideband curves are
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characterized by oscillations that are out of phase by 90◦, i.e. minima in the side-

band intensity correspond to maxima in the photoline intensity and vice versa. The

amplitude of the intensity variation is determined by the relative partial cross sec-

tions in the two-photon ionization process. The measured polarization dependence

of the sidebands arising from the sequential TPDI should therefore provide addi-

tional and complementary information on the angular distribution of the TDPI.

Further studies in the future will be aided by light sources that are increasingly

tunable and whose parameters are readily changed. XUV laser systems in which

the pulse width, wavelength and polarization are adjustable, in combination with

a sufficiently intense optical laser, will allow the investigation of ionization and

resonances excitation process that until now have been inaccessible in one photon

experiments. The relative strengths and various relaxation pathways of such transi-

tions is largely unknown, at least for those originating from inner shells. Moreover,

the wavelength of both photon beams can be chosen to coincide with a doubly res-

onant excitation. The underlying physics for such doubly optically resonant pro-

cesses can be found in such papers as [212, 213, 214], but only one experiment has

been performed up to now [215].
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Chapter 6

Summary

6.1 Summary of Thesis

The work presented in this thesis can be broadly labelled as an investigation of

EUV light-matter interactions using photoelectron spectroscopy. The results can be

further classified into two main categories. The first concernced the interaction of a

tightly focused, ultrahigh intensity FEL beam with rare gas targets through the use

of multilayer mirrors. The high energy EUV photons, coupled with the unprecen-

dented photon flux facilitated multiphoton absorption by inner shell electrons in

Xenon, Neon and Krypton. The second class of experiment saw the introduction of

a second, IR laser and is mainly concerned with two colour ionization of a rare gas

atom, in this case Neon. It is hoped that results presented contribute in some way

toward understanding the physical interactions that take place in EUV conditions.

Chapter 3 was primarily concerned with the observation of multiphoton in-

duced inner shell ionization events. In Xe, a signal was detected that was attributed

to two photon ionization of a 4d electron. The relative one and two photon 4d

partial cross sections were estimated experimentally and theoretically. A signal be-

lieved to be the result of two photon ionization of an inner valence 5s electron was

identified on the basis of kinetic energy considerations, however further work is

required to refine the signal. This may be permitted in the near future as it would

be of much interest to the community to see the relative yield of the two photon

5s and 5p lines in comparison to the well known one photon yield. Chapter 3

also presented results for a neon target. In this case, signatures arising from direct,

two photon ionization of a 2p and, interestingly, 2s electron were identified. Pre-

liminary work on the interpretation of these signals has shown the rather drastic

change in the ratio of 2s and 2p ionization yields for one and two photon ionization,

as predicted by theory [216].

Results were presented in Chapter 4 in which, at a photon energy of 46 eV (26.9
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nm), an inner 3d electron of Kr was promoted to a 4d orbital via a non-sequential

two photon excitation pathway, creating a state that decays via an Auger transi-

tion. A signal resulting from the decay event was detected by electron spectroscopy,

along with a number of other multiphoton processes, including two photon ioniza-

tion of a 4p electron from both neutral and singly ionized Kr. As is Chapter 3, one

of the key components of the experimental setup was a custom made multilayer

mirror. By further focusing the incoming FEL beam, the unprecedented ultrahigh

intensities required to drive an multiphoton inner shell transition were finally ob-

tained. The result is a natural follow on from the first experiment in 1978, in which

single photon, resonantly enhanced Auger decay in Kr and Xe were first studied

with bright synchrotron radiation [162].

Finally, in Chapter 5, results were presented of a two-colour, above thresh-

old photoionization experiment, in which an IR laser was synchronised to an FEL

beam. This results in a modification of the one-photon (EUV only) photoelectron

spectrum by the addition of sidebands positioned either side of the one-photon

peak. By studying carefully the sidebands, the result of continuum-continuum

transitions induced by the IR laser, it is possible to extract some of the parame-

ters governing the photon-atom interaction. Unlike previous works, in which two-

colour ionization of neutral atoms was studied [204, 217, 218], ATI of an ionic target

was investigated here. With a Ne+ 2p5 ion target, a greater number of ionization

pathways exist (i.e. ionization leaving Ne2+ in 1D and 3P final states) in which the

conditions ∆l=±1 and ∆ml=0 are satisfied, leading to richer photoelectron spectra.

6.2 Future Directions

An interesting direction for future experiments may be in investigating double core

hole states of atoms. Already in Chapters 3 and 4, results were presented in which

single inner shell vacancies were created in Xe and Kr. Preliminary investigations

by this author have resulted in what are believed to be signatures of double in-

ner shell electron ejection. In the presence of this second 4d hole, the N4,5O2,3O2,3

Auger lines may shift to slightly higher kinetic energies by an amount on the order

of a few eV according to the (Z+1) model [219]. However, this three-electron corre-

lation process is of higher order and should be of considerably lower probability.

The use of FELs in photoionization studies is still a relatively young field, and

it is hoped that this work goes some way to making a contribution to it.

84



Appendix A

Two Photon Inner Shell Ionization of Xe at 46 eV

This short addition to the appendix serves to present an additional result to those

already presented in Chapter 3. In a follow up experiment, a signal arising from

the two photon ionization by ejection of an inner 5s electron was also recorded and

is presented here, with a deeper interpretation of the spectrum the topic of a future

work. The spectrum displayed in Fig.6.1 was taken at a photon energy of 46 eV. The
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Figure 6.1: Photoelectron spectrum recorded at an FEL photon energy of 46 eV. The pre-
dominant peaks are due to two photon ionization of 5p and inner shell 5s electrons, respec-
tively.

peaks are assigned labels only on the basis of kinetic energy considerations. Further

work is required at a future beamtime to refine the signal as there is a significant

background contribution. At present, it is not possible to extract the ratio of the 5s

and 5p peaks, nor is it possible to confirm their intensity dependence.
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Appendix B

Derivation of the TDSEs

The short appendix is written as an accompaniment to the theoretical model out-

lined in Chapter 5. The work is the basis of a future publication, and the text

presented here was written almost entirely by Dr. Lampros Nikolopoulos. It is

reproduced here with permission.

To start with, the initial state of the system |g〉 is defined as the Ne ground

state |g〉 = |1s22s22p6 1S0〉 in the presence of FEL and IR laser fields. The other

states involved in the process are the singly charged Ne+ ground state (including

the ejected electron with asymptotic momentum ki, |1s22s22p5,2 P ;kimsi〉) and the

doubly charged Ne2+ ion with an associated electron ejected with asymptotic mo-

menta ki,kf and spins msimsf
, respectively. These states are denoted as |1s22s22p4,Sc Lc;kfmsf

;kims

and |1s22s22p4,Sc Lc;kfmsf
;kimsi〉, where ScLc =1 D,3 P the spin and angular mo-

menta of the doubly ionized Ne2+ions.

Thus the time-dependent state vector of the wavefunction is

|ψ(t)〉 = Ug(t)|g〉 + Ui,ki
(t) |i; ki〉 +

∑

c

∫

dkcUc,kcki,(t) |c; kcki〉

+
∑

c

∫

dkfUc,kf ,ki
(t) |f ; kfki〉, (6.1)

The quantities of interest here are the amplitudes Ux(t), x = (c, kc), (c, kf ), the

calculation of which gives the complete information of the final state of the system.

The Hamiltonian for the system is defined as H = H0 + D(F ) + D(L)(θp) with H0

the field-free Hamiltonian of Ne. The time-dependent wavefunction |ψ(t)〉 is de-

fined by the corresponding TDSE (i∂/∂t−H)|ψ(t)〉 = 0. Through well-established

techniques, the details of which will not presented here, we can obtain the differen-

tial equations obeyed by the time-dependent amplitudes Uc,kc(t) and Uc,kf
(t) [211].

Since the desired spectrum is the angle-integrated photoelectron energy spectrum

(PES) of the singly ionized Ne+, one must integrate over all variables of the elec-
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tron ejected from the ionization of the neutral Ne and all angular variables of the

electron ejected from the singly charged ion Ne+.

By taking into consideration the above mentioned approximations one ends up

with differential equations in terms of amplitudes uc(t) and u(C)
f (t). In the present

case, where two doubly ionized residual ions (Ne2+1D,3 P ) can be reached in the

second step of the sequential path the amplitude equations are as follows:

iu̇g(t) = (Ēg − i
γ(F )

g (t)

2
)ug(t),

iu̇i(t) = (Ēi − i
γ(F )

i (t)

2
)ui(t) + D(F )

ig (t)ug(t),

iu̇c(t) = (Ēc − i
γ(L)

c (θp, t)

2
)uc(t) + D(F )

ci (t)ui(t)

iu̇(c)
f (t) = Ēf u(c)

f (t) + D(L)
fc (θp, t)uc(t) (6.2)

with D(F )(t) = −EF (t) · r, D(L)(θp, t) = −EL(t) · r the electric dipole operators

for the FEL and IR fields, respectively. The indices c, f should be understood as

|c〉 = |C; εclcmlc〉 and |f〉 = |C; εf lfmlf 〉, where |C〉 = |LcScMLcMSc〉 refers to

the magnetic and spin quantum numbers of the doubly ionized core states and

|εklkmlk〉, k = c, f being the energy and angular quantum numbers of the ejected

electron from the singly charged ion Ne+. Hence we describe, as required, the

physical situation of electrons being ejected with quantum numbers εc, lc, mlc and

εf , lf , mlf respectively with the remaining ions in the states C =1D, 3P. Note that in

the present case, based on dipole selection rules the possible one-electron angular

quantum numbers values are lc = 0, 2 and lf = 1, 3. The spin quantum number of

the electron is assumed fixed, so we suppress it in the formulation. The final results,

however, take into account the sum over the spin projection quantum numbers

ms = ±1/2.

Finally, the detunings are defined as Ēc = εc + Ēc − (Ēi + ωF ) and Ēf = εf +

Ēc− (Ēi +ωF ±ωL) with εc and εf being the kinetic energies of the ejected electrons

associated with the final continua reached by the sequential path through Ne+.

Ēg = Eg + S(F )
g , Ēi = Ei + S(F )

i are the ground states energies of the neutral

and singly charged Neon, respectively, while Ēc = Ec + S(L)
c . S(F )

g , S(F )
i are the

AC-Stark shifts of the ground states due to interaction with the FEL field while

S(L)
c is the ponderomotive potential of the ejected electron. The ionization widths

γ(F )
g , γ(F )

i , γ(L)
c into the final continua (as labelled by the subscripts) are given by
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Figure 6.2: Theoretical spectra generated from equations Eq.2 and Eq.3. Shown here are
spectra for only a selection of polarisation angles for clarity.

γ(F )
g (t) = 2π|D(F )

gi (t)|2δ(εi = (Ēg + ωF ) − Ēi),

γ(F )
i (t) = 2π

∑

C

∑

lcm
lc

|D(F )
i;εclcmc

(t)|2δ(εc = (Ēi + ωF ) − Ēc),

γ(L)
c (θp, t) = 2π

∑

lf mlf

|D(L)
εclcmlc;εf lf mlf

(θp, t)|
2[δ(εf = εc + ωL) + δ(εf = εc − ωL)].

Solving the above system of equations in time with the appropriate temporal

pulse shapes (in this case, Gaussian temporal profiles are used), we can calculate

the PES, at the end of the pulse, associated with the various continua. The total PES

is then obtained by summing over the final states the electron |f〉:

S(θp) ∼
∑

C

∑

lf mlf

∣

∣

∣

∣

∣

∣

∑

lcmlc

u(c)
f (t → ∞)

∣

∣

∣

∣

∣

∣

2

(6.3)

Some sample spectra are provided in Fig. 1 at only a select few polarisation

angles.
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M. Richter, SV Bobashev, I.V. Domracheva, D.N. Smirnov, et al. Method

Based on Atomic Photoionization for Spot-Size Measurement on Focused

Soft X-ray Free-Electron Laser Beams. Applied Physics Letters, 89:221114, 2006.

[104] A.M. Rijs, E.H.G. Backus, C.A. de Lange, N.P.C. Westwood, and M.H.M.

Janssen. Magnetic Bottle Spectrometer as a Versatile Tool for Laser Photo-

electron Spectroscopy. Journal of Electron Spectroscopy and Related Phenomena,

112(1-3):151–162, 2000.

[105] J.H.D. Eland, O. Vieuxmaire, T. Kinugawa, P. Lablanquie, RI Hall, and F. Pe-

nent. Complete Two-Electron Spectra in Double Photoionization: The Rare

Gases Ar, Kr, and Xe. Physical Review Letters, 90(5):53003, 2003.

[106] S. Dusterer, P. Radcliffe, G. Geloni, U. Jastrow, M. Kuhlmann, E. Plonjes,

K. Tiedtke, R. Treusch, J. Feldhaus, and P. Nicolosi. Spectroscopic Charac-

terization of Vacuum Ultraviolet Free Electron Laser Pulses. Optics letters,

31(11):1750, 2006.

[107] M. Vidal-Dasilva, M. Fernández-Perea, J.I. Larruquert, J.A. Méndez, and J.A.
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