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Preface

The goal of this book is to explain the fundamentals of photoionization (PI) and
the associated applications of PI that are playing an increasingly important role
in mass spectrometry (MS). The target audience of this book includes practic-
ing scientists, including PhD and MSc students, whose primary interest is in the
application of PI to elemental or molecular analysis by mass spectrometry. An
overly simplistic analysis provides several motivations for the use of PI in mass
spectrometry:

1. Enhance ion yields for specific important compounds of substance classes
where other ionization strategies have proven insufficient,

2. Selectively ionize individual molecular structures or classes of molecules from
mixtures,

3. Form ions from neutrals with reduced or controlled degree of fragmentation,
and

4. Induce desorption or ablation of solids for sampling.

Photoionization comes in different versions and technological realizations,
making it somewhat more complicated and thus less popular than standard
ionization methods in mass spectrometry such as electrospray ionization and
electron ionization. Nevertheless, one goal of this book is to demonstrate how
these and other motivations drive the use of PIin MS-based analyses. The editors
and authors hope that the readers will use this work as a series of building blocks
for future advances in this promising area.

Actually, PI was central to the early development of mass spectrometry and
single photon ionization (SPI) remains perhaps the best method for introducing
a well-defined amount of internal energy into a molecular ion. Early work in
SPI used vacuum ultraviolet (VUV) gas discharge lamps. However, the advent
of lasers and the associated nonlinear optical methods made multiphoton
ionization (MPI) possible, dramatically expanding PI as a fundamental strategy
to probe molecular structure. The continuing improvement of laser technology
has also created ongoing opportunities for MS-based applications of PI. For
example, MPI via the excimer laser-pumped dye laser was deployed in many
early fundamental studies, but was costly, difficult to use, and relatively unre-
liable. However, the development of smaller and rugged, field-deployable laser
sources, such as compact excimer lasers, solid-state lasers as Nd:YAG lasers with
integrated harmonic generation, and tunable solid-state lasers such as sealed,

Xi
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Nd:YAG-pumped optical parametric oscillators (OPOs) or Ti:sapphire cavities
rendered MPI sufficiently robust for more widespread MS applications.

This interplay between fundamental methods and instrumental considerations
has driven the development of analytical applications of PI, so attention is paid
here to both considerations. Photodissociation is only discussed here when it
occurs in conjunction with PI, such as via the formation of fragment ions from
neutral precursors during MPI or SPI. Thus, the burgeoning use of photodisso-
ciation of the precursor or molecular ions to form fragment ions for structural
elucidation of the former is not discussed here. The fundamentals and mecha-
nisms of low pressure, gas-phase molecular PI for mass spectrometry is covered
in Chapters 1, 2, 5, and 7, while molecular atmospheric pressure Pl is a topic in
Chapter 8. Applications and experimental methods of low-pressure, gas-phase
photoionization mass spectrometry (PIMS) are presented in Chapters 3, 4, and 7.
Elemental analysis by PI is covered exclusively in Chapter 5. Processes and appli-
cations that include a laser desorption (LD) or direct laser desorption/ionization
(LDI) of analytes from the condensed phase are covered in Chapters 9 and 10,
while Chapter 11 focuses on the direct analysis of individual aerosol particles
using LDI, LD, and PIL.

In the following, the content of the book is briefly highlighted chapterwise.

The first chapter entitled FUNDAMENTALS and MECHANISMS of VACUUM
PHOTOIONIZATION, is serving as an introduction to mechanistic issues com-
mon to PI of molecules, atoms, and clusters under vacuum. It provides a funda-
mental description of light and the interaction of light and matter in the form of
photoabsorption on a quantum mechanical level. This includes an excursion in
perturbation theory and the dipole approximation and leads to an elucidation of
the photon absorption selection rules. Finally, the SPI process, as an absorption
in a continuum, nonbound state, is discussed and the most important parameters
for SPI, the SPI cross sections and ionization energies, are deducted.

Fundamental aspects of MPI of molecules in the absence of gas-phase col-
lisions are covered in the following chapter, entitted FUNDAMENTALS and
MECHANISMS of RESONANCE-ENHANCED MULTIPHOTON IONIZA-
TION (REMPI) in VACUUM and APPLICATION of REMPI for MOLECULAR
SPECTROSCOPY (Chapter 2). Here, the theoretical consideration of pho-
toionization processes is extended to MPI processes of molecular species and
MPI-based spectroscopy, while multiphoton ionization of atoms is covered
in Chapter 6. Different MPI and REMPI processes are presented and a rate
equation approach is used to deduct the influence of molecular physical proper-
ties on ionization efficiency. Special REMPI schemes are discussed, which can
bypass unfavorable photophysical properties. In the following, MPI-induced
fragmentation and dissociation processes are discussed. The application of
REMPI for molecular spectroscopy with and without supersonic jet cooling is
demonstrated in an exemplary manner via a detailed discussion of the REMPI
wavelength spectrum of supersonic jet-cooled biphenylene and some other
interesting aromatic molecules. REMPI wavelength spectroscopy, in particular
with supersonic jet cooling, reveals the selectivity of the REMPI process that
connects high-resolution ultraviolet (UV) spectroscopy to mass spectrometry.
The selective ionization of isomeric and isobaric compounds, however, can be
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extended to the differentiation of isotopomers and — by using a special REMPI
technique with circular polarized laser light — even of enantiomers. Finally, in
this chapter, REMPI-based photoelectron spectroscopic (PS) techniques such as
zero kinetic energy photoelectron spectroscopic (ZEKE-PS) are introduced. The
explanation of the fundamental aspects of SPI and REMPI leads to the analytical
application of these two PI approaches.

In the beginning of Chapter 3, which is entitled “ANALYTICAL APPLICA-
TIONS of SINGLE-PHOTON IONIZATION MASS SPECTROMETRY,” a brief
introduction into common VUV-light sources, is given. These can be distin-
guished as incoherent light sources (“lamp”-based technologies) or coherent
light sources (lasers). Also, a brief introduction to the generation of synchrotron
light in the VUV range is elaborated (for applications of synchrotron-based
SPI, see Chapter 5). The general setup of SPI mass spectrometry systems with
laser- and lamp-based sources is introduced. Depending on the used VUV
wavelengths, SPI can be a very soft ionization method, enabling the detection
of the molecular mass fingerprint of complex mixtures. This renders SPI-MS
to an ideal approach for direct real time monitoring of complex gas and vapor
mixtures. Different applications for online monitoring of combustion and pyrol-
ysis processes are introduced, including online monitoring of gas phases from
industrial processes, such as the coffee-roasting and/or the biomass pyrolysis
process. Hyphenated instrumental analytical concepts, e.g. gas chromatography
(GC) or thermal analysis (TA) coupled to SPI mass spectrometry, are presented
and typical results are shown.

Chapter 4, ANALYTICAL APPLICATION of RESONANCE-ENHANCED
MULTIPHOTON IONIZATION MASS SPECTROMETRY (REMPI-MS),” gives,
in a similar way as Chapter 3 for SPI, an overview of analytical applications of
REMPI mass spectrometry. The preferential detection of aromatic analytes by
the REMPI process with common laser is emphasized in Chapter 3. An overview
on typical fixed-frequency laser lines (excimer lasers or frequency-multiplied,
solid-state lasers) is provided along with typical wavelength ranges of tunable
laser systems. In the following, several exemplary analytical concepts and
applications using tunable and fixed-frequency lasers are presented. The tunable
laser sources can be used to focus on specific analytes, which work particularly
well with supersonic jet expansion inlet systems. For many applications, how-
ever, fixed-frequency wavelength laser and effusive, heated gas inlets can be
applied for a useful and often very sensitive “overview” MS-profiling of many
aromatic compounds. Exemplary process monitoring applications comprise
detection of combustion by-products in flue gases of incineration plants or
flavor and roast degree, indicating compounds in coffee-roasting off-gas.
Hyphenated instruments connecting gas chromatography or a thermo-optical
carbon analyzer (for aerosol loaded filters) to REMPI-MS devices are discussed.
A direct inlet of liquid samples into REMPI mass spectrometry is possible via
a membrane inlet or a direct liquid introduction into the ion source. Note that
SPI and REMPI processes can be performed in the same MS system. Finally,
REMPI under atmospheric conditions is discussed (atmospheric pressure laser
ionization — APLI; see also Chapter 8 for SPI-based atmospheric pressure-based
ionization).

xiii
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The application of synchrotron VUV light for SPI-MS-based investigation of
combustion and pyrolysis processes is laid out in Chapter 5, “PROBING CHEM-
ISTRY AT VACUUM ULTRAVIOLET SYNCHROTRON LIGHT SOURCES.”
By direct molecular beam sampling from flames as well as from oxidation or
pyrolysis reactors, molecules from the reaction zone can be directly introduced
in the mass spectrometer without wall contact. This enables the analysis of stable
molecules and intermediates from the reaction zones. The flow reactors and
model flame apparatus is often compact enough to be brought to synchrotron
light source facilities and can be used for kinetic investigations. Unlike classical
VUV sources, the synchrotron light from appropriate beamlines (i.e. equipped
with VUV monochromators) exhibit a wide tunability, high energy resolution,
and a relatively high photon flux. The identification of individual compounds
from isobaric mixture components is possible by photoionization efficiency
(PIE) spectroscopy, i.e. the recording of the ion yield as a function of the VUV
wavelength. Chapter 5 also presents, an overview on different synchrotron-based
PIMS apparatus and analytical results for several reactors and applications.

REMPI of atoms is commonly referred to as “resonance ionization mass
spectrometry (RIMS). The RIMS technology and applications are described
in the Chapter 6, RESONANCE IONIZATION MASS SPECTROMETRY
(RIMS): FUNDAMENTALS AND APPLICATIONS INCLUDING SECONDARY
NEUTRAL MASS SPECTROMETRY. Unlike in molecules, atomic transitions
are very narrow and thus very high ionization efficiencies can be achieved. Laser
spectroscopic principles, atomic selection rules, and the principle setup of RIMS
instruments are discussed. In many cases, two or more tunable lasers are required
for high-resolution RIMS. This high effort, however, in many cases allows even
an isotope-selective ionization and the suppression of nearly all interferences.
Applications are focusing on the analyses of ultratraces of radioactive elements
in the environment (e.g. plutonium fall out) or the characterization of very
precious samples such as stardust grains.

MPI is often performed with nanosecond laser pulses, but shortening the
pulses into the subpicosecond regime can fundamentally change the ionization
process, as discussed in Chapter 7, “ULTRASHORT PULSE PHOTOIONIZA-
TION for FEMTOSECOND LASER MASS SPECTROMETRY”. The mechanisms
of ultrashort pulse ionization, in particular nonresonant multiphoton ionization
(NRMPI) and strong field ionization (SFI), are elucidated. One advantage of
ultrashort pulse ionization is to overcome problems in REMPI ionization caused
by the short lifetime of intermediated states (see also Chapter 2). Thus, for
example, molecular ions of explosives, such as trinitrotoluene (TNT), which
exhibit an unstable S, state due to fast predissociation (NO-cleavage from nitro
groups), can be obtained by a fs-laser ionization process. In addition to gas-phase
ionization, ultrashort pulse ionization is also beneficial for postionization of
neutrals to enhance ion signal in secondary ion mass spectrometry (SIMS) or
laser desorption (LD)-based mass spectrometry.

Mass spectrometry of samples at ambient pressure has become a major applica-
tion, which is served by atmospheric pressure photoionization (APPI) using VUV
for induction of the ionization process. Chapter 8, “PHOTOIONIZATION at
ELEVATED or ATMOSPHERIC PRESSURE: APPLICATION of APPI and LPPI,”
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is devoted to such ionization mechanisms at elevated pressures and their
experimental implementation. Furthermore, some characteristic applications of
APPI are shown. The higher pressures during APPI allow abundant gas-phase
ion-molecule and molecule-molecule collisions that finally lead to energy and/or
charge transfer in the APPI process. Therefore, very high sensitivities can be
observed in APPI. However, although such secondary chemical ionization
processes often are dominating the ionization process, APPI is commonly seen
as a photoionization technology, although the term “photoinduced chemical
ionization” may better describe the APPI process in many cases. In addition to
SPI, the REMPI process can also be used to initiate ionization under atmospheric
conditions (atmospheric pressure laser ionization, APLI, see Chapter 4).

Laser irradiation of condensed phase matter can also lead to PI as well as
other energy transfer events that in turn lead to desorption and/or ablation
that is widely used for sampling. Although this book is focusing on pho-
toionization processes in vacuum or in the gas phase, laser desorption-based
processes and applications in mass spectrometry are not be excluded. Chapter 9,
“FUNDAMENTALS of LASER DESORPTION/IONIZATION,” introduces the
mechanisms of laser desorption/ionization (LDI) and matrix-assisted laser
desorption/ionization (MALDI), while Chapter 10, “APPLICATIONS OF LASER
DESORPTION IONIZATION AND LASER DESORPTION/ABLATION WITH
POSTIONIZATION,” introduces the corresponding applications. The MALDI
approach for ionization of biopolymers (e.g. proteins or lipids), polymers, and
other larger molecules is broadly applied, and numerous reviews and book
chapters and whole books have already covered this topic. However, for com-
pleteness, the knowledge on the MALDI process is summarized in Chapter 9,
although more focus is put on less common strategies such as fs-laser ablation.
In the laser desorption applications discussed in Chapter 10, in addition to the
molecular detection also, MALDI imaging applications are considered and a
focus is put on the approaches using postionization of laser desorbed neutrals.

Finally, Chapter 11, “LASER IONIZATION in SINGLE-PARTICLE MASS
SPECTROMETRY,” elaborates on an online laser mass spectrometric single
(aerosol)-particle measurement technique, which is based either on the LDI or on
a laser desorption — laser postionization approach. After an introduction to the
historical development of single-particle laser ionization MS systems, the LDI
process is discussed in context of the particle analysis background. This includes
the ionization mechanism, laser sources, and quantification aspects. After the
discussion of approaches based on the laser postionization of molecules des-
orbed from individual particles, instrumental realizations and applications are
presented and discussed.

Finally, we hope that the readers will enjoy and learn from our exposition of
photoionization fundamentals as well as the versatility of the photoionization
mass spectrometry methodology for cutting edge applications.

Ralf Zimmermann Luke Hanley
University of Rostock, Germany University of Illinois, Chicago, USA
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1.1 Preface

Within the past decades, the progress of laser-based light sources have opened
various new research directions in the area of light-matter interactions. The
ionization of free molecules with the purpose of their detection and mass-based
identification may appear as an easy task in this context. However, experience
has shown that already the simplest approach, the fragment-free ionization with
single photons of sufficient energy, remains technically challenging. Beyond
practical issues and applications, advanced photoionization techniques are
an important field of study in spectroscopy and fundamental research. As an
example, resonance-enhanced multiphoton ionization (REMPI, see chapters
2 and 4 of this book) bridges the gap between mass spectrometry (MS) and
molecular spectroscopy, offering two-dimensional selectivity both in mass and
in structure. In general, the absorption of a single photon by a molecule can
lead to its ionization if the photon energy E = hv = hw is equal to or larger than
the ionization potential I,, where i1 = 2z is the Planck constant, v = ¢/ 4 is the
photon frequency; A is its wavelength, and c is the speed of light. It is worth to
have a look on the typical energy- and timescales that constitute the framework
of photoionization processes as illustrated in Figure 1.1. Electron motion and
electronic transitions are much faster than atomic motion on molecular scales.
This is the basis for important approximations in atom and molecular physics
and spectroscopy. Current tabletop laser systems are available from infrared
(IR) to ultraviolet (UV), with ultrashort pulses that allow to analyze molecular
processes on their physical or natural timescale. Laser intensities for (multi-)
photoionization MS span the range from the onset of REMPI (~ 10° W /cm?) to
the strong field regime (> 10" W /cm?) and beyond for complex laser sources.
Tuning the photon energy remains rather complicated both for lamp- and
laser-based sources. However, the latter implicates further parameters as phase
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Figure 1.1 Typical energy- and timescales of processes related to photoionization.

or chirp, which are linked to the coherence of laser pulses and are likely to
increase the selectivity in future applications.

When dealing with photoionization MS, natural questions about the under-
lying mechanisms of photoabsorption and photoionization arise at some point.
A brief standard answer might be as follows: Assume two eigenstates of a molec-
ular system with different electronic charge distributions. Upon excitation from
the lower to the upper state and assuming a single active electron, the system
corresponds to a quantum superposition of those two states and the electronic
charge oscillates with an amplitude that reflects the transition dipole moment.
Now, assume a light field acting on it. Thus, the electron “feels” an oscillating
electric field from the light. If the frequencies, direction (polarization), and shape
of charge distribution associated with a transition, match the light field and the
molecule couple and the electron will be resonantly driven into the excited state
while the light wave is damped. If the excited state is a continuum state, the elec-
tron is ejected.

This description provides a basic, phenomenological understanding, and
some readers consider now to skip the following pages with complicated
formulas. However, it is a problematic simplification, mixing different concepts
and principles. The following section will provide an introductory survey on
photoabsorption, being the physical basics of photoionization. The scope is not
to treat the full complexity of optics and spectroscopy but to give an outline of
some fundamental principles being useful for its conceptual understanding.

1.2 Light

The physics of classical light propagation, optics, and electromagnetism is based
on the Maxwell equations, a set of partial differential equations that describe the
behavior of the electric field E(r, t) and the magnetic field B(r, £) with respect to
charges p and currents j:

V-E(r,t) = p(r,t) /€, (1.1)

V-Bx,t)=0 (1.2)
-_9

V X E(r,t) = atB(r, t) (1.3)

. 0
V X B(r,t) = poj + ,uoean(r, t) (1.4)



1.2 Light

The divergence V - F = % + aai + % of a vector field F produces a scalar field,
giving the quantity of F’s source (outward flux) at each point. An expanding vec-
tor field (e.g. heated air) yields positive divergence values, whereas a contracting
one (e.g. cooled air) yields negative values. The curl V x F yields a vector field that
describes the infinitesimal rotation of F at each point, e.g. the circulation density
of a flow.

Fundamental properties of light can be derived from this set of equations. Later,
we will have to construct a Hamiltonian to describe photoabsorption. Because
it represents the system total energy in quantum mechanics, it will be natural
to use potentials rather than fields. In electrostatics, the field is related to the
electrostatic potential through

E(r) = —VO(r) (1.5)

However, for a field that varies in time and in space, the electrodynamic potential
must be expressed in terms of both the time-dependent scalar potential ¢(r, t)
and the vector potential A(r, f). According to Eq. (1.5), the fields E(r,¢) and
B(r, t) can be expressed as

E(r,t) = —Vo(r,¢t) — %A(r, t) (1.6)

B(r,t) = VX A(r, ) (1.7)

This definition automatically fulfills Eqgs. (1.2) and (1.3). Furthermore, it
allows a transformation of the potentials into Coulomb gauge, where A is
divergence-free (V - A = 0), whereas the physical observables E(r, £) and B(r, t)
remain unchanged (not shown here). In Coulomb gauge, the scalar potential is
identical with the Coulomb potential, yielding ¢ = —p/¢, for Eq. (1.1). Further-
more, if charges and currents are absent, only Eq. (1.4) determines A (and thus
E and B) in the following form of a wave equation:

) 1 0 o 1
VZA(r, t) - = =—=A@,t) = 0 with ¢ = —— (1.8)
C2 dt2 MOGO
Solutions are linearly polarized plane waves
A(r,t) = %Aeei(k'r_“’t)” +c.c. =Aecos(k-r—wt +6) (1.9)

with amplitude A, polarization vector &, imaginary unit i, wave vector k, angu-
lar frequency w, and phase offset 6. Several primary properties of light can now
be derived, such as the dispersion relation @ = ck when inserting the solution
into Eq. (1.8) or the orthogonality of wave and polarization vectors k - € = 0 that
directly results from the gauge condition V - A = 0. The electric and magnetic
fields follow as plane waves, mutually orthogonal also with the propagation direc-
tion due to the vector product k X &

E(r,t) = Ee sin(k - r — ot + 6) (1.10)

B(r,t) = g(k X ¢€) sin(k-r — wt + 6) (1.11)

3
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Figure 1.2 lllustration of a linearly
polarized light wave as a solution of

Eqg. (1.8) with mutually orthogonal electric
field E, magnetic field B, and propagation
as well as energy transport in direction of
the Poynting vector S. Polarization vector ¢.
Eq. (1.16).

with £ = —wA. A key parameter for many applications is the light intensity,
respectively the photon density. They follow from the (instantaneous) energy
density of the electromagnetic field
u= % [eO|E 12 + i|B |2] = ¢,E? sin*(k - r — ot + &) (1.12)
Ho
The rapid oscillations can be averaged as (sin?) = 1/2, yielding the mean energy
that can alternatively be expressed in terms of the photon density n,, = dN,,/dV

()= 2e

Energy transport by light propagation is characterized using the Poynting vector

oE* = nyho (1.13)

S= iE X B = €Oc%l~fzsin2(k -r—wt+6) (1.14)
Ho

The absolute value of its time-average |(S)| is the commonly used light intensity
(unit W/m?)

1 -
I= EGOCEZ = cnyuho (1.15)

Note that the intensity I is proportional to the square of the field (amplitude)
E2. The photon flux ¢ (unit photons/(m? s)) can be expressed in terms of the
intensity and photon energy or via the photon density 7., and the speed of
light c.
1 _ 1.16

P =g = MpC (1.16)
Next, the general cross section o is a coefficient of proportionality between the
rate W of an induced transition and the photon flux

W = gpo(w) (1.17)

with unit megabarn (1 Mb = 1078 cm?).



1.3 Photoabsorption

1.3 Photoabsorption

In classical physics, light absorption is interpreted as damping of a periodic
electric field by dipoles oscillating with opposite phase at the same frequency.
This basic picture provides a descriptive explanation of optical properties and
some fundamental interactions. However, a description of the photoionization
of atoms and molecules is only possible in a quantum mechanical context.
Upon light absorption, a system undergoes a transition from an initial state to
a final state of higher energy with energy difference Zw. Because the charge
distributions of the states differ, their coherent superposition results in an
oscillating dipole that can couple to the light field under appropriate conditions.

1.3.1 Transitions in First Order Perturbation Theory

Some essential principles needed for the quantum mechanical description are the
representation of (electronic) states by wavefunctions ¥(r, t) and physical observ-
ables by their corresponding operators.

In quantum mechanics, the state |y) of a system can be described by a complex
wavefunction w(r, £) in coordinate space representation. A physical observable is
represented by a linear operator O acting on the state producing a new vector
Oly) = |y™*).If |y) is an eigenstate of an observable, the equation Oly) = a - |y)
yields the associated eigenvalues a, corresponding to the value of the observable
in that eigenstate. Eigenvalues a can be continuous (e.g. for the position operator
f) or discrete as for the angular momentum operator and thus be expressed by
quantum numbers.

The time evolution of a physical system is described by solutions of the
time-dependent Schrédinger equation (TDSE) in its general form

m%wmo:HwLm (1.18)

where i is the imaginary unit, 7 is the Planck constant, and A is the Hamiltonian
operator representing the system’s total energy.

An analytical solution is only possible for very simple systems, such as the hydro-
gen atom. Already the presence of an external field or a second electron renders
closed and analytical solutions impossible. Typically, several approximations allow
for the treatment of a molecular system with minimum deficiency, depending on
the framework of the scientific problem. Common approaches for atom-light inter-
actions apply the single active electron approximation (SAE) that treats a single
interacting electron in an effective potential (e.g. Hartree-Fock) resembling both
the atomic core and the (mean) electron-electron interactions.

5
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In general, photoionization can be understood as one of several possible
secondary processes upon photoabsorption. For the weak field regime!, which
applies even beyond typical REMPI intensities of about 107 W/cm?, the
description of photoabsorption is convenient via perturbation theory. Its basic
concept is the partition of the Hamiltonian / into the calculable Hamiltonian
H, of a simplified and known system (which may be artificial) and an addi-
tional Hamiltonian A’ representing the weak disturbance to the system that is
quantified using approximate methods.

1.3.2 Perturbation Theory

For our basic considerations of photoabsorption via electronic states, we describe
an atom by a single electron of charge ¢ = e and mass m, = m in a Coulomb
potential V. = —Ze?/4re,r, which represents a stationary nucleus. The vector
potential remains classical. Considering that in Coulomb gauge, the scalar poten-
tial equals V. (see Section 1.2), the Hamiltonian of the electron splits into a
stationary part of the undisturbed atom H, and a time-dependent part A, (¢)
for the interaction with the light field. A, ,(£) can be derived from the classical
Hamiltonian for a charged particle in a radiation field (not shown here)

N n o, .. € 7’ 2
H=——V'+V,—-ih—A-V+ —A (1.19)
2m m 2m
H, Hy ()

For the first term H,, the analogy to the corresponding classical total energy E, ;, +
2

V= f—m + Vis clearly visible, if the notation of the momentum operator p = —ih%

is considered.

For moderate field strengths (I < 10" W /cm?), the last term is small com-
pared to the cross term, which simplifies the interaction Hamiltonian H,, to

int

H,, ~—-ihsA-V (1.20)
m

According to perturbation theory, the wavefunction W(r,¢) can be expressed

as a linear combination of unperturbated eigenstates W(r) of the stationary

Schrodinger equation (time-independent Hamiltonian) Hy¥,(r) = E)¥(r) with

the time-dependent coefficients ¢i(®)

W, £) = ) c(t)¥ (x)e 5" (1.21)

J

1 The term “weak disturbance” indicates an important limitation for laser-based photoionization:
The external laser field, treated as perturbation, has to be small against the inner atomic forces.
Thus, laser intensities exceeding 10'?> W /cm? and molecular interactions induced thereby are often
referred to as “nonperturbative” (Baumert and Gerber 1997), while typical intensities for
single-photon ionization (SPI) and REMPI applications are below 10° W /cm?.



1.3 Photoabsorption
Inserting in the TDSE (Eq. (1.18)) yields

Z(ih%cj(t) +E)e BN = 3 (B, + Hyp(D)e(De ™MW, (1.22)
j k

The "ket” vector |¥) represents the state that is associated with the wavefunction
Y(r, t). With the corresponding “bra” vector (¥, that corresponds to the complex
conjugated wavefunction ¥*(r, £) in coordinate space, and with the inner product
(P|¥) = [ P*Wdr and the operator H acting on |¥), we can express the expecta-
tion value of the observable (here energy) represented by operator H in the state
¥) by (¥|H|¥).

Considering the orthogonality of the eigenstates, the result is a set of coupled
equations for the time evolution of coefficients ¢;(¢) with the transition frequency
wy = (E;—E)/h:

d 1 iy
60 =~ Zk" (W, | i (D1 e (D! (1.23)
———
Hi ()

Assuming a two-level system with initial state |¥,) and the interaction
Hamiltonian (1.20), the coefficient c,(¢) for the state |¥,) can be expressed in
the following form.

t t
cb(t)=,l / Hﬁg(t')ew’dt’=—i / (P, A -V e dt’  (1.24)
in J, m J,

Applying the vector potential A for the electromagnetic field representing the
classic description of light (Section 1.2)

A(r,t) = Ae cos(kr — wt + 8) = %Ae[el““—mﬁ) + gitkr—ot+d)] (1.25)

yields the time-dependent amplitude of state |¥,) in first-order perturbation
theory

c,(t) = —iﬂ[ei‘s(‘{‘bleikre -V|¥,) fo'f el@sa—o) gyt
—_—
M, (w)

+ e—i5<Tb|e—ikr£ V|¥,) fot @t gy (1.26)

The first integral describes the absorption of a photon. Because the complex
e-function is periodic with mean value zero for w,, # w, it contributes only for
w,, = ® = E, = E, + ho while the second integral corresponds to the photon
emission if w,, = —w = E, = E, — ho.

1.3.3 Absorption

The matrix element associated with the perturbation M, () = (¥, |ee - V|¥_)
in Eq. (1.26) connects the initial state with the final state and thus determines
the system interaction strength with the light. Before its further evaluation, we

7
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g P

F(w,t) (a.u.)

Dha

Frequency 4

Figure 1.3 Behavior of the function F(w, t) (Eqg. (1.28)) that determines the time evolution of
the transition when the field and the system are in resonance. If the light frequency w equals
the transition frequency w,, of the states |¥,) and |¥, ), the function peaks increasingly and
transforms into the §-function in the long-time limit.

derive corresponding transition rates and cross sections. During absorption, the
occupation probability ¢,(¢) of the state |¥,) increases with time, which can be
expressed through integration of the first term in Eq. (1.26)

ei(cu,m—cu)t -1 2 _ 1

. 2 ~
le,@)|* = |- =—Ae° M, (w) £ \M,,(0)|F(t, @)
2mi m?

Wy, — @ 2
(1.27)

with

— cos(@t)

F(t. ) = - (1.28)

and the frequency offset ® = w — @,,,. As illustrated in Figure 1.3, the transition
probability increases sharply with time according to function (1.28) when the
external field and the system are in resonance, hence w = w,,.

Equations (1.27) and (1.28) describe the evolution of the occupation probability of
state |, ) with time and thus characterize the rate with which transitions appears.
During excitation, the states |¥,) and |¥,) form a coherent superposition and the
associated dipole oscillates with the transition frequency.

For timescales longer than a cycle (t > 27 /|w,,|), Eq. (1.28) changes to a delta
function F(t, ®) = nté(w — w,,) (note: 6(®) — oo for @ — 0). Furthermore, we
express the amplitude A of the vector potential by the light intensity I (compare
Eq. (1.15)).

y— (1.29)

2
€gC
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and find the frequency-dependent absorption rate

2
e

Wba (CO) =

€pCm

I 2
) |M,()|"6(w — wy,) (1.30)
So far, we assumed perfectly monochromatic light corresponding to an infinite
plane wave. However, the intensity of realistic light has components covering at
least a narrow band over a frequency range I(w) = di /dw; thus, the total absorp-
tion rate has to be integrated over the entire spectrum

Wba=/Wba(w)I(w)dw (1.31)

In the long-time limit, only the value at w,, contributes to W, , by nature of the
delta function

ze? 1(w,,) 2
W, = M 1.32
ba cocm? wia | M, (wp,)] ( )

To express the associated cross section, we use Eq. (1.17)
hawy, Wy, = 1(@,)04, (1.33)

which yields the absorption cross section for the spectral intensity associated
with the considered transition. Note that the unit of the cross section is therefore
area times frequency.

rhe* 1 2
—— M, (o 1.34
coc 12 lm| ] ( )

Opa =
Of note, the integration (1.31) assumes a sum of incoherent spectral components.
The treatment of absorption from coherent and ultrashort laser pulses has to con-
sider the explicit pulse waveform.

Molecules typically have numerous states in a small energy interval that con-
tributes to the absorption. Hence, the transition probability into this band is the
sum of all transition probabilities matching the frequency of the incident light.
The number of states in an energy range between E, and E;, + dE can be expressed
as p(E,)dE, where p(E,) is called the density of states. Assuming that the matrix
elements for transitions into such a band of states are comparable, Fermi’s golden
rule can be derived via spectral integration of the transition rates (not shown).

2
Wia = == p(EIM,, (1.35)

Thus, to calculate the transition rate into a band, multiply the square of the matrix
element by the density of states of the involved bands.

1.3.4 Dipole Approximation

So far, the matrix elements are dependent on the wavelength and direction of the
light wave (photon) via the e’ term. For interactions with visible, (V)UV, and IR
(but not X-ray) radiation, the wavelength is much larger than the atomic length
scale; hence, the system “feels” an oscillating dipole field. As a consequence, the
wave vector dependence of the vector potential can be neglected, according to

9
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e ~ 1 for 1 — co0;k — 0. In this so-called dipole approximation, the vector
potential A(r, £) - A(t) describing the light field becomes spatially homogenous
and, as a consequence, the magnetic field B = V X A vanishes. Descriptively, the
electron velocity v, is low enough to neglect both the magnetic Lorentz force
e(v, X B) and the relativistic effects that arise if the electron is driven at very high
intensities (> 10'® W/cm?), predominantly for long wavelengths. The matrix
elements M’b)a can now expressed by the dipole matrix element in the so-called
length form via the transition dipole moment D,, = —er,,, containing spatial
coordinates (%, 7, 2) of the position operator r

maw,,

he

Thus, the matrix element of the interaction Hamiltonian, representing the
expectation value of its energy spectrum, is now related to the much more
descriptive dipole matrix element D,,, which represents the charge distribution
within the wavefunction.

MD _ ma)ba
ba —

[ (_e<\Pb|r|lPa>) =

£-D,, (1.36)

The dipole matrix element D, (and also M,,,) determines the interaction strength
between light and the atom or molecule. Its scalar part describes the change of
charge distribution during transition from |¥,) to |¥,) that determines the tran-
sition probability. The vector part demands projection of the light field onto the
dipole moment, i.e. it defines the required light polarization.

The corresponding absorption rate can be derived to
2
D _ _ T 2 Te 9
Wy = 3€0Ch21(a)ba)|Dba| = —3eoch21(wb“)|rb“| (1.37)

If the dipole matrix element is zero, the transition is so-called dipole-forbidden.
However, such transitions are often observed because they may be allowed as
(weaker) magnetic dipole or electric quadrupole transitions. Commonly used in
spectroscopy to describe the absorption strength is the dimensionless oscillator
strength f;; of a transition between states i and j

2m,w;

TS

Oscillator strength values are between 0 and 1. Typical values are shown in
Table 1.2.

12 (1.38)

An interesting application of transition rates is related to the famous Einstein
coefficients. Therefore, the Boltzmann distribution is applied to the level popula-
tion of an ensemble of atoms in equilibrium and the Planck distribution to the
photon field. An interesting finding in the context of VUV sources is that spon-
taneous emission increases relative to stimulated emission as the cube of light
frequency. Hence, population inversion, which is a basis of laser sources, is difficult
to generate and maintain in highly excited systems. Instead of cooperating in a
stimulated emission process, the excited populations randomly loose energy via
spontaneous emission.
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1.3.5 Selection Rules

To calculate absorption rates, the corresponding matrix elements have to
be evaluated by spatial integration over the corresponding wave functions
(P,|r|¥,) = [ W,r ¥, dr in Eq. (1.36). If the integral vanishes, a transition
does not occur (with the exception of higher order transitions), which is called
dipole-forbidden. In particular, this is the case if the function ¥,r ¥, is antisym-
metric, and thus, its integral over space yields zero. This can often be determined
by analysis of the wavefunction symmetry without explicit calculation of the
integral. For example, dipole transitions (e.g. |s) — |s)) are not allowed for the
hydrogen atom. The symmetry behavior is reflected by the parity selection rule
(ref. third column in Table 1.1). Using quantum numbers to term the states,
further selection rules for dipole transitions can be derived by evaluation of
zero and nonzero matrix elements, as Al = +1 and Am = 0, +1, where [ is the
angular momentum quantum number and m is the magnetic quantum number
in a one-electron system. Descriptively, these rules reflect conservation of
angular momentum because the spin of the absorbed photon contributes to the
system’s angular momentum L. The z-component of L is associated with the
electrons’ magnetic moment, which couples to the photon spin, thus yielding
Am = 0 in the case of linear polarization and Am = +1 for circularly polarized
light. For multielectron systems, the total angular and orbital momentum as
well as the total spin is evaluated, and coupling schemes of angular momen-
tum sources are considered. In realistic systems, especially molecules, several
dipole-forbidden transitions can nevertheless be observed. For example, the
dipole-forbidden transitions may be allowed as multipole transitions. Typically,
the rate drops down by three orders of magnitude from one multipole to the next,
see Table 1.2.

1.3.6 Electronic Line Width and Lifetime

So far, we assumed that the states have sharp eigen energies and can be described
via time-dependent wavefunctions of the form we /" (ref. Figure 1.4a,d).
Suppose a state that is exponentially decaying in amplitude as the system
changes to another state (Figure 1.4b). The decaying function corresponds

Table 1.1 Dipole selection rules for electronic transitions in a Hydrogen-like atom.J =L + Sis
the total angular momentum, L is the total orbital momentum quantum number, S is the total
spin quantum number, M, is the total magnetic quantum number, and z is the parity.

Intermediate

Rigorous LS coupling coupling
AJ=0,+1 AM;=0,+1 =,=-x, DAl =+1 Dif AS = 0: Vif AS = +1:
J=0%0) AL=0,+1,(L=0<0) AL=0,+1,+2

a) Rigorous for one-electron systems.
b) Small atoms with low LS-coupling.
c) Heavier atoms with transitions between several multiplet states.
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Figure 1.4 Schematic wavefunctions (top) and their spectra (bottom). (a, d) Stationary state.
(b, ) Decaying state and resulting Lorentzian line profile. (c, f) Collision-induced phase
distortion and its resulting spectrum (fast Fourier transformed).

to a superposition of oscillations whose frequencies can be Fourier analyzed
according to
B h— —iE . 1 (h/7)
iEt/h—t/T _ E iE’ t/thl th Ey== 1.39
‘ /g( e vith e E) = e e Y
where 7 is the time constant of the decay. Therefore, the decaying dipole oscil-
lation is associated with a finite energy range. The width at half height of the
Lorentzian function g(E’) is /7 and called natural line width (Figure 1.4¢€). Con-
sidering that the state to which the transition appears may also have a finite life-
time 7,, the line width is given by

5E=h<l+l> (1.40)

Tp Ta

Hence, the shorter the state lifetime, the less precise its energy and vice
versa. This concept is particularly important for REMPI (see Chapter 2), where
ionization rates depend on the energy match between the photon and possible
intermediate states as well as the photon density. It further gives rise to the
concept of virtual states of uncertain energy, which may be employed at high
photon densities.

Measured line widths are typically much larger, which can be attributed to
the other origins of broadening. First, collisions with other atoms may lead
to (radiative or nonradiative) transitions and randomize the phase of emitted
radiation (ref. Fig. 1.4c,f). Both reduces the effective lifetime of the state and
leads to the (pressure-dependent) collision broadening of the Lorentzian line
profile. Secondary, the relative motion of atoms results in frequency shift. Thus,
the so-called Doppler broadening increases with temperature and decreases



