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Abstract

The recording of structural dynamics of individual large biomolecules requires e�cient
delivery of these biomolecules, which are usually thermally labile or non-volatile, to the
X-ray or electron beam interaction point. Laser-induced acoustic desorption (LIAD) is a
promising technique for gentle and e�cient preparation of large intact neutral molecules
into the gas-phase.

In this thesis a newly set-up LIAD source was designed for prolonged measurement
times and fixed interaction point, as required by free-electron laser (FEL) experiments,
through a tape-drive automatic sample replenishment method. A novel sample prepara-
tion method utilized gas dynamic virtual nozzle to aerosolize sample was implemented to
deposit uniform layers on the long 10 µm thick tantalum foil band, which was irradiated
by the third harmonic of a nanosecond Nd:YAG laser on the back surface. The induced
photoacoustic stress and thermal stress waves travel through the foil and desorb deposited
samples into the gas-phase. Stable dense phenylalanine, adenine and glycine plumes with
density higher than 109 cm≠3 were created and characterized using strong-field ionization
(SFI) by an intense femtosecond laser field. The produced ions induced by SFI were
detected by a linear time-of-flight mass spectrometer (TOF-MS).

Number density, spatial extend, temporal distribution, translational velocity, and
translational temperature of created plumes were fully characterized. E�ects of des-
orption laser intensity, sample layer thickness on LIAD prepared thermally labile and
thermally stable molecules were evaluated. These results show a thorough picture of the
desorption process and molecule plume characteristics. While translational velocity is
invariant for di�erent desorption laser intensities, pointing to a non-thermal desorption
mechanism, the translational temperature increases significantly and higher fragmenta-
tion is observed with increased desorption laser fluence for thermally labile molecules,
which shows that more thermal energy was transferred to sample at higher desorption
laser intensity. The broad temporal distribution, long delay (≥8 µs) between desorption
molecule signals and desorption laser pulse rules out the shake-o� model and point to a
indirect coupled desorption mechanism. The kinetic energy of prepared plume is in the
range of the surface stress energy between foil substrate and sample layer, which supports
the previous proposed stress-induced desorption mechanism.
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Zusammenfassung

Die Messung struktureller Veränderungen von großen Biomolekülen, welche oft ther-
misch labile oder nichtflüchtig sind, erfordert einen e�zienten Transport der Biomoleküle
von der Quelle hin zum Wechselwirkungspunkt zwischen der Probe und dem, zum Beispiel,
Röntgen-, oder Elektronenstrahl. Laser-induzierte akustische Desorption (Laser-induced
acoustic desorption, LIAD) ist ein vielversprechender experimenteller Ansatz um große
Moleküle sanft und elektrisch neutral in die Gasphase zu bekommen.

In dieser Dissertation wird die Entwicklung einer neuartigen LIAD-Quelle gezeigt bei
welcher die LIAD-Quelle mit einem sogenanntem Tape-Drive (Laufband) kombiniert wird
um Moleküle über einen längeren Zeitraum kontinuierlich in die Gasphase zu bringen.
Das Tape-Drive wird für den automatischen Probennachschub genutzt und erlaub somit
lange, kontinuierliche Messzeiten welche sehr wichtig sind für, zum Beispiel, Messungen
an freien Elektronen Lasern (FELs). Das Laufband besteht aus einer 10 µm dünnen
Tantal-Folie und dient gleichzeitig als Probenträger. Die zu messenden Moleküle wer-
den mit einer sogenannten gas dynamic virtual nozzle (GDVN) auf die Vorderseite der
Folie deponiert um eine dünne, einheitliche Schicht zu garantieren. Die Desorption von
der Folie erfolgte durch einen frequenzverdreifachten Nd:YAG Lasers (Desorptionslaser)
welcher auf die Rückseite der Folie fokussiert wird. Der in der Folge entstehende pho-
toakustische Stress sowie die thermische Schockwelle in der Folie führen zur Desorption
der Moleküle an der Vorderseite. Die entstandene Gas-, oder Molekülwolke wurden an-
schließend mittels eines fs-Laser ionisiert (Multiphoton-, und Tunnelionisation) und in
einem Ionen-Flugzeitmassenspektrometer analysiert. Innerhalb der Dissertation wurden
so verschiedene stabile und intakte Moleküle von Phenylalanin, Adenin und Glycin mit
einer Dichte von 109 cm≠3 nachgewiesen.

Ein großes Augenmerk wurde auf die Charakterisierung der erzeugten Molekülwolke
gelegt. Hierbei wurden die Dichte, die räumliche und zeitliche Verteilung, Translations-
geschwindigkeit und Temperature der Molekülwolke in Abhängigkeit gesetzt zur Energie
des Desorptionslasers und der Dicke der aufgetragenen Molekülschicht. Die Ergebnisse
zeigen, dass die Translationsgeschwindigkeit der Molekülwolken nahezu unabhängig von
der Energie des Desorptionslasers ist was auf einen nicht-thermischen Desorptionsmech-
anismus hindeutet. Im Gegensatz dazu wurde eine höhere Fragmentation der Moleküle
beobachtet was, bei den verwendeten thermisch-labilen Molekülen, auf eine höhere in-
terne Temperature und somit auf einen höheren thermischen Energietransfer deutet. Die
zeitliche Dauer des Molekülwolke und die lange zeitliche Verzögerung (≥8 µs) zwischen
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der Desorption der Moleküle und dem Desorptionslaser deuten auf einen indirekt gekop-
pelten Desorptionsmechansismus hin und schließen somit das sogenannte shake-o� model
aus. Die kinetische Energie von den Molekülen ist in der Größenordnung der Ober-
flächenspannungsenergie zwischen den Molekülen und der Folie was auf einen zuvor schon
vorgeschlagenen stressinduzierten Desorptionsmechanismus hindeutet.

iii



Contents

1 Introduction 1

2 Conceptional Background 5
2.1 Gas-phase Molecule Preparation . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Thermal Vaporization . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.2 Laser Desorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.3 Laser-Induced Acoustic Desorption . . . . . . . . . . . . . . . . . . 6

2.2 Photoionization Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.1 Single-Photon Ionization . . . . . . . . . . . . . . . . . . . . . . . . 7
2.2.2 Multi-Photon Ionization . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.3 Tunneling Ionization . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.4 Over the Barrier Ionization . . . . . . . . . . . . . . . . . . . . . . 9
2.2.5 Keldysh Parameter . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 X-ray or Electron Di�ractive Imaging . . . . . . . . . . . . . . . . . . . . . 11

3 Experimental Methods 13
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.2.1 Vacuum System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.2 LIAD Source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.2.3 Laser System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.2.4 Mass Spectrometer . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2.5 Data Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.3 Sample Preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4 Characterize the Laser-Induced Acoustic Desorption Source 23
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

iv



4.2 Experimental Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

4.3.1 Characterizing LIAD by strong-field ionization . . . . . . . . . . . . 26
4.3.2 Molecular Plume Properties . . . . . . . . . . . . . . . . . . . . . . 28
4.3.3 Molecular Fragmentation . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3.4 Nature of the Desorption Process . . . . . . . . . . . . . . . . . . . 36

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

5 Laser-Induced Acoustic Desorption of Thermally Stable and Unstable
Molecules 40
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2 Experimental Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

6 E�ects of Sample Layer Thickness on Phenylalanine Plume Properties 50
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.2 Experimental Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

7 Conclusion and Outlook 57
7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
7.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

7.2.1 Couple with Cooling Techniques . . . . . . . . . . . . . . . . . . . . 60
7.2.2 Structure Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
7.2.3 Alignment and Orientation . . . . . . . . . . . . . . . . . . . . . . . 63
7.2.4 X-ray and Electron Imaging . . . . . . . . . . . . . . . . . . . . . . 64

Bibliography 65

Appendix 81

A Appendix 81
A.1 Supplementary information chapter 2 . . . . . . . . . . . . . . . . . . . . . 81

A.1.1 Shake-o� Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
A.1.2 Thermal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
A.1.3 Stress Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82

v



A.1.4 Blister Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
A.1.5 Repulsive Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
A.1.6 Thermal Transient Simulation . . . . . . . . . . . . . . . . . . . . . 84

A.2 Supplementary information chapter 3 . . . . . . . . . . . . . . . . . . . . . 85
A.2.1 Mass-to-charge ratio calibration . . . . . . . . . . . . . . . . . . . . 85
A.2.2 Drop and Dry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
A.2.3 Sample Drying with N2 . . . . . . . . . . . . . . . . . . . . . . . . . 87
A.2.4 Brush Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
A.2.5 Precipitation Method . . . . . . . . . . . . . . . . . . . . . . . . . . 88
A.2.6 Slow-dragging Method . . . . . . . . . . . . . . . . . . . . . . . . . 89
A.2.7 Rubbing Powder Method . . . . . . . . . . . . . . . . . . . . . . . . 90

A.3 Supplementary information chapter 4 . . . . . . . . . . . . . . . . . . . . . 92
A.4 Supplementary information chapter 5 . . . . . . . . . . . . . . . . . . . . . 93

Acknowledgements 95

List of Publications 96

vi



1 Introduction

Atoms and molecules are building blocks of nature. Investigating the structural dynamics
of these molecules is crucial to understand how nature works [1]. There are di�erent
dynamics happening in molecules on di�erent time scales, such that electron dynamics
of molecules occuring on the attosecond (10≠18 s) timescale, with the classical period of
the electron in a Bohr hydrogen atom being 150 attoseconds [1]. The fastest molecular
vibrations occur in the molecular hydrogen are on the order of 20 femtoseconds (10≠12 s),
while molecular rotations occur on a picosecond timescale [1]. With the known structure
of molecules, their functions can be determined, which enables the structure-based drug
design and development. From the known structural dynamics of molecules, one can
know how they function in real time. We are interested in imaging structural dynamics
of molecules in the gas-phase, as gas-phase molecules get rid of the undesired influences
from the surroundings, which enable us to investigate their intrinsic properties.

X-ray Free-Electron Lasers (XFEL) hold the promise to image isolated biomolecules
and particles with femtosecond temporal and picometer spatial resolution [3, 5–7]. The
main challenges in these experiments are the extremely low signal-to-noise ratio due to
the very low number density of samples in gas-phase, as well as the random orientation
of molecules in each shot. In order to enhance the signal-to-noise ratio, the recording of
structural dynamics of individual molecules requires the e�cient delivery of controlled,
identical molecules to the interaction point. By dispersing molecular beams with strong
electric fields, pure samples of individual conformers or clusters according to their quan-
tum state can be routinely separated [8–12]. State-selected molecules can be further
controlled as alignment and orientation by laser and static electric fields [8, 13–15], as
shown in Figure 1.1. We are currently working towards extending these techniques to
much large molecules and systems, ranging from amino acids, peptides, DNA strands to
proteins or even viruses. Most of these large biomolecules are thermally labile and some
of them are light sensitive or non-volatile. Traditional vaporization method (i.e. simply
heating) can not be applied to bring these biomolecules into gas-phase, as they will be
destroyed during heating or not vaporized. Laser-induced acoustic desorption (LIAD) is
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Figure 1.1: Schematic drawing of the experimental setup used in our group for gas-phase
molecule structure dynamic studies [2–4]. See texts for details.

a promising technique to solve these problems for gentle and e�cient preparation of these
large intact neutral molecules into the gas-phase [16–19].

The scheme of laser-induced acoustic desorption was first proposed by B. Lindner
and U. Seydel at 1985 [16]. They shined a pulsed nanosecond laser on a transparent
substrate and the generated photoacoustic waves traveled through the substrate and des-
orbed molecules on other side out of the surface. Afterwards several groups were in-
volved in this research field and applied this technique to mass spectrometry research
areas [19–21]. Group of H. I. Kenttämaa coupled it with a Fourier Transform Ion Cy-
clotron Resonance Mass Spectrometer [22–24] and a quadrupole linear time-of-flight mass
spectrometer [25, 26] to analyze chemical properties of large molecules. Group of Zhang
extended this technique to bring single cells into the gas-phase [20, 27] for precise mass
measurements. Greenwood’s group utilized this source to study the ultrafast dynamic
of biomolecules [28, 29]. Furthermore group of Francesca combined it with attosecond
techniques and observed the ultrafast electron dynamics in phenylalanine [30]. What
sets LIAD apart from other laser-based vaporization techniques such as laser desorp-
tion [31–34], is that it avoids any direct interaction between the desorption laser and
the molecular sample, making this technique applicable to light-sensitive and labile com-
pounds.
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Although LIAD has been applied to variety research areas and shows great poten-
tial, reproducibility of the source, unclear desorption mechanism and little knowledge of
desorbed plume properties are limiting its potential application [35].

Here in this thesis a newly LIAD setup for prolonged measurement times through tape-
drive automatic sample replenishment method was designed. In order to create a stable
coverage of sample on the foil, sample was aerosolized using a gas-dynamic virtual nozzle
(GDVN) [36,37] and deposited on the foil, where it sticks and rapidly dries out. The novel
sample deposition method provides a uniform sample coverage on the LIAD substrate and
hence stable signal intensity for experiments. With shining the back surface of the foil
band by third harmonic Nd:YAG laser pulses, the induced photoacoustic and thermal
waves traveled through the foil and desorbed the uniform deposited sample into the gas
phase. A stable, dense, neutral molecular plume was created in the vacuum, with which
we studied the plume properties thoroughly. Here we employed strong-field ionization
(SFI) to characterize the desorbed molecules. In SFI molecules are ionized using a strong
non-resonant femtosecond laser pulse with typical field-strengths on the order of >1013

W/cm2. This leads to the ejection of electrons through tunnel or multi-photon ionization
(see section 2.2), and hence the production of cations. The produced cations were detected
by a time-of-flight mass spectrometer. The stable plume density enabled us measure the
spatial-temporal profile of the plume at di�erent interaction points, plume number density
at di�erent desorption laser intensities precisely. As a result the plume translational
velocity, translational temperature and desorption mechanism were derived and discussed
thoroughly in this thesis. The fragmentation processes during desorption and ionization
were investigated for thermally stable and thermally labile molecules respectively. E�ects
of deposited sample layer thickness on the desorption process, plume properties were
studied. Based on these experimental results, the desorption mechanism was carefully
discussed.

This thesis consists of four parts. The first part is on conceptional background, which
is presented in chapter 2. Vaporization techniques for large molecules, laser-matter inter-
action, X-ray/electron imaging for gas-phase molecules are explained in this part. The
second part contains experimental apprautus, which are developed for gas-phase large
molecule preparation, and sample preparation techniques to deposit uniform sample layers
on metal foil (LIAD substrate). The experimental setup and sample preparation methods
are presented in chapter 3 in detail. The third part is mainly on experiments that were
conducted by the newly designed setup. It includes preparation of phenylalanine, adenine,
glycine samples into gas-phase, strong-field characterization of these prepared plume by
intense femtosecond laser fields and detection by time-of-flight mass spectrometer (TOF-
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MS) [38]. These experiments were presented in chapter 4, chapter 5, and chapter 6,
respectively. Chapter 4 mainly focuses on the characterization of phenylalanine plume for
its number density, spatial extend, temporal distribution, fragmentation, forward velocity
and translational temperature etc. Chapter 5 compares the plume properties for ther-
mally stable adenine and thermally labile glycine molecules in order to better understand
the desorption mechanism and source properties. Chapter 6 evaluates the e�ects of sam-
ple layer thickness on the prepared plume properties. The last part is on conclusion and
outlook. We summarized the results we got and what we have learned. Potential appli-
cations of the developed setup for free-electron laser experiments and other experiments
were discussed in this part.
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2 Conceptional Background

Image ultrafast structural dynamics of isolated molecules is a dedicated goal for physicist,
chemist, and biologist. With the development of fourth-generation X-ray free-electron
laser sources (XFEL) and ultrafast electron sources, these facilities enable us to im-
age isolated molecules in picometer spatial resolution and femotosecond temporal res-
olution [39–42]. The recording of “molecular movies” of individual molecules requires the
e�cient delivery of controlled, identical molecules to the interaction point [3]. Di�erent
gas-phase sample preparation methods, which were developed for these experiments, are
briefly presented in this chapter. Femtosecond laser-molecule interaction and X-ray or
electron di�ractive imaging are briefly explained.

2.1 Gas-phase Molecule Preparation

Preparing intact molecules into gas phase is the first step for gas-phase X-ray or electron
imaging experiments. There are di�erent ways to bring molecules into the gas phase [43–
47]. Some of the methods which bring isolated neutral molecules into gas phase are
described below.

2.1.1 Thermal Vaporization

The conventional way to prepare molecules into gas phase is thermal vaporization [48,49].
Usually the sample is directly deposited as powders in a temperature controlled oven or
valve. Then the sample got heated to a su�cient temperature to vaporize.

Molecules produced by thermal vaporization can be cooled down with supersonic ex-
pansion cooling [48, 50]. The generated vapor from the oven can be mixed with seeding
gases (i.e. helium in 1≥10 bar) and then expanded through a nozzle into vacuum. For
example an Even-Lavie valve can be used to produce pulsed cold molecular beams (≥
20 µs) [51] as shown in Figure 1.1. The initial volatilization of the molecules is prepared by
thermal vaporization. Then the adiabatic jet expansion out of the valve creates collisions

5



2 Conceptional Background

between the sample molecules and carrier gas atoms, which cool the molecule rotational
and vibrational temperatures down to a few K [52, 53]. Even though this volatilization
method creates cold samples, which are required for gas phase experiments such as con-
former separation and laser alignment [54–56], it can only be applied for molecules that are
thermally relatively stable as shown in Figure 1.1. It is not applicable to thermally labile
sample, such as most of biomolecules, which would get destroyed at high temperatures,
or non-volatile molecules which do not vaporize by heating.

2.1.2 Laser Desorption

Laser desorption (LD) overcomes the problem of samples with low vapor pressures and
can vaporize thermally labile samples. The sample molecules are mixed with the matrix
molecules i.e. graphite, 2,5-Dihydroxybenzoic acid, etc. and get deposited on a sample
bar. The mixtures then get irradiated by a laser, resulting in the desorption of matrix and
sample molecules [57–60]. LD prevents damaging sample molecules by depositing most of
the energy into the matrix molecules and fast desorption time reduces thermal transport
to sample molecules. It was already used to transfer biomolecules with masses ranging
in the 10 000 dalton region in the gas phase [61] and coupled with supersonic expansion
for the preparation of cold large molecules [31, 62–68]. But it is not applicable to light
sensitive molecules, as the laser shines on the samples directly.

2.1.3 Laser-Induced Acoustic Desorption

The volatilization method used in this thesis tries to transfer large, thermally labile, non-
volatile, light sensitive neutral molecules into the gas-phase by adapting the laser-induced
acoustic desorption method, which was proposed by Lindner nearly thirty years ago [16].

As illustrated in Figure 2.1, a UV laser beam shines the back of a metal foil with
sample deposited on the front. Thermal and acoustic waves are produced due to the
interaction of laser with the metal foil. When the thermal and acoustic waves propagate
to the other side of the metal foil, they will induce stress on sample molecules, which
are desorbed following. This method avoids the direct shining of laser light on sample
directly, so it can be applied to light-sensitive molecules. The desorption is caused by
acoustic and thermal induced stress, so it can be used to transfer thermally labile or
non-volatile sample into gas-phase.

6



2.2 Photoionization Mechanism

EK and ET355 nm YAG laser

Thermal stress energy

10 μm tantalum foil

glass window

Acoustic and thermal wave
Propagation of acoustic 


and thermal wave

Ablated materials

Figure 2.1: Schematic of working principle of LIAD [69]. See main texts for further details.

2.2 Photoionization Mechanism

With the development of ultrafast laser systems, it opens new dimensions of light matter
interaction. The radiation intensity I = W/(A ··Laser) in a focused laser pulse scales with
the pulse energy W, focal area A, and pulse duration ·Laser. Thus, the ultrashort laser
pulse i.e. femtosecond pulse can generate gigantic electric field strengths, which can be
comparable with the potential valence electron experienced on the molecular orbit. [70]

Atoms and molecules exposed to such extreme conditions, they would be electronically
excited and ionized. There are di�erent ionization regimes defined by the atom or molecule
ionization potential, laser wavelength, laser field strength, etc. Theory to describe the
di�erent ionization process on atoms under laser fields is briefly presented below, and it
can be extended to molecules. That is the case for the experimental parts of this thesis,
we adapted photoionization method to characterize the prepared molecular sources.

2.2.1 Single-Photon Ionization

Single-photon ionization occurs when the energy of a photon is higher than the atom ion-
ization potential Vp. Electrons (usually valence electrons) get exited from the atom/molecule
by a single photon as shown in Figure 2.2(a). Kinetic energy of exited electron is given
by Ekin = h‹ ≠ Vp where h is the Planck constant.

7
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. . . .
Laser fieldLaser field

Laser field Laser field

Coulomb
potential

Coulomb
potential

Coulomb
potential
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a b c d

Figure 2.2: Di�erent ionization mechanisms for atoms or molecules under laser field [71].
a)Single-photon ionization. b)Multi-photon ionization. c)Tunneling ionization. d)Over
the barrier ionization.

2.2.2 Multi-Photon Ionization

When the energy of a photon is lower than the ionization potential Vp, a single photon is
not enough to ionize the atom or molecule, but multi-photon ionization (MPI) could occur
for this case. Electrons get exited from the atom or molecule excited by multiple photons
within the lifetime of the excited state. This can either be achieved over real energy levels
with tunable lasers i.e. dye laser or over imaginary energy levels with relatively high
intensity lasers. For the former case, the ionization can be enhanced due to the resonant
states, so it is also called resonant enhanced multi-photon ionization (REMPI). In the
latter case, the life time of the energy level is determined by the Heisenberg uncertainty
relation �E · �t Ø ~/2. It usually needs a high photon flux to ionize the atom or
molecule due to the very short life time of the imaginary state. At MPI regime the
laser field strength is much less than the electric field for binding the electron in atom or
molecule. Perturbation theory can be applied to explain the MPI process [72]. The rate
�n for an n-photon process is given by:

�n = ‡nI
n (2.1)

where ‡n is the cross section for the event and I is the intensity of the laser. Kinetic energy
of the exited electron that absorbed n photons of frequency ‹ is given by Ekin = nh‹ ≠Vp.
For a Ti:Sapphire laser used in this thesis, it has a central wavelength ⁄ = 800 nm. The
energy of one photon is calculated as hc0/⁄ ¥ 1.55 eV where c0 is the speed of light
in vacuum. To multi-photon ionize phenylalanine with a vertical ionization potential of
Vp = 8.63 eV [73,74], a total of 8.63 eV/1.55 eV ¥ 5.57 < 6 photons are needed.

If more photons are absorbed than necessary for ionization, atoms or molecules can
be above-threshold ionized. It still belongs to multi-photon ionization regime and its
photoelectron emission spectra will show peaks clearly separated in photon energy step.
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2.2 Photoionization Mechanism

2.2.3 Tunneling Ionization

At very high laser field strength, the internal atomic field will be modified substantially
by the external oscillating electric field. In this case, the laser field can’t be treated as
a perturbation any more. It causes the bending of the atomic potential and the creation
of a coulomb wall with a finite tunnel probability of electrons. The resulting potential
V (r, t) is determined by the atomic potential and the electric field of the laser.

V (r, t) = ≠ Ze
2

4fi‘0r
+ eE(t)r (2.2)

where Z is the atomic number of the ionized atom, e is the charge of an electron and ‘0

is the electric field constant. The first term in equation 2.2 is the undisturbed coulomb
potential, while the second term represents the potential generated by the laser.

Since the laser field oscillates, the electrons need to escape from the atom fast enough
before the field reverses. When the tunneling time of the electron is much faster than the
oscillation of the laser field, the laser electric field can be treated as static when tunneling.
Equation 2.2 can be written as below:

V (r) = ≠ Ze
2

4fi‘0r
+ eEr (2.3)

2.2.4 Over the Barrier Ionization

When the laser field is so high that it is even higher than the atomic potential, the bound
electron can thus leave the atom “above-barrier”, so it is termed over-the-barrier (OTB)
ionization. The ionization probability under this regime tends to one. The intensity of a
laser and its electric field are correlated as bellow [75,76]

I = 1
2c0‘0E

2 (2.4)

where c0 is the speed of light in vacuum. The minimum laser intensity Icr for this happens
can be calculated by identifying the maximum of the coulomb wall in equation 2.3 when
ˆV (r)

ˆr = 0 and equating it with the potential V (r) = ≠Vp. Hence the minimum intensity
needed for over the barrier ionization occurring can be calculated with equation 2.3 and
2.4 to:

Icr = fi
2

2
c0‘

3
0

e6
V

4
p

Z2 (2.5)
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2 Conceptional Background

This intensity is also know as the saturation intensity, where all atoms experiencing an
intensity higher than this will be ionized. Spectrum of photoelectrons emitted from tun-
neling ionization or over-the-barrier ionization have a continuous distribution.

2.2.5 Keldysh Parameter

The Keldysh parameter “ was introduced to determine the dominating ionization mech-
anism by Keldysh in 1965 [77]. It is described as below

“ =
Û

Vp

2Up
(2.6)

where Up is the ponderomotive potential. The ponderomotive potential is the “quiver”
energy of a free electron in an AC electric field due to its oscillation. When “ π 1,
tunneling is dominant. When “ ∫ 1, MPI is the dominating ionization mechanism. The
ponderomotive potential is given by

Up = e
2
E

2

4meÊ
2 (2.7)

where Ê is the angular frequency of the electric field, me is the mass of electron. Sub-
stitute Equation 2.7 and Equation 2.4 into Equation 2.6, the Keldysh parameter can be
described as following:

“ =
Û

‘0c0meÊ
2Vp

e2I
= 2.31 ◊ 103

ı̂ıÙ Vp/eV

I/1012Wcm≠2⁄2/nm2 (2.8)

where ⁄ is the wavelength of laser. It is obvious that with the same laser intensity I for
higher angular frequency Ê or shorter wavelength ⁄, the Keldysh parameter will become
larger, which means tunneling ionization is less dominant. In order to allow the electrons
to leave the atom, the tunneling time needs to be smaller than one half of the oscillation
period, say · < 1/(2 Ê). [75] While the angular frequency Ê rises, the tunneling time ·

of an electron (determined by the coulomb wall) stays the same, making it less possible
for the electron to tunnel out of the potential due to the fast oscillation of the laser field.

For experiments conducted in this dissertation, we utilize strong-field ionization (SFI)
to post ionize desorbed neutral plume. The ionization regime ranges between multi-
photon and tunnel ionization regime. SFI is a universal ionization technique since it
does not rely on molecular resonances. But the SFI process can furthermore lead to
fragmentation. Thus, while the use of SFI leads to denser mass spectra due to SFI-
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2.3 X-ray or Electron Di�ractive Imaging

induced fragmentation, it also carries more information as all fragments produced by the
source can be observed. The use of the “fragment-to-parent ratio” allows us to quantify
this fragmentation occurring during the desorption process itself.

2.3 X-ray or Electron Di�ractive Imaging
In order to derive the structural dynamics of gas-phase molecules (i.e. nuclear positions
and electronic densities as a function of time in femtosecond resolution), ultrafast X-ray
or electron di�ractive imaging were commonly used [3, 5, 78–87]. For X-ray, it interacts
with electrons in the molecules and induces quiver motions for the electrons, which emit
photons of the same wavelength due to dipole radiation. For coherent scattering the
photon energy is conserved and the radiation from all electrons corresponding to their
density is superposed coherently. The coherent sum contains structural information of the
molecules [88]. For electron di�raction, incoming electrons are sensitive to both the nuclei
and electrons within the molecules, as they interact with the coulomb potentials [89, 90].
Cross sections for electrons are significantly larger than X-ray photons [91, 92]. But the
number density and pulse duration for electrons are not comparable with fourth generation
X-ray source due to coulomb repulsion of electrons.

Figure 2.3: Sketch of the X-ray or electron coherent di�raction of controlled molecules [3,
5, 7]

Figure 2.3 shows the sketch of X-ray or electron di�raction of controlled molecules.
The green beam shows the prepared cold molecular beam. The molecules are aligned and
oriented under the alignment laser and external DC fields. And then aligned and oriented
molecules are di�racted by X-ray or electron pulses [86, 93, 94]. The di�racted patterns
are recorded by the detector. Each X-ray or electron pulse will shot fresh samples, so the
di�raction before destruction concepts can be applied and it can be also applied for non-
reversible process investigation, as fresh samples are delivered to each X-ray or electron
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2 Conceptional Background

pulse. Because molecules are aligned and oriented, the di�raction signals can be added
up to improve the signal to noise ratio.
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3 Experimental Methods 1

3.1 Introduction

A laser-induced acoustic desorption setup, developed for use at central facilities, such as
free-electron lasers, is presented in this chapter. The setup was developed to prepare
large biomolecules, ranging from amino acids, nucleotides, to peptides, DNA strands,
which are usually thermally labile or light sensitive, into gas phase. The apparatus con-
tains vacuum system, LIAD source, time-of-flight mass spectrometer (TOF-MS), data
acquisition (DAQ) system and optical laser setup, which are presented in following sec-
tions, respectively. Details on the experimental apparatus can be found in section 3.2.
In order to create a stable coverage of sample on the foil, sample was aerosolized using
a gas-dynamic virtual nozzle (GDVN) [36, 37] and deposited on the foil, where it sticks
and rapidly dries out. The novel sample deposition method provides a uniform sample
coverage on the LIAD substrate and hence stable signal intensity for experiments. The
sample preparation method is presented in section 3.3.

3.2 Experimental Setup

3.2.1 Vacuum System

Figure 3.1 shows the schematic overview of the whole setup. The LIAD source and TOF-
MS are housed inside a vacuum chamber, which is evacuated with a turbomolecular pump
(Pfei�er Vacuum HiPace 700) to typical operating pressures of 10≠8 mbar. The TOF-

1This chapter is partly based on the supplementary information of the paper Development and Char-
acterization of a Laser-Induced Acoustic Desorption Source, Zhipeng Huang, Tim Ossenbrüggen, Igor
Rubinsky, Matthias Schust, Daniel A Horke, and Jochen Küpper, Analytical Chemistry 90, 3920–3927
(2018).
I designed the setup together with D. Horke, T. Ossenbrüggen, M. Schust, and J. Küpper. I developed
the sample preparation method and conducted the experiments and data analysis. Together with the
other authors, I discussed the results and wrote the article.
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3 Experimental Methods

Turbo pump

Turbo pump Main chamber

TOF drift tube

Gate valve

MCP

Rotation motor

Figure 3.1: Overview of the LIAD setup, consisting of vacuum system, tape-drive source,
time-of-flight mass spectrometer.

MS microchannel plate (MCP) detector is isolated from the main vacuum chamber by a
gate valve to allow sample exchange without venting the detector. The detector chamber
is pumped by a turbomolecular pump (Pfei�er Vacuum TMU 261) and a pressure of
10≠9 mbar is typically maintained. For the two turbomolecular pumps, they are both
connected to a forevacuum line, which is pumped by a scroll pump (Edwards XDS35i) to
maintain a pressure of 10≠2 mbar. The main vacuum chamber allows optical access for
the desorption and ionization lasers through anti-reflection coated windows.

3.2.2 LIAD Source

The LIAD source utilized a tape-drive method to replenish the sample, which ensured
the interaction point was fixed and undisturbed for prolonged measurement times. A
schematic of the tape-drive LIAD source setup developed in this dissertation is shown in
Figure 3.2. It consists of a sample cartridge “taper platform” containing the sample of
interest deposited on a long foil band. The taper platform, shown in detail in Figure 3.2,
consists of a solid aluminum baseplate, onto which two brass rollers (outer diameter
50 mm) are mounted with grease-free vacuum compatible roller bearings (HWG Horst
Weidner GmbH). Between the two rollers the tantalum foil band containing the molecular
sample is held under tension. One of the rollers is connected via an axle and rotation
feedthrough to a stepper motor (Schneider LMDCE421-G1A9) housed outside the vacuum
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3.2 Experimental Setup

Desorption laser
(355 nm, 8 ns) 

Ionization laser
(800 nm, 40 fs)

UV mirror

Tantalum foil
(10 µm thick)

Taper platform

Repeller plate
Extractor plate

Ground plate

MCP
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X

1500 mm12 mm 12 mm64 mm

Ions

Figure 3.2: LIAD taper platform with sample delivery based on a rotating tape drive.
See text for further details.

to allow motorized rotation at variable speeds. The other roller is freely rotating with an
adjustable resistance. At the front of the platform the foil band is fed over a stainless steel
plate with rounded edges (shown in red in Figure 3.2) to avoid damaging the foil band and
a central hole of 4 mm diameter to allow the desorption laser to reach the backside of the
foil. This stainless steel plate can interlock with a corresponding part (shown in yellow in
Figure 3.2) on the TOF electrode setup to ensure repeatable and correct alignment of the
molecule source to the TOF electrodes. The entire taper platform is mounted on a quick
release platform inside the vacuum chamber and can be quickly exchanged; two stainless
steel dowels ensure repeatable alignment inside the vacuum chamber.

Figure 3.3(a) shows the computer-aided design (CAD) drawing of the rotating tape-
drive LIAD source. It shows how the taper platform is coupled with the time-of-flight
mass spectrometer, and how it connects to the supported posts on the bottom flange.

Figure 3.3(b) shows the dimension and size of the tape drive platform from a top
view. Both rollers have a diameter of around 50 mm and a distance of 110 mm far away.
During data collection the foil band is moved across the desorption laser spot by rotating
the brass rollers, thereby constantly providing fresh sample. The typical speed of the
foil band was on the order of 50 µm/s. The reason for this speed is discussed later in
subsection 4.3.1.

3.2.3 Laser System

The desorption laser, third harmonic of an Innolas Spitlight 600-20 YAG operated at
355 nm (central wavelength) with a repetition rate of 20 Hz and pulse durations of 8 ns
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a b

Figure 3.3: CAD drawing of the LIAD setup with sample delivery based on a rotating
tape drive and coupled with a three-electrode Wiley-McLaren TOF spectrometer. (a)Side
view of the setup; (b)Top view of the tape-drive platform (unit in mm).

(FWHM), focused with a f = 400 mm lens to a spot size of 300 µm (FWHM), gets
coupled in over a mirror inside the vacuum chamber and irradiates the foil on the back
side. The pulse energies could be adjusted with a ⁄/2 wave plate and a polariser or with
the delay between flash lamp and Q-switch of the laser. The spot size, as well as the spot
position on the foil, could be adjusted using translation mounts, onto which the focusing
lens was placed. Typical pulse energy utilized in this thesis is usually at 0.6 mJ.

Molecules are deposited on a 10 µm tantalum foil and desorbed out of the foil by the
desorption laser. Once desorbed, molecules get ionized between the repeller and extractor
plates of the TOF-MS through strong-field ionization, induced by 40 fs (FWHM) pulses
from an chirped pulse amplified Ti:Sapphire laser (Spectra Physics Spitfire ACE). The
ionization laser was focused with a f = 750 mm lens to a spot size of 100 µm (FWHM)
in the interaction region, with typical field strengths on the order of 4 ◊ 1013 W/cm2.

3.2.4 Mass Spectrometer

The LIAD source is coupled with a Wiley-McLaren Jordan linear time-of-flight mass spec-
trometer [38], which determines ions mass-to-charge ratio from their flight time. Figure 3.4
shows the CAD drawing of the mass spectrometer electrodes. The Wiley-McLaren design
TOF has three electrodes (repeller, extractor, ground) with a distance of 12.8 mm between
each other, with a typical mass resolution m/�m > 1000. When running experiments,
electric potential of 4.2 kV and 3.5 kV are usually set for the repeller and extractor elec-
trodes, respectively. Once molecules getting ionized between the repeller and extractor
plates, they are accelerated to the drift tube and then detected by the multi-channel plate
(MCP) detector. The flying time of the created ions are recored by a digitizer, which is
described in subsection 3.2.5. The ion mass-to-charge ratio is proportional to the square
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Figure 3.4: Dimensions of the Wiley-McLaren linear time-of-flight spectrometer [38] (unit
in mm), which is coupled to the LIAD source.

of the time-of-flight, therefore the experimentally measured time-of-flight t of ions can be
converted to their mass-to-charge ratio m/q when the mass of one time-of-flight peak is
known. For the mass spectra recorded in this thesis, the known peaks were either water
ion peak at 18 u or the dominant ion peak, i.e. 74 u fragment ion of phenylalanine, 135 u
molecule ion of adenine and 30 u fragment ion of glycine. These peaks were primarily
used for the mass calibration. The relationship between time-of-flight and mass-to-charge
ratio is shown below. Detailed derivation can be found in appendix section A.2.

m

q
= m1

q1

A
t ≠ t0
t1 ≠ t0

B2

(3.1)

where t0 is the delay between digitizer electronic trigger and ionization laser photons,
m1/q1 and t1 is the known TOF-MS peak.

For the o�set t0, either it can be experimentally determined with a photo diode for
recording the delay between the electronic trigger and photon arriving time to the inter-
action point or it can be derived if two peaks in the TOF spectrum are know. For the
latter case, t0 can be derived from below,

t0 =

t1 ≠ t2

ı̂ııÙ

1
m1
q1

2

1
m2
q2

2

1 ≠
ı̂ııÙ

1
m1
q1

2

1
m2
q2

2

(3.2)

where m2/q2 and t2 is the second known TOF-MS peak.
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With the known t0, experimentally measured time-of-flight can be converted to mass-
to-charge ratio using Equation 3.1. Detailed derivation of calibration equation for ion
time-of-flight to ion mass-to-charge ratio can be found in appendix section A.2.

3.2.5 Data Acquisition

The ion current produced on the MCP detector is read out with a 12 bit digitizer (SP
Devices ADQ412). The bandwidth of the digitizer is 1 GHz corresponding to a time
resolution of 1 ns. Our home developed CMIDAQ software was used to control the digital
delay generator, rotation motor, lens stage motor and acquire data from the digitizer.

The number of ions impacting on the MCP is proportional to the output voltage.
Knowing the output voltage of a single ion impacting on the MCP, we can evaluate
the number of ions detected on the MCP. The ionization laser intensity was reduced so
that only one molecule or less per laser shot was ionized. By plotting histogram of the
integration of parent ion peak, we can distinguish the single ion amplitude on the MCP.
Figure 3.5 shows histogram of the integration of phenylalanine parent ion peak intensity.
A clear two distributions were shown in the figure. The first distribution is coming from
the single ion impacting on the detector and a second distribution is due to two ions
impacting signal. The focus spot size of ionization laser is around 100 µm. The FWHM
of plume transverse spatial profile at 2 mm is around 2 mm. As a result the interaction
volume is around 1.0 ◊ 10≠5 cm3. If assuming the strong-field ionization e�ciency equals
one, number density of the plume can be calculated by dividing the number of parent
ions per laser shot with ionization laser interaction volume. But this value should be
considered the lower limit as it does not account for the contribution from the fragment
ions.
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Figure 3.5: Histogram of the integration of phenylalanine molecule ion peak .
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3.3 Sample Preparation

3.3 Sample Preparation

Preparing a uniform sample layer on the metal foil substrate is crucial for achieving a
stable LIAD source. In order to control the sample preparation process rigidly and get a
uniform layer prepared on the foil, we aerosolized sample molecules using a gas-dynamic
virtual nozzle (GDVN) [36, 37] and deposited this aerosol onto the foil, where it rapidly
dries out and sticks. The sample thickness can be controlled by adjusting the flow rate of
sample through the GDVN, and thereby the aerosol production rate, or by adjusting the
speed of the foil band as it moves through the aerosol beam.

Figure 3.6 shows the schematic of sample preparation setup. The gas dynamic virtual
nozzle was used to create aerosol droplets. The foil band was replenished by a tape-drive
platform. A optical microscope was mounted to monitor the sample deposition on the
foil band in real-time.

Gas-dynamic virtual nozzle

Tape-drive platform

120 μm/s 

Figure 3.6: A diagram of the sample preparation setup (see main text for details). The
tape-drive system drives the foil band across an aerosol beam produced by a gas-dynamic
virtual nozzle to get samples deposited uniformly on the foil band.

In particular for the experiments presented in chapter 4 and chapter 5, we aerosolized
a 0.1 M aqueous solution of sample inside a ceramic injection-molded GDVN with a liquid
inner capillary of 75 µm diameter [36, 37]. A liquid flow rate of 20 min was maintained
and focused at the tip of the nozzle into a thin (several micrometer) liquid jet by helium
focusing gas at 30 bar pressure. After ≥1 mm propagation the liquid jet becomes unstable
and breaks up into small droplets, producing a fine mist of aerosolized particles, which
was deposited onto the foil band placed 40 mm away. The aerosolization and deposition
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process was constantly monitored through a long working distance microscope. The foil
band was advanced at 120 µm/s; thus, it took approximately 140 min to cover the entire
1 m long foil band with sample. By weighing foil bands before and after application of
sample, we can determine an approximate surface coverage of the sample. This should be
considered an upper limit since this estimation is based purely on the weight of applied
material and it is unclear to what extend water remains bound to samples and hence
gets deposited on the foil band, adding to the recorded weight. By varying the foil band
moving speed, we could control the deposited sample layer thickness systematically, as
presented in chapter 6.

a

200 μm

b

Figure 3.7: Optical microscope image of phenylalanine deposited on a 10 µm Ta foil using
aersolization spraying. Images were taken before (a) and after (b) desorption in the LIAD
setup. The latter clearly shows two regions where the desorption laser has depleted the
deposited sample, as indicated by the red framed regions.

A microscope image of a foil band after sample deposition is shown in Figure 3.7 a.
This clearly shows a uniform distribution (If summing up the image intensity horizontally
or vertically, the standard deviation of the summed image intensity is ≥2.4 %) of deposited
small islands of sample across the entire surface. For comparison, we also show an image
of a foil band following desorption of sample in our LIAD setup in Figure 3.7 b. In these
images the sample was moved horizontally with a speed of 50 µm/s while the desorption
laser was on, leading to a dark stripe across the image where the foil is void of sample. The
upper (and darker) gap corresponds to desorption of sample with 2 J/cm2 laser intensity,
which removed nearly all sample from the foil. The lower one was taken with 0.7 J/cm2,
and some sample molecules are observed to remain on the foil band.

Figure 3.8 a shows a microscope image of sample deposited on the foil band after
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Figure 3.8: Optical microscope image of phenylalanine sample spreads on Ta foil band
after desorption in the LIAD setup (a); Sample island size distribution of the area without
desorption (b); Integration of the horizontal pixel intensity of the microscope image along
the vertical axis (c).

desorption. From the area without laser scanning we can see that a uniform layer was
prepared. Figure 3.8 b shows the histogram of sample island spot size distribution from
the area without desorption. The island sizes were determined by circle finding algorithm
of the bright isolated spots. The algorithm finds edges of the bright spots and fits them
with round circles. The circle diameter gives an estimate the sample island size. The
most probable island size is around 9 µm, which is around 1/33 of the desorption laser
focus spot size. In an area of desorption laser spot, there are around 500 sample islands
uniformly distributed. This insures that the signal is stable during sample replenishment.
Figure 3.8 c shows integration of the horizontal pixel intensity of Figure 3.8 a along the
vertical axis. It gives information of the desorption area width at two di�erent desorption
laser intensities. The vertical width of desorption lines is approximately 200 µm, which
is a bit smaller than the FWHM of desorption laser focus spot size (300 µm). The width
of desorbed area also contains information of desorbed plume initial spatial distribution,
which will be discussed in chapter 4.

3.4 Summary
A laser-induced acoustic desorption setup for preparing large biomolecules into gas-phase,
coupled with a time-of-flight mass spectrometer, was presented in this chapter. Di�er-
ent parts of the apparatus were described throughly. In summary, the vacuum system
maintains a 10≠8 mbar and 10≠9 mbar pressure for the source chamber and detector cham-
ber, respectively. The laser system contains a third harmonic Nd:YAG nanosecond laser
and a Ti:sapphire femtosecond laser for sample desorption and strong-field characteriza-
tion respectively. These two lasers are synchronized with a digital delay generator. The
DAQ system ensures fast data read out from the MCP detector and parameter scanning.
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A novel sample preparation method with depositing aerosols onto the foil substrate to
produces uniform sample layers was introduced. The uniform distributed sample layer
ensured the LIAD source was stable. The sample preparation was usually conducted in
a conventional fume hood. And then the prepared sample was installed into the vacuum
chamber for experiments. A detailed characterization of the LIAD source will be discussed
in chapter 4.
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4 Characterize the Laser-Induced Acous-
tic Desorption Source 1

A laser-induced acoustic desorption source, developed for use at central facilities, such as
free-electron lasers, is presented in chapter 3. It features prolonged measurement times
and a fixed interaction point. A novel sample deposition method using aerosol spraying
provides a uniform sample coverage and hence stable signal intensity. Utilizing strong-field
ionization as a universal detection scheme, the produced molecular plume is character-
ized in terms of number density, spatial extend, fragmentation, temporal distribution,
translational velocity, and translational temperature. The e�ect of desorption laser in-
tensity on these plume properties is evaluated. While translational velocity is invariant
for di�erent desorption laser intensities, pointing to a non-thermal desorption mechanism,
the translational temperature increases significantly and higher fragmentation is observed
with increased desorption laser fluence.

4.1 Introduction

Recent years have seen the development of several techniques to control isolated neutral
molecules in the gas-phase. Molecular beams of polar molecules can be dispersed with
strong inhomogeneous electric fields, producing pure samples of individual conformers,
cluster stoichiometries or even single quantum-states [8,9,11,95–98]. We can, furthermore,
control the alignment and orientation of complex gas-phase molecules in space [13–15,54],
allowing one to extract molecular-frame information, such as nuclear or electronic struc-

1This chapter is based on the paper Development and Characterization of a Laser-Induced Acoustic
Desorption Source, Zhipeng Huang, Tim Ossenbrüggen, Igor Rubinsky, Matthias Schust, Daniel A Horke,
and Jochen Küpper, Analytical Chemistry 90, 3920–3927 (2018), DOI: 10.1021/acs.analchem.7b04797,
arXiv: 1710.06684 [physics].
I designed the setup together with D. Horke, T. Ossenbrüggen, M. Schust, and J. Küpper. I developed
the sample preparation method and conducted the experiments and data analysis. Together with the
other authors, I discussed the results and wrote the article.
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tures, from these samples [99, 100]. In combination with the technological developments
in free-electron laser (FEL) ultrafast x-ray sources, now providing millijoule-level pulses of
hard x-rays with sub-100 fs pulse durations, these control techniques open up the potential
to image isolated biomolecules and particles with femtosecond temporal and picometer
spatial resolution [3, 5, 7, 101].

The realization of these experiments crucially depends on a high-density source of
intact molecules in the gas-phase, ready for further manipulation and experiments. While
for many small stable compounds this is easily achieved using thermal vaporization and
seeding into a molecular beam, this approach is not feasible for thermally labile or non-
volatile species – such as most larger biochemically relevant molecules, and biological
species in general. Therefore, these samples, which are one of the primary driving forces
behind FEL facilities, require the development of gentle vaporization techniques, that
still produce a pure and high-density sample of molecules in the gas-phase. Furthermore,
technical requirements for central-facility experiments, such as a well-defined and fixed
interaction point and capabilities for long uninterrupted measurements times, need to be
fulfilled.

One approach to achieve relatively dense ensembles of labile neutral molecules is laser-
induced acoustic desorption (LIAD), which has been introduced over 30 years ago [16],
but received relatively little attention since. What sets LIAD apart from other laser-
based vaporization techniques, such as laser desorption [102], is that it avoids any direct
interaction between the desorption laser and the molecular sample, making this technique
applicable to light-sensitive and labile compounds. The basic principle of LIAD is that
samples get deposited on one side of an opaque substrate – often a thin metal foil – while
the other side of this substrate gets irradiated with a laser pulse. This laser pulse induces
an acoustic or thermal wave in the substrate, which travels through the material and leads
to desorption of molecules on the front side. The physical mechanism behind this desorp-
tion process is currently very poorly understood, i. e., even the nature of the desoprtion
process (thermal, acoustic, stress-induced) is not clearly established and, furthermore, it
is highly dependent on the employed substrate and sample preparation method [35].

Nonetheless, the LIAD technique has been used in a number of mass spectrometry
studies [19–21]. Notably, the Kenttämaa group coupled LIAD to a Fourier transform ion
cyclotron mass spectrometer [22–24] and a quadrupole linear time-of-flight mass spec-
trometer [25, 26]. They used this source to study peptides and large organic compounds
up to ≥500 u mass. Recently, the LIAD methodology has also been applied to study
the dynamics of intact aminoacids on the femtosecond and attosecond timescale using
ion-yield and photoelectron spectroscopy [28–30]. In a seminal paper in 2006, Peng et al.
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showed the applicability of LIAD to significantly larger systems and particles, successfully
desorbing viruses, bacteria and cells and storing them in a quadrupole ion trap for pre-
cise mass measurements [20, 27]. The Campbell group furthermore established a closely
related technique, termed “laser-induced forward transfer” for the gentle vaporisation of
large nanoparticles [103,104].

Here, we present our new LIAD-source setup, designed for use in central facilities
such as free-electron lasers or advanced-table-top-laser user facilities. It allows for pro-
longed measurement times through automatic sample replenishment, whilst keeping the
interaction point fixed. This is realized through the use of a long metal tape as the
LIAD substrate, which is constantly forwarded – akin to an old-fashioned cassette tape
– to provide fresh sample. A reproducible layer of molecules is prepared on this foil
by spraying aerosolized samples onto the band. This technique yields a stable and re-
producible signal for many hours of measurement time. As a test system we use the
amino acid phenylalanine and characterize the produced molecular plume using strong-
field ionization, evaluating the number density, spatial extend and temporal distribution.
By convoluting the initial plume temporal distribution with a Maxwell-Boltzmann ve-
locity distribution, the forward velocity and the translational temperature in the moving
frame were derived. While the velocity does not increase with desorption laser intensity,
the translational temperature does increase and, furthermore, we observe enhanced frag-
mentation. These observations are consistent with a desorption model based on surface
stress between the foil band and islands of deposited molecules, which was previously
proposed [35].

4.2 Experimental Method

A schematic of our new LIAD setup is shown in Figure 3.2; further details regarding the
setup and sample preparation are given in the chapter 3. Briefly, sample is deposited on
the front side of a tantalum foil band of 10 µm thickness and 10 mm width, while the
backside gets irradiated with a pulsed desorption laser. We use tantalum as a substrate
due to its very high melting point of 3290 K and hence its ability to withstand higher
desorption laser intensities. During data collection the foil band is constantly moved
across the desorption laser spot to provide fresh sample, as further discussed below. In
order to create a stable coverage of sample on the foil, we aerosolized samples using
a gas-dynamic virtual nozzle (GDVN) [36, 37] to create and deposit an aerosol on the
foil, where it sticks and rapidly dries out. Full details of the sample preparation and
deposition process, including details regarding sample concentration, spray rate, speed of
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4 Characterize the Laser-Induced Acoustic Desorption Source

the foil band, and an estimate of total deposited material are given in the section 3.3.
Molecules are desorbed using ≥8 ns duration laser pulses at 355 nm, focused to a

300 µm (FWHM) spot on the foil. Desorbed molecules are strong-field ionized by 40 fs
pulses from a Ti:Sapphire laser, with typical field strengths of 4 ◊ 1013 W/cm2. Produced
cations are detected by a conventional linear time-of-flight mass spectrometer (TOF-MS),
with a typical mass resolution m/�m > 1000.

4.3 Results and Discussion

4.3.1 Characterizing LIAD by strong-field ionization

In order to characterize the molecular plume desorbed from the metal foil band we uti-
lize strong-field ionization from a focused femtosecond Ti:Sapphire laser as an universal
probing scheme [28,67]. The observed time-of-flight mass spectrum of phenylalanine (PA)
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Figure 4.1: Mass spectrum of phenylalanine; (a) recorded using LIAD and strong-field
ionization from a femtosecond laser beam and (b) reference spectrum for electron impact
ionization [105]. The intensity in both spectra is normalized to the dominant mass peak
at 74 u.

is shown in Figure 5.1 and compared to a literature spectrum obtained using electron-
impact ionization (EI) [105]. Both spectra are normalized to the intensity of the most
abundant fragment at mass 74 u, corresponding to loss of a benzyl-radical fragment from
PA. It is evident that both ionization schemes strongly induce fragmentation, however
we do note that using SFI a significant contribution from intact PA is observed at 165 u;
this could even be enhanced using improved laser pulses [28]. We observe no evidence
in the mass spectrum for the production of larger clusters of PA, and hence attribute
this channel to intact PA monomers desorbed from the foil. Furthermore, we observe an
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4.3 Results and Discussion

additional fragmentation channel in the SFI data, loss of a C-NH2 group (28 u), which
is absent in the EI mass spectrum. These spectra clearly demonstrate the production of
intact PA following desorption from the foil band. We do not observe the emission of any
tantalum atoms or clusters from the foil band, which would easily be ionized by the SFI
probe, since the ionization potential of tantalum is lower than of PA. This indicates that
the desorption laser does not penetrate through the foil band nor ablate metal from the
foil by other means. We further discuss the observed fragmentation in subsection 4.3.3
below.
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Figure 4.2: (a) Parent ion yield as a function of desorption laser shot without sample
replenishment. Data have been averaged over 30 shot-wide intervals, represented by the
horizontal bars; the solid line corresponds to a power-law fit. (b) Parent ion signal as a
function of desorption laser shot while moving the foil band at 50 µm/s. The blue line
corresponds to single-shot measurements, red markers correspond to averaged data for 50
shots, showing a standard deviation below 10%.

To assess the depletion of deposited sample from the foil and to determine the required
moving speed of the foil band for sample replenishment, we measured the parent ion yield
as a function of the number of desorption laser shots onto the same spot. The resulting
intensities are shown in Figure 4.2 a, where the solid line represent a power-law fit of the
form y = A◊x

n, with a fitted exponent of n = ≠0.68±0.03. We observe a rapid decay of
signal, with signal levels falling to around 10% after 330 desorption laser shots. Similar
power-law behavior has previously been observed and rationalized with the existence of
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4 Characterize the Laser-Induced Acoustic Desorption Source

several isolated desorption centers on the foil surface [35]. This is consistent with our
observation of many large crystalline islands on the foil surface, see Figure 3.7, many of
which fall within the desorption laser spot size.

During further data collection the foil band is continuously moved at 50 µm/s, corre-
sponding to a movement to a new sample spot every ≥120 desorption laser shots. The cor-
responding shot-to-shot signal stability for the moving foil band is shown in Figure 4.2 b.
The signal exhibits large fluctuations with a single shot standard deviation of 70% of the
mean value. No long-term drift of the overall signal levels is observed. Averaging over
50 desorption laser shots reduces the standard deviation to below 10%, as indicated by
the red markers and error bars in Figure 4.2. Further data points in this manuscript are
typically averaged over 1200 desorption laser shots, resulting in a standard deviation of
≥2.5%.

4.3.2 Molecular Plume Properties

In the following we investigate the spatial extent, density, velocity, and translational
temperature of the “plume” of molecules desorbed from the foil band. We estimate
absolute number densities from ion counting measurements and the known interaction
volume as defined by our ionization laser, as described in section 3.2. In Figure 4.3 a we
show the measured number density of parent ions in the center of the desorbed plume
as a function of distance from the foil band. We note that the shown densities are lower
limits, since their calculation assumes an ionization e�ciency of 1 for SFI and considers
the measured intact parent ions only, such that any fragmentation induced by the SFI
probe will reduce the derived density. The obtained densities exhibit approximately an
inverse-square-law behavior with distance from the desorption spot on the foil, since the
expansion along the laser propagation direction is not reflected in the measurements due
to the large Rayleigh length of the ionization laser (zR ¥ 38 mm). We note that the data
point closest to the foil band for the measurement at 0.64 J/cm2 shows a significantly
lower than expect density, which we can only explain with a lower density of molecules
attached on the desorption foil band for this measurement, due to some instability during
the aerosolization process.

We assess the spatial extent of the plume, i. e., the transverse profile, by translating
the ionization laser in height along the y-axis as defined in Figure 3.2, across the plume
of molecules. This is shown in Figure 4.3 b for three distances between the foil band
surface and the interaction point. The initial profile close to the foil band is very narrow,
with a FWHM of ≥0.6 mm after 0.5 mm of free flight. The plume of desorbed molecules
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Figure 4.3: (a) Parent ion number density as a function of distance from the foil band,
showing inverse-square law behavior. (b) Transverse profile of the molecular plume at
three distances from the foil band. Gray shading corresponds to the measured acceptance
of the TOF spectrometer, such that the measurement at 4.5 mm does not represent the
actual spatial extend of the plume, but the limits of the experimental acceptance. Solid
lines correspond to Gaussian fits to the data.
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then rapidly spreads out, reaching a FWHM of around 2 mm after 2.5 mm propagation
and within 4.5 mm of free flight the extent of the plume exceeds the spatial acceptance
of the TOF ion optics (indicated by the gray shading in Figure 4.3 b), such that no
accurate data can be measured at larger separations. This rapid di�usion of the plume in
space is consistent with the fast drop in density observed as the distance between the foil
band and the interaction point is increased, Figure 4.3 a, and indicates rapid di�usion of
the molecular plume in space following desorption from a well-defined spot defined by the
desorption laser profile. To investigate the longitudinal extend and velocity of the plume of
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Figure 4.4: (a) Normalized temporal profiles of intact parent ions following desorption
with 0.8 J/cm2, recorded for di�erent distances from the foil band. Solid lines corre-
spond to a fit with a Maxwell-Boltzmann distribution convoluted with the desorption
time distribution. (b) Normalized temporal profiles of intact parent ions for di�erent des-
orption laser intensities and otherwise identical settings, obtained at z = 6.5 mm. While
the most probable velocity is approximately constant, the larger desorption laser fluence
clearly leads to a much broader velocity distribution.

desorbed molecules we measure mass spectra as a function of delay between the desorption
and ionization lasers, and at di�erent distances from the foil band. Results for the intact-
parent-ion yield following desorption with a fluence of 0.8 J/cm2 are shown in Figure 5.4 a.
Similar data for other desorption fluences are shown in the supplementary data. It is very
clear that even when the interaction point is very close to the foil band a broad temporal
profile is observed, lasting several tens of µs, much broader than the 8 ns duration of the
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desorption-laser pulse. At larger distances from the foil band these distributions widen
considerable more, demonstrating that during free flight through the vacuum chamber the
plume spreads out also in the longitudinal direction. We identify two physical origins for
the observed profiles and their temporal evolution; (i) the desorption process itself that
does not release molecules at one instant in time, but with a certain temporal and kinetic
energy distribution and (ii) the propagation of molecules in free flight with a certain finite
translational velocity distribution. Whereas (i) contains information about the physical
desorption mechanism from the foil, the translational velocity spread from (ii) corresponds
to the translational temperature in the moving frame of the molecules.
Assuming an equilibrated thermal distribution of molecules in the moving frame, we can
model the velocity distributions with a modified Maxwell-Boltzmann distribution, where
we have introduced the parameter v0,z as a velocity o�set (or stream velocity) in the z-
direction. This accounts for the forward momentum by the desorption process [106,107],

f(v̨) =
A

m

2fikBT

B3/2

e

≠m(v2
x+v2

y+(vz≠v0,z)2)
2kBT dvx dvy dvz. (4.1)

Here, m denotes the molecular mass, vx, vy, and vz the velocity components along the
axes as defined in Figure 3.2, kB the Boltzmann constant and T the equilibrium transla-
tional temperature of the plume in the moving frame of reference. We can simplify this
expression further by considering the actual volume of the plume probed in the experi-
ment. For these measurements the ionization laser was placed vertically in the transverse
center of the plume, y = 0. Due to the small spot size of the laser (100 µm), vy = 0 can be
assumed for the probed molecules. Similar arguments hold for the other transverse direc-
tion, x. While the Rayleigh range of the ionization laser (zR ¥ 38 mm) is non-negligible
compared to the plume dimensions, the focal point was located in the center of the plume
and hence the average velocity in the x direction is also zero. Taking these simplifications
into account and re-normalizing the distribution we obtain

f(v) = f(vz) =
Û

m

2fikBT
e

≠m(vz≠v0,z)2

2kBT dvz. (4.2)

Since the experiment does not measure velocities directly, but rather the time t it takes
molecules to travel a certain distance l, we can substitute for vz = l

t≠t0
, where t0 accounts
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for any temporal o�set from the desorption process.

f(t) =

Y
____]

____[

0 if t Æ t0

l
(t≠t0)2

Ò
m

2fikBT e

≠m

1
l

t≠t0
≠v0,z

22

2kBT dt if t > t0

(4.3)

While this simplified Maxwell-Boltzmann picture describes the velocity distribution re-
sulting from the finite translational temperature of the molecular plume, it does not take
into account the broad distribution of desorption times from the foil band. Since so far no
quantitative model is available to describe this desorption process accurately, we take the
experimental data measured closest to the foil band, here 0.5 mm, as a measure of the des-
orption time distribution. While this distribution has already been influenced by a short
free-flight propagation, it is nonetheless the one that most closely resembles the actual
time-dependence of the desorption process. Given the measured plume velocities, it takes
around 2 µs for the propagation of 0.5 mm, whereas the observed temporal distributions
are significantly wider, justifying this assumption.

To fit the measured data from Figure 5.4 a, we numerically convolute this experimental
temporal desorption distribution with the Maxwell-Boltzmann model of the free-flight
propagation. We then perform a global fit of the data for all propagation distances l

simultaneously using a common temperature T and o�set velocity v0,z, while we introduce
only a single linear scaling parameter for the di�erent data sets. The latter essentially
accounts for the drop in intensity along the probed center-line of the plume. The results of
this fit for a desorption laser fluence of 0.8 J/cm2 are shown as solid lines in Figure 5.4 a,
with data for other laser fluences provided in the appendix. The obtained translational
temperatures and forward velocities are summarized in Table 4.1.

Table 4.1: Measured translational velocities and temperatures in the moving frame for
di�erent desorption laser intensities.

Desorp. Fluence (J/cm2) T (K) v0,z (m/s)
0.32 594 233
0.48 679 234
0.64 715 265
0.80 758 224

We observe a strong, nearly linear, dependence of the translational temperature of
the molecular plume on the fluence of the desorption laser. Even at the lowest fluence
used a translational temperature of nearly 600 K is obtained. In the current experimental
setup using strong-field ionization we cannot measure the internal (vibrational or rota-
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tional) temperature directly. However, given the large density of states in systems such
as phenylalanine, and the microsecond timescales of the desorption process, we can as-
sume a large degree of thermalization between the di�erent degrees of freedom. Thus the
measured translational temperatures can be considered as a good indicator of the internal
temperature of desorbed molecules.

Unlike the temperature, the observed forward velocity appears to be approximately
constant for the di�erent desorption laser fluences. The slightly elevated velocity for the
measurement at 0.64 J/cm2 could be due to instabilities in the sample preparation for this
measurement, as mentioned above. Similar observations of identical forward velocity have
been previously reported [24, 35]. This invariability of the velocity with desorption laser
fluence suggests that this might be determined by material properties of the substrate
and the molecular sample.

Figure 5.4 b shows the yield of intact parent ions as a function of desorption laser-
ionization laser delay for di�erent desorption fluences. While the peaks of the distribu-
tion overlap in time the distribution is significantly broader for higher fluences. These
observations fully support our finding of a constant translational velocity, but increasing
translational temperature as the desorption laser fluence is increased (vide supra).

4.3.3 Molecular Fragmentation

In how far the observed fragmentation is due to the desorption or the strong-field ion-
ization process is hard to assess from the mass spectra in Figure 5.1 alone. In order
to disentangle these contributions, we collect mass spectra for di�erent ionization and
desorption laser intensities.

Figure 4.5 a shows the ion yield for the PA parent and the three dominant fragments as
a function of ionization laser intensity, with all ion channels showing a steep increase with
increasing laser intensity. These data were fit with a power-law dependence of the form A◊
x

n. Figure 4.5 b further shows the ratio of fragment-to-parent ion intensities for the three
dominant fragments, i. e., comparing the relative intensities of the two respective channels.
We observe only a very slight increase in fragmentation as the laser intensity increases,
in good agreement with previous studies suggesting that strong-field ionization induced
fragmentation is very sensitive to the employed pulse duration, but not the intensity [28].

Figure 4.5 c shows the dependence of ion yields on the intensity of the desorption laser
and Figure 4.5 d the corresponding fragment-to-parent ratios. The overall measured ion
intensities are again well described by a power-law fit and show a steep increase for higher
intensities, especially noticeable for fragment ions. This is confirmed by the fragment-to-
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parent ratios, which also significantly increase with laser intensity, indicating enhanced
fragmentation. Thus, the desorption-laser interaction clearly induces fragmentation, ei-
ther directly during the desorption process or thereafter, but prior to ionization, i. e., as
molecules travel through the vacuum chamber toward the interaction point. To test the
latter, we recorded mass spectra at di�erent distances behind the foil band, changing
the laser-laser delay such that we always probe the highest density part of the molecular
plume, i. e., we follow the center of the plume as it travels through the vacuum chamber.
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Figure 4.6: (a) Fragment-to-parent ratio recorded at the peak of the molecular plume den-
sity for di�erent distances behind the foil band. No significant increase in fragmentation is
observed as the plume travels through the vacuum chamber. (b) Fragment-to-parent ratio
throughout the molecular plume recorded 6.5 mm behind the foil for di�erent desorption
laser intensities. Molecules desorbed shortly after the arrival of the desorption laser show
significantly higher fragmentation than molecules desorbed later.

This data is shown in Figure 4.6 a, collected for distances of 0.5–10.5 mm between the
foil band and the interaction point, which corresponds to flight times of around 0–50 µs.
Over this distance we observe no significant increase in fragmentation. This indicates that
the observed fragmentation occurs on much faster timescales, i. e., most likely during the
desorption process itself, either while molecules are still attached to the metal substrate
or very shortly after desorption into the gas-phase.
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We now consider the distribution of fragments within a single plume coming from
the foil band, i. e., if the fragmentation changes depending on which part of the plume
is observed. This is shown in Figure 4.6 b, where we plot the fragment-to-parent ratio
for the most abundant molecular fragment as a function of desorption-laser-to-ionization-
laser delay for a fixed distance from the foil band, i. e., 6.5 mm. We observe an initial
peak in the fragment-to-parent ratio at the onset of desorption, i. e., the “front” part of
the molecular plume, which then decreases on a timescale of tens of microseconds. These
timescales are consistent with thermal processes, in particular we associate the observed
distribution with the rapid heating of the foil band by the nanosecond laser pulse, causing
increased fragmentation, followed by slow dissipation of the thermal energy, i. e., cooling
down of the front surface and, hence, reduced fragmentation.

Further evidence that the fragmentation occurs during the desorption process and
that it is of a thermal nature comes from the comparison of the fragment-to-parent ratios
throughout the plume for di�erent desorption laser fluences, also shown in Figure 4.6 b.
These clearly show that the highest degree of fragmentation occurs for the most intense
desorption laser pulse. This is also consistent with the higher translational temperatures
derived for these conditions. Once the foil band cools down, i. e., at longer desorption-
laser-to-ionization-laser delays, the fragment-to-parent ratio approaches an asymptotic
value independent of initial desorption conditions.

4.3.4 Nature of the Desorption Process

Several possible mechanisms have been suggested in the literature for the underlying
physical processes occurring in the LIAD process [17, 18, 35, 104]. It is important to note
that the experimental conditions for the di�erent published LIAD-based molecule sources
in the literature are very di�erent; pulsed [28,35] and continuous [30,108] desorption lasers
are used and sample preparation methods vary greatly, from the thick sample layer used
here of ≥500 nmol/cm2 [108,109], to intermediate thicknesses of tens of nmol/cm2 [23,24],
to near-monolayer coverage in other studies [35]. As such, we do not aim to provide a
general model for the LIAD mechanisms, but seek to explain our observations and compare
these with previous studies where applicable.

One of the suggested desorption mechanisms, and indeed the origin of the term “acous-
tic desorption” [17,18], is the direct momentum transfer from a shock wave induced by the
desorption laser in the foil band to the sample molecules. The data presented here firmly
rules out this mechanism for our molecule source. We observe a slow rise in molecular
signal on the order of ≥10 µs, see Figure 5.4, which is not compatible with molecules
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being “shaken o�” by an impulse traveling through the foil, as this should lead to a sharp
sudden onset of signal as the impulse reaches the front surface, followed by an immediate
drop as the impulse is reflected on the surface. Additionally one might expect to observe
a periodic revival of signal as the impulses bounces back and forth within the metal foil.
We observe no evidence for this behavior in our data. Furthermore, the travel time for a
mechanical wave through a 10 µm tantalum foil is approximately 2 ns [110], significantly
shorter than the delay we observe between the desorption laser impacting on the foil and
molecules being desorbed. A purely acoustic desorption mechanism would, furthermore,
not explain the observed increase in fragmentation for increased desorption laser fluences.
Similar observations have been made previously for a pulsed LIAD setup, and the “shake
o�” mechanism similarly discredited [35].

The other conceptually simple mechanism behind the observed desorption of molecules
is a simple thermal one; the incident laser pulse heats up the material from the backside
and this thermal energy then di�uses to the front of the foil where it heats up molecules
and they eventually desorb. However, the observation that the velocity and, therefore,
the kinetic energy of desorbed molecules is independent of the incident desorption laser
power and thus surface temperature is not compatible with a purely-thermal desorption
model.

The observation that the kinetic energy of desorbed molecules is independent of des-
orption laser fluence indicates that this is determined by material properties of the foil
substrate and/or the molecular sample. This observation, along with the increase in trans-
lational temperature in the moving frame, is consistent with a desorption model proposed
by Zinovev et al. [35]. They explain the LIAD process by an introduction of surface
stress between the substrate and the molecular sample – located in isolated islands on
the substrate – due to the acoustic and/or thermal wave created by the desorption laser.
This surface stress can lead to elastic deformation, decomposition, and cracking of sample
islands on the foil band and, eventually, to desorption of molecules. In this conceptual
model the kinetic energy transferred to a desorbing molecule is independent of the total
incident laser power, and rather depends on the intrinsic characteristics of a given sample
island and substrate. A higher laser fluence leads to the introduction of more surface
stress and the formation of more cracks and deformation sites, leading to an increase in
molecular signal, but does not influence the amount of kinetic energy per molecule. At
the same time we note that due to thermal conductivity the higher temperature of the
substrate reached for higher desorption laser fluences will also heat up deposited sample
molecules due to thermal conduction, leading to internally hotter molecules, increased
fragmentation as well as higher translational temperatures.
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While it is di�cult to theoretically model the amount of energy transferred to each
desorbed molecule, Zinovev et al. provide a simple formula to estimate the energy per
analyte molecule based on material properties and thermal stress theory [35]. Based on
this we estimate 25 – 100 meV of energy per molecule for temperature di�erences of
�T = 100 – 200 K. 2 This is well within the range of the measured kinetic energy per
molecule which is, based on the average velocity observed, around 50 meV. Thus, our data
is fully supportive of the proposed surface stress model.

4.4 Conclusion

We presented an advanced LIAD source for the preparation of gas-phase samples of la-
bile molecules, designed for the use at central-facility light sources such as free-electron
lasers. It features a prolonged continuous measurement time through automatic sample
replenishment using a long foil band, as well as a fixed interaction point. Uniform sample
preparation on the long substrate was achieved using an aerosol spraying method based
on thin liquid jets. We have characterized the new source using phenylalanine as a sample
molecule and strong-field ionization as a universal probe method. We observe a significant
fraction of intact molecules being desorbed from the foil, with number densities around
2 ◊ 108 cm≠3 close to the foil band. Due to fragmentation processes induced by the
femtosecond laser probe, this should be treated as a lower limit. The spatial extend of
the molecular plume rapidly spreads out from the point of desorption, leading to a corre-
sponding drop in density with increasing distance from the foil band. The plume forward
translational velocity and temperature in the moving frame are derived by convoluting
a Maxwell-Boltzmann velocity distribution with the initial temporal profile near the foil
band. The forward velocity, and hence kinetic energy, of molecules desorbed from the foil
does not depend on the desorption laser intensity. In contrast to this, the translational
temperature clearly increases with increasing desorption intensity. We investigated the
fragmentation processes and observe increased fragmentation at higher desorption laser
intensity, consistent with the translational temperature behavior. Furthermore, we show
that the amount of fragmentation depends on the time of desorption from the foil: shortly
after the laser pulse molecules are observed to be hottest, and subsequently they cool down
on thermal timescales (10s of µs) as the substrate itself cools down. These observations
are fully supported by the previously proposed surface-stress model of the LIAD process.

2We evaluated the energy release per molecule based on the known physical constants for an-
thracene [111], since data for PA was not available. The thermal expansion coe�cient of the film is
assumed to be 2.8 ◊ 10≠4 K≠1.
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4.4 Conclusion

Our characterization measurements show that our new source produces a stable high-
density signal of intact molecules in the gas-phase. With automatic sample replenishment
it provides very long continuous measurement times. The produced molecular plume is
well suited for further gas-phase experiments and manipulation, and work is currently
underway towards integrating this source into a bu�er-gas-cooling setup for the pro-
duction of cold molecules [112], which can then be further manipulated using electric
fields [8]. One could also envision to make use of this desorption technique for the en-
trainment of molecules into supersonic beams, similar to matrix-assisted laser desorption
approaches [67]. Furthermore, we are working towards a better understanding of the des-
orption mechanism and its dependence on the sample layer thickness and sample itself
in order to successfully apply our new source to the gentle vaporization of more labile
biological samples.
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5 Laser-Induced Acoustic Desorption
of Thermally Stable and Unstable
Molecules 1

We evaluated the e�ect of the laser-induced acoustic desorption (LIAD) process on ther-
mally stable and unstable biomolecules. The thermally stable adenine molecules were
prepared fully intact in the gas-phase, while thermally labile glycine molecules exhibited
some fragmentation. We observed a rise in translational temperature of the produced
molecules plume with increasing desorption laser intensity, while its forward velocity was
invariant with respect to the desorption laser intensity for both glycine and adenine.
The forward kinetic energy was in the range of the surface stress energy, which supports
the previously proposed stress-induced desorption model for the laser-induced acoustic
desorption process.

5.1 Introduction
Laser-induced acoustic desorption [16, 17] is a promising technique to bring thermally
labile, light sensitive and non-volatile molecules into gas phase. It relies on samples
being deposited as a thin layer on a metal foil, typical foil thickness of around 10 µm,
which are then desorbed by irradiating the backside of the foil, i. e., the side without
sample, with a nanosecond laser. As this method avoids direct contact between the
desorption laser and sample, it is especially suitable for light-sensitive and labile samples
and has been demonstrated for bringing biological systems ranging from amino acids [28–
30, 113], through peptides [23–25] and even entire viruses, bacteria and cells [20, 27] into

1This chapter is based on the paper Laser-Induced Acoustic Desorption of Thermally Stable and Un-
stable Molecules, Zhipeng Huang, Daniel A Horke, and Jochen Küpper, Under review, arXiv: 1811.05925
[physics].
I conducted the experiments. Together with Daniel A. Horke, I conducted the data analysis. Together
with all other authors, I discussed the results and wrote the article.
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5.2 Experimental Method

the gas-phase. Such LIAD-based molecule sources have been applied to mass spectrometry
studies [19–21,114], gas-phase chemical reactions [115,116], and even attosecond dynamics
experiments [28–30]. They are further promising large-molecule sources for use in matter-
wave interferometry [117, 118] and single-particle imaging experiments at free-electron
lasers [3, 119].

We have previously demonstrated and characterized our newly designed LIAD source,
featuring constant sample replenishment using a tape-drive to deliver fresh sample, and
prepared a high-density plume of phenylalanine [113]. We observed that increasing the
pulse energy of the desorption laser lead to an increase in the observed fragmentation, as
studied using strong-field ionization. It furthermore lead to a significant increase in the
translational temperature of desorbed molecules. In this contribution we investigated how
the LIAD source parameters, such as desorption laser intensity and desorption-ionization
timing, a�ected the produced molecular plume for thermally stable and thermally unsta-
ble biological molecules, using adenine and glycine as prototypical examples [120, 121].
Our results confirmed the previous assignment of a desorption model based on surface
stress on sample islands deposited on the foil, as evidenced by the combination of an
invariance of the molecular plume velocity on the desorption laser intensity, but an in-
crease of the translational temperature [35, 113]. For the thermally labile glycine sample
we found that fragmentation can occur during the propagation of the molecular plume in
the vacuum chamber following desorption. These molecules were found to possess trans-
lational temperatures above the decomposition threshold. If there is a full thermalization
of internal and external degrees of freedom, which seems reasonable given the involved
microsecond timescale desorption process, this would explain the increased fragmentation
during free flight propagation for thermally labile glycine molecules after desorption.

5.2 Experimental Method

Detailed descriptions of our experimental setup and sample preparation method were given
in the chapter 3. Briefly, samples were deposited on the front surface of a 10 µm thick,
10 mm wide and 1 m long tantalum foil band. In order to create a stable coverage of sample
on the foil, sample was aerosolized using a gas-dynamic virtual nozzle (GDVN) [36, 37]
and this aerosol deposited on the foil, where it sticks and rapidly dries out. The surface
coverage of adenine and glycine on the foil was around 600 nmol/cm2 and 400 nmol/cm2,
respectively, as determined by weighing foil bands before and after sample deposition.
To desorb molecules, the back surface of the foil was irradiated by a 355 nm laser pulse
with 8 ns duration at a repetition rate of 20 Hz, focused to a spot size of around 300 µm
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5 Laser-Induced Acoustic Desorption of Thermally Stable and Unstable Molecules
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Figure 5.1: Mass spectrum of adenine and glycine recorded using strong-field ionization
with a field strengths of 4 ◊ 1013 W/cm2(blue) and electron impact ionization (red) [105].
Both are normalized to the dominant mass-to-charge ratio peak.
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5.3 Results and Discussion

(FWHM) on the foil. Sample was constantly replenished during operation by forwarding
the foil band with a velocity of ≥ 50 µm/s. Desorbed molecules were ionized using strong-
field ionization (SFI) induced by a focused femtosecond (40 fs) Ti:Sapphire laser focused
to a spot size of around 100 µm, corresponding to typical field strengths of 4◊1013 W/cm2.
Produced ions were detected by a linear time-of-flight mass spectrometer (TOF-MS).

5.3 Results and Discussion

Typical time-of-flight mass spectra of adenine and glycine desorbed via LIAD are shown
in Figure 5.1 and are compared to literature spectra obtained using electron-impact ion-
ization (EI) of thermally evaporated samples [105]. Both spectra were normalized to their
respective dominant ion peak, i. e., the parent ion peak at 135 u for adenine and the dom-
inant fragment peak at 30 u for glycine. The adenine spectra clearly demonstrate the
production of intact adenine in the gas-phase using LIAD, with very little fragmentation.
For glycine, however, fragmentation was observed for both our and the reference spec-
trum. We note that this fragmentation is not necessarily inherent to LIAD, since both
SFI and EI can induce fragmentation during or after the ionization process [28,113,122].
Nonetheless, using LIAD combined with SFI a significant contribution from intact glycine
was present. The mass spectra showed no evidence for the formation of molecular clusters
or ablation of metal atoms or clusters from the foil band [113].

In order to investigate how the desorption laser intensity a�ects the fragmentation
behavior for thermally stable and labile molecules, respectively, we collected mass spectra
for adenine and glycine under di�erent desorption laser intensities. Molecules were ionized
using SFI 4.5 mm behind the foil band. Figure 5.2 a,c shows the respective parent
and dominant fragment ion yields as a function of desorption laser intensity. These
data were fit with a power-law dependence of the form A ◊ x

n, and all ion channels
showed a corresponding increase with increasing laser intensity. As the SFI process can
induce fragmentation, we use the ion yields of dominant fragments divided by the ion
yields of parent molecules (i. e., fragment-to-parent ratios) to illustrate the e�ect of LIAD
parameters on the fragmentation. Figure 5.2 b,d shows the fragment-to-parent ratios for
adenine and glycine as a function of desorption laser intensity and we observed only a slight
linear increase in fragmentation as the desorption power is increased. Both thermally
stable and unstable molecules, therefore, behave similar with increasing desorption laser
intensity, confirming the non-thermal nature of the desorption process.

To investigate whether further fragmentation occurred after desorption, i. e., during
propagation of the molecular plume through the vacuum chamber, we recorded mass
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Figure 5.2: Parent and dominant fragment ion yields (a,c) and fragment-to-parent ratios
(b,d) as a function of desorption laser intensity for adenine (a,b) and glycine (c,d). Data
was recorded using strong-field ionization 4.5 mm behind the foil band.

spectra at di�erent distances behind the foil band. At each distance the delay between
ionization laser and desorption laser was changed, such that we always probed the highest
density part of the plume, i. e., we followed the peak of the plume as it travels. This data
is shown in Figure 5.3 a,b, where we plot the fragment-to-parent ratio for distances of
0.5–12.0 mm between the foil band and the interaction point. Figure 5.3 a shows the
behavior for adenine, using the dominant fragment at 108 u, corresponding to the loss of
–CNH from intact adenine. We observed a decrease of the fragment-to-parent ratio with
distance from foil band, indicating that the peak number density of fragments decreased
relatively to the adenine parent. At the same time the absolute densities for parent and
fragment should decrease with increasing distance. We attribute the observed behavior
to di�erent relative velocity distributions for fragments and intact molecules. Fragments
appear to be traveling at higher velocities, likely due to the additional kinetic energy
released in the fragmentation process, leading to the observed decrease in the fragment-
to-parent ratio of adenine with increasing distance from the foil band. This indicates that
there was no further fragmentation of adenine during propagation.

The behavior observed for glycine is markedly di�erent, as shown in Figure 5.3 b.
Here, the relative population of the dominant fragment at 30 u increased during propa-
gation, indicating that further fragmentation occurred during free flight of the molecules
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Figure 5.3: Fragment-to-parent ratio of adenine (a) and glycine (b) as a function of
distance from the foil band for the highest density part of the plume.
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5 Laser-Induced Acoustic Desorption of Thermally Stable and Unstable Molecules

through the chamber. We note that one might expect fragments and intact glycine to
propagate at di�erent velocities, as observed for adenine, such that the fragmentation
during propagation might be even more significant than the data in Figure 5.3 b suggests.
These two competing e�ects also explain the unclear variation in a corresponding mea-
surement of the fragmentation during propagation of phenylalanine following LIAD [113].
The di�erent behavior for adenine and glycine suggests a thermal decomposition during
free flight propagation as the origin of the enhanced fragmentation. This will be investi-
gated further below, where we asses the translational temperature of desorbed molecules.

0

0.2

0.4

0.6

0.8

1

N
or

m
. i

on
 s

ig
na

l (
ar

b.
 u

ni
t)

 a

0 20 40 60 80 100 1200

0.2

0.4

0.6

0.8

1

N
or

m
. i

on
 s

ig
na

l (
ar

b.
 u

ni
t)

 b

Delay between ionization and desorption laser (μs)

1.5 mm
3.5 mm
5.5 mm
7.5 mm
9.5 mm
11.5 mm

0.5 mm
2.5 mm
4.5 mm
6.5 mm
8.5 mm
10.5 mm

Figure 5.4: Adenine (a) and glycine (b) plume temporal distribution measured at di�erent
distances from the foil band for a desorption laser fluence of 0.48 J/cm2.

In order to evaluate the translational forward velocity and translational temperature
of the plume, we recorded mass spectra for di�erent ionization-desorption laser delays
and at di�erent distances from the foil. These data, shown in Figure 5.4, were then
modeled by a Maxwell-Boltzmann distribution convoluted with the initial temporal dis-
tribution from the LIAD process [113]. The shown data was recorded for a desorption
laser fluence of 0.48 J/cm2, profiles for other fluences are shown in the supplementary
materials. All experimental data were fitted globally for all propagation distances with a
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5.3 Results and Discussion

Table 5.1: Derived translational forward velocities v0,z and translational temperatures T

in the moving frame for adenine and glycine at di�erent desorption-laser fluences.

Fluence Ade Gly
(J/cm2) T (K) v0,z (m/s) T (K) v0,z (m/s)

0.32 494 365 441 337
0.48 516 369 496 338
0.64 521 384 698 355
0.80 523 380 745 340

common temperature T and forward velocity v0,z. The resulting fit is shown as solid lines
in Figure 5.4. The extracted forward velocity and translational temperature for di�erent
desorption laser intensities are summarized in Table 5.1. We found that the forward ve-
locity of both, adenine and glycine, plumes was invariant with respect to desorption laser
intensity, as previously observed for other molecules [35,113]. Similarly we confirmed the
previous finding that the translational temperature increases with desorption laser inten-
sity, for both, adenine and glycine. However, while the former only shows a very modest
increase over the laser fluence range investigated, the glycine translational temperature
was found to increase significantly. For all but the lowest desorption fluence, the extracted
translational temperature for the glycine plume was above its thermal decomposition tem-
perature, which is on the order of ≥485≠513 K [121]. The translational temperatures for
adenine, however, were much below its decomposition temperature of 582 K [120]. While
we have no definitive explanation for the di�erences in observed translational tempera-
ture, we think that this is due to di�erent thermal properties, such as heat transport,
from the metal foil to the sample during the desorption process. Furthermore, we note
that the di�erent thicknesses of the sample layers will influence this. Nonetheless, these
results rationalize the observed fragmentation behavior following desorption from the foil
band shown in Figure 5.3: the thermally unstable glycine appears to fragment during
propagation, while for adenine no additional fragmentation was observed.

The observation of a constant plume velocity, but increasing translational temperature,
as well as only a modest increase in fragmentation with increasing desorption laser fluence,
is a clear indicator for a desorption process based on surface stress between the substrate
and the deposited sample [35, 113, 123]. The forward velocity of the molecular plume,
i. e., its kinetic energy, is hence determined by material properties of the substrate and
sample. From our measurements we extracted a forward kinetic energy, based on the
average velocity, of around 90 meV for adenine and 45 meV for glycine. This is consistent
with the previously observed kinetic energy for phenylalanine under identical conditions,
around 50 meV [113], and within the range of simple estimates of the stress energy of
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5 Laser-Induced Acoustic Desorption of Thermally Stable and Unstable Molecules

25–100 meV [35, 111]. The kinetic energy of desorbed molecules is essentially a measure
of the interaction energy between the deposited molecules and the metal foil. In a very
qualitative picture it is easy to rationalize how adenine with its highly delocalized fi-
system has a stronger interaction with a metal surface than glycine, with phenylalanine
somewhere between the two.

An important parameter for the desorbed plume is characterized by number density.
Our calibrated multi-channel plate (MCP) detector can count the absolute number of
molecules. By knowing the interaction volume, we can derive the number density of our
plume. Figure 5.5 shows how the desorbed plume number density changes with distance
from the foil band at three di�erent desorption laser intensity. It obeys an inverse square
function due to the large Rayleigh length of ionization laser (zR ¥ 38 mm) compensating
one dimension expansion. Ade peak number density is around 2.0 ◊ 109 cm≠3 and Gly
peak number density is around 8.5 ◊ 108 cm≠3 when desorption laser intensity is around
0.64 J/cm2 and zx = 0.5 mm.
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Figure 5.5: Number density of adenine plumes (a) and glycine plume (b) as a function of
distance from foil band at di�erent desorption laser intensity.

Lastly we would like to point out the large variation in experimental setups and pa-
rameters used for LIAD experiments by di�erent groups. There are furthermore many
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5.4 Conclusion

di�erent ionization sources coupled to LIAD, some of which, such as resonance-enhanced
multiphoton ionization (REMPI), are impervious to any fragmentation and this will not
be observed. This variety implies that the discussed observations and trends might not
be universally applicable to all LIAD studies. For example, several studies utilized the
second harmonic of an Nd:YAG laser (532 nm) for desorption of molecules from a Tita-
nium foil, which has a reflectivity of around 93 % at this wavelength [124]. In contrast
to this, utilizing the third harmonic (355 nm) on a Tantalum foil, the reflectivity is only
around 65 %. Thus even for seemingly similar incident laser fluxes the energy deposited
into the foil and/or sample can vary significantly. Nonetheless, the present study provides
further much needed insight into the LIAD process. We corroborate a desorption process
based on surface-stress islands and further show that, due to the microsecond timescale of
LIAD, there is a strong coupling of translational and internal degrees of freedom that can
lead to fragmentation of analytes if the deposited energy, and corresponding translational
temperature, is too high.

5.4 Conclusion
We demonstrated the use of LIAD for the production of gas-phase samples of adenine
and glycine, prototypical examples of thermally stable and unstable biological molecules,
respectively. We showed that the high translational temperatures of molecules following
desorption can lead to further fragmentation of thermally unstable systems as they travel
through the vacuum chamber, indicating a strong coupling between internal and external
degrees of freedom in the desorbed samples. Measurements of the translational tempera-
ture and molecular velocity distributions confirmed this, and showed that indeed glycine
is produced with a temperature in excess of its decomposition threshold. The invariance
of forward velocities on the desorption laser power further confirmed a desorption model
based on surface stress between substrate and sample.

The additional fragmentation of molecules could be avoided if they were rapidly cooled
down, for example using bu�er-gas cells [112] or entrainment in cold molecular beams, as
is commonly done in direct laser desorption [67]. Such experiments are underway in our
laboratory and such a cold beam of intact large molecules would enable novel experiments,
from controlling large molecules with external fields [8,68] to direct di�ractive imaging of
single molecules in the gas-phase [3, 119].
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6 E�ects of Sample Layer Thickness
on Phenylalanine Plume Properties

6.1 Introduction

E�ects of sample layer thickness on properties of gas-phase phenylalanine plumes pre-
pared by laser-induced acoustic desorption are evaluated. Two phenylalanine samples
with di�erent thickness were prepared on two same tantalum foil bands. We evaluated
the forward velocity and translational temperature of phenylalanine plumes prepared from
these two di�erent samples. It shows that the plume forward velocity and translational
temperature are dependent on the sample thickness. The temporal profile of plumes pre-
pared from thick sample is broader than thin sample, which is confirmed by the higher
translational temperature for the plume prepared from the thick sample. Forward veloc-
ity of desorbed plume from thick sample layer is also higher than from thin layer sample.
Fragment-to-parent ratio derived from mass spectra was utilized to indicate the foil sur-
face temperature. The results show that a quick temperature rises on the foil after laser
shining, which induces a stress between foil band and sample layer due to the di�erent
thermal mechanic parameters for foil band and sample layer. Desorption happens when
the surface stress can overcome the binding energy between foil band and sample. The
maximum of desorption ion yields is nearly 20 µs later than the maximum of fragment-
to-parent ratio indicates the desorption is not a simple direct couple desorption process.

6.2 Experimental Method

Detailed descriptions of our experimental setup and sample preparation were presented in
chapter 3. The setup features prolonged measurement times and a fixed interaction point.
A novel sample deposition method utilizing aerosol spraying provides a uniform sample
coverage and hence stable signal intensity. The newly developed setup and novel sample
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6.3 Results and Discussion

200 µm

a b

Figure 6.1: Optical microscope images of phenylalanine sample prepared with foil band
moving speed at 80 µm/s (a) and 160 µm/s respectively (b).

preparation method enable us characterize the source continuously for a long time with
fixed interaction points as well as decent signal to noise ratios. Two phenylalanine aqueous
solutions were prepared with same concentration at 0.1 mol/L. They were aerosolized to
the foil bands with a ceramic injection-molded GDVN with a liquid inner capillary of
75 µm in diameter. The two foil bands advance with speed at 80 µm/s and 160 µm/s
respectively, which leads to two di�erent sample layer thickness. Figure 6.1 shows the
optical microscope (Carl Zeiss Stemi 2000) images of prepared phenylalanine samples.
The thin and thick phenylalanine layers covered on the foil by aerosol spraying is around
300 nmol/cm2 and 600 nmol/cm2 respectively by weighing foil bands before and after
depositing sample. The back of the foil is irradiated by a 355 nm laser pulse with 8 ns
duration (FWHM) at a repetition rate of 20 Hz. Spot size of the desorption laser on the foil
band is around 300 µm (FWHM) focused by a f = 500 mm lens with typical laser intensity
at 0.48 J/cm2. The typical replenish speed of the foil band during experiments is around
50 µm/s. The desorbed molecular plumes from the tantalum foil were then characterized
with strong-field ionization (SFI) from a focused femtosecond (40 fs) Ti:Sapphire laser [28,
67, 113]. The focused spot size of the ionization laser is around 100 µm with a typical
peak intensity of 4 ◊ 1013 W/cm2. Produced ions were detected by a linear time-of-flight
mass spectrometer (TOF-MS).

6.3 Results and Discussion

Figure 6.2 (a) shows normalized temporal profiles of phenylalanine parent molecules des-
orbed from two sample layers with di�erent thickness. We observed that the plume
temporal profile prepared from thick layer is boarder than the plume temporal profile
prepared from thin sample layer. The maximum peak of parent molecule ion yields from
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Figure 6.2: Normalized temporal profiles of intact phenylalanine parent ions (a) and
temporal profiles of fragment-to-parent ratio (b) prepared from two di�erent thickness
layers, following desorption with 0.8 J/cm2, recorded for distances from the foil band at
4 mm.
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6.3 Results and Discussion

thick sample is later than thin sample, which is reasonable due to the longer propaga-
tion time for stress wave in thicker sample layer. Figure 6.2 (b) shows the corresponding
fragment-to-parent ratio temporal profiles for plumes desorbed from these two di�erent
sample layers. Because phenylalanine is thermally labile and sensitive to the temperature,
the higher temperature will lead to more fragmentation. As a result, the fragment-to-
parent ratio can be used to indicate the foil band thermal temperature. Figure 6.2 (b)
clearly shows a fast temperature rising and slow decay after laser shining the back of the
foil band. We noticed that the peak time of maximum thermal temperature is around
20 µs earlier than the maximum of parent molecule yields. It indicates that the desorption
process is not a direct coupled process. According to the desorption mechanism discussed
in chapter 4 and chapter 5, samples were desorbed out of the foil due to the stress between
sample layer and foil band. It indicates that the stress intensity reaches maximum later
than surface temperature.
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Figure 6.3: Phenylalanine plume temporal distributions and their fragment-to-parent
ratio measured at di�erent distances from foil band for a desorption laser intensity of
0.48 J/cm2. The plumes are prepared from two di�erent samples with surface coverage
of 600 nmol/cm2 (a, b) and 300 nmol/cm2 (c, d), respectively.

As discussed in chapter 4, we derived the translational forward velocity and trans-
lational temperature of desorbed plume by globally fitting the experimental temporal
profiles at all propagation distances simultaneously with a common temperature T and
forward velocity V0,z by convoluting the Maxwell-Boltzmann model of free-flight prop-
agation to the initial plume temporal distribution. Figure 6.3(a, c) shows normalized
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6 E�ects of Sample Layer Thickness on Phenylalanine Plume Properties

temporal profiles of desorbed plume from two di�erent phenylalanine sample thickness
layers measured at six di�erent propagation distances. Solid lines show the fitted data.
Table 6.1 shows the derived results of forward velocity and translational temperature of
desorbed plumes from two di�erent sample thickness with desorption laser intensity at
0.48 J/cm2. It clearly shows that the translational temperature of desorbed plumes from
thick sample is higher. We also observed that the translational froward velocity of plumes
prepared from thick sample is faster than from the thin layer.

Table 6.1: Derived translational forward velocities v0,z and translational temperatures T

in the moving frame for phenylalanine plume desorbed from di�erent thickness sample.

Sample coverage (nmol/cm2) T (K) v0,z (m/s)
300 679 234
600 738 311

In order to illustrate the most probable forward velocity from di�erent sample thickness
directly, Figure 6.4 (a) shows the time of the maximum parent ion yields probed at
di�erent distances from the foil band. Reciprocal of the slope gives the plume most
probable forward velocity. It shows that the thick sample has a faster most probable
translational velocity, which indicates that the laser-induced stress for thick sample is
higher than thin sample. Longer delay between the maximum fragment-to-parent ratio
and maximum parent ion yields for thick sample shows that it takes more time to reach
maximum desorption yields. As a result, molecules desorbed from the thick sample stay
longer on the foil band after laser shining, so they were transferred more thermal energy
from the foil, thus they have a higher translational temperature. Figure 6.4 (b) shows
the time of maximum parent ion yields and dominant fragment ion yields when probing
at di�erent distances from the foil band for the thin sample. It shows that the velocity
of fragments is faster than the parent molecules. The most probable forward velocities
of parent molecules at 165 u and dominant fragments at 74 u are around 254 m/s and
284 m/s, respectively. The mass of the parent molecule is 165 u, which is more than two
times heavier than the dominant fragment at 74 u. If kinetic energies of parent molecules
and fragments are the same, the most probable froward velocity of fragments should beÒ

165/74 ¥ 1.49 times faster than the parent molecule. But the experimental result shows
the most probable forward velocity of dominant fragment at 74 u is 284/254 ¥ 1.12 times
faster than the parent molecule. It means that the fragmentation is mainly caused after
the desorption instead of during desorption.

As for our experimental parameters (pulsed 355 nm desorption laser, 300≥600 nm/cm2

surface coverage by aerosol spraying method, etc.), we assigned the LIAD process with
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surface stress induced desorption instead of shock-o� mechanism based on our experimen-
tal results [113]. When the desorption laser irradiates the back of the 10 µm tantalum
foil, a quick thermal temperature rises and propagates to the front side (shown in Fig-
ure 6.2 (b)). Due to the temperature gradient and thermal expansion coe�cient di�erence
between foil and deposited sample, surface stress will be induced between them. When
the thermally induced stress exceeds a critical value, the sample starts to fracture and
be desorbed into vacuum. The stored stress energy in samples will be released as kinetic
energy and contribute to the overall translational velocity. The translational tempera-
ture will be dependent on the thermal transport between foil and sample. Due to the
foil temperature increasing with the desorption laser intensity, the plume translational
temperature raises as a function of desorption laser intensity. The internal stress energy
in sample is not dependent on desorption laser intensity and thus invariable with the des-
orption laser intensity. But di�erent sample thickness has di�erent internal stress energy,
thus the translational forward velocity is di�erent for di�erent sample thickness.

0 2 4 6 8 10 12
10

20

30

40

50

60

Io
n
iz

a
tio

n
−

d
e
so

rp
tio

n
 la

se
r 

d
e
la

y(
 µ

s)

Distance from the foil (mm)

 

 

300 nmol/cm2

600 nmol/cm2

(a) The most probable translational velocity of
plumes desorbed from di�erent sample thick-
ness layer.

0 2 4 6 8 10 12
10

20

30

40

50

60

Distance from the foil (mm)Io
n

iz
a

tio
n

−
d

e
so

rp
tio

n
 la

se
r 

d
e

la
y(

 µ
s)

 

 

M+

[M − COOH]+

(b) The most probable translational velocity of
parent molecules and dominant fragments from
plumes desorbed from the thin sample layer.

Figure 6.4: Compare the most probable translational velocity of desorbed plumes from
two di�erent thickness layers.

6.4 Conclusion
We evaluated e�ects of sample layer thickness on laser-induced acoustic desorption process
by characterizing phenylalanine plumes desorbed from samples with di�erent thickness
for their temporal profile, translational forward velocity, translational temperature and
fragmentation. We found that the forward velocity and translational temperature for
plumes desorbed from thick sample are higher than the thin sample. These results indicate
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that the laser-induced surface stress for thick sample is higher than thin sample, thus the
forward velocity of desorbed plume from thick sample is higher than thin sample. As
the desorption process for thick sample is slower and lasts longer than thin sample, more
thermal energy would be transferred to molecules in the plume, thus the translational
temperature for thick sample is higher. The delay (around 20 µs) between maximum
thermal temperature and parent molecule yields supports the desorption is caused by
surface stress between sample layer and foil band, instead of shock-wave. The di�erent
forward velocity between parent molecules and dominant fragments indicates that the
desorption will cause fragmentation during desorption for phenylalanine. But the velocity
di�erence is much smaller than expected if they have same kinetic energy, it means that
the fragmentation mainly happens after the desorption instead of during desorption.
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7.1 Conclusion

In this thesis, a laser-induced acoustic desorption molecular source for bringing thermally
labile or non-volatile biomolecules into gas-phase, was developed and carefully character-
ized. The apparatus, designed for use at central facilities, such as free-electron lasers,
allows for prolonged measurement times through automatic sample replenishment, whilst
keeping the interaction point fixed. This is realized through the use of a long metal tape
as the LIAD substrate, which is constantly forwarded – akin to an old-fashioned cassette
tape – to provide fresh sample. A dedicated sample preparation method was utilized to
prepare reproducible uniform sample layers on the 1 m long, 10 mm width and 10 µm
thick foil band, and ensured stable reproducible desorption signals. Before applying the
molecular source to central facilities, it was characterized with table-top Ti:Sapphire fem-
tosecond laser through strong-field ionization. The ionization signals were then detected
by a TOF mass spectrometer.

The experimental results confirm that laser-induced acoustic desorption can be used
to transfer large neutral biomolecules into gas phase. Coupled with a post strong-field
ionization technique and time-of-flight mass spectrometer, number density, spatial extend,
temporal distribution, translational temperature, and forward velocity were studied for
phenylalanine, adenine, glycine plumes respectively. Their fragmentation behaviors as a
function of desorption laser intensity, ionization-desorption laser delay, free-flying distance
were investigated, respectively. Phenylalanine, adenine and glycine plumes with number
densities higher than 2 ◊ 108 cm≠3, 2 ◊ 109 cm≠3, and 8.5 ◊ 108 cm≠3 were prepared
respectively. These numbers were derived from parent molecule ion yields and did not
account for the fragmentations, thus they should be considered as the lower limit of the
plume number density.

Figure 7.1 shows the plume longitude and transverse profiles at di�erent desorption-
ionization laser temporal delays. It illustrates how the plume propagates in the vacuum
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Figure 7.1: Spatial profiles of the desorbed phenylalanine plume at di�erent desorption -
ionization laser delay time. The desorption-ionization laser delay time of left image is at
20 µs, middle one is at 40 µs, right one is at 80 µs, respectively.

at di�erent delay time. We can clearly see that the plume propagates forward in longitude
z direction and expands in transverse y direction. But we need to notice here that the
transverse direction might be modulated by the acceptance of the TOF electrode, which is
shown in Figure 4.3. With plume temporal profiles detected at di�erent distance from the
foil, the velocity and translational temperature of the plume were derived and discussed
in chapter 4.

In order to understand the desorption mechanism, we compared the plume properties
of thermally stable adenine molecules and thermally labile glycine molecules. The adenine
plume features no further fragmentation caused by desorption but glycine plume does.
We derived the plume forward velocity and translational temperature for adenine and
glycine. The forward kinetic energy of adenine and glycine is around 90 meV and 45 meV
respectively, which is in the range of the surface stress energy between tantalum foil
substrate and sample layer [35, 111]. The forward kinetic energy also corresponds to
the physical adsorption energy of samples on the tantalum foil. In a very qualitative
picture it is easy to rationalize how adenine with its highly delocalized fi-system has a
stronger interaction with a metal surface than glycine, with phenylalanine somewhere
between the two. While translational velocity of both adenine and glycine is invariant
for di�erent desorption laser intensities, the translational temperature of glycine plume
increases significantly but adenine plume does not. It indicates that the desorption process
has an influence on thermally labile molecules and would induce some fragments.

In order to understand the influence of deposited sample thickness on desorption
process, We evaluated phenylalanine plumes desorbed from samples with di�erent layer
thickness regarding their temporal profile, translational forward velocity, translational
temperature and fragmentation. We found that the forward velocity and translational
temperature for the plume desorbed from thick sample are higher than the thin sample.
The fragment-to-parent ratio peak was around 20 µs earlier than the parent molecule
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ion peak. These results demonstrate that the induced surface stress for thick sample is
higher thus higher kinetic energy for the desorbed plume than the thin sample. As the
maximum desorption for thick sample happens later than the thin sample, consequently
it would undergo a longer time for thermal transport and thus a higher translational
temperature than the thin sample. The long delay (20 µs) between maximum thermal
temperature and parent molecule yields also supports that the desorption is caused by
surface stress between substrate and sample, as it rules out the shock wave model, which
will result instant desorption instead of a long delay after the desorption laser pulse. The
di�erent forward velocity between parent molecules and dominant fragments indicates
that the desorption causes fragmentation during desorption for phenylalanine. But the
velocity di�erence is much smaller than expected if they have same kinetic energy, which
shows that the fragmentation is mostly coming from the post ionization laser instead of
desorption laser.

The physical adsorbed molecule binding energy is around 50 ≥ 500 meV [125]. The
kinetic energy for phenylalanine at 237 m/s is 48 meV. The phenylalanine crystal binding
energy is around 500 meV ≥ 1 eV. Surface stress energy is around 100 meV when the
temperature di�erence is 400 K. These observations are consistent with a desorption model
based on surface stress between the foil band and islands of deposited molecules [35]. As
kinetic energy of the desorbed plume ranges around 45 ≥ 100 meV, which is in the range
of surface stress energy. We also found that the stress energy is dependent on the sample
layer thickness due to their di�erent thermal mechanic properties.
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Figure 7.2: Phenylalanine plume translational forward velocity and translational tem-
perature as a function of desorption laser intensity derived from the temporal profile
measurements at di�erent longitude distance. See subsection 4.3.2 for details.
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Figure 7.2 shows that the derived translational temperature for phenylalanine plume
at di�erent desorption laser intensities. It shows a nearly linear increase with desorption
laser intensity, which is confirmed by the thermal transient simulation results in subsec-
tion A.1.6. The simulation results demonstrate that surface temperature of the foil band
increases linearly with the desorption laser intensity. Due to the lock of thermal equilib-
rium and deformation of sample rystals by the thermal and mechanical stress, the plume
translational temperature was the confluence of crystal binding energy and foil surface
temperature. However the translational longitude velocity is invariant with the desorption
laser intensity, which shows that the desorption happens when the thermal and acoustic
induced surface stress is high enough to overcome the physical adsorbed molecule binding
energy.

7.2 Outlook

We have demonstrated to bring phenylalanine, adenine and glycine into gas-phase with
LIAD as the volatilization method. The developed setup can be extended to bring large
biomolecules, i.e. peptides, DNA strands, etc. into gas-phase. Coupled with a cryogenic
bu�er-gas cell, these large molecules can be cooled down to cryogenic temperature [112].
These cold large molecules allow for subsequent experiments, which are already in use
for small molecules. This includes, for instance, state selection experiments [8], laser
alignment and orientation experiments [13–15,54], di�raction based analysis of structures
and dynamics [4,119,126]. This will pave the way for the observation of ultrafast dynamics
in large molecules [127] and ultimately chemical reactions. Further developments of the
current setup and potential applications of the developed LIAD source will be briefly
discussed in this section.

7.2.1 Couple with Cooling Techniques

As discussed in chapter 4 and chapter 5, translational temperature of prepared gas-
phase molecules is higher than room temperature and increases with the desorption laser
intensity. It means doses of vibrational and rotational states are populated, so these
prepared molecules need to be cooled down to conduct certain experiments i.e. species
separation or laser alignment experiments. The LIAD desorbed molecules can be cooled
down by cryogenic bu�er gas cooling [112, 128–130] or supersonic jet expansion [67, 131,
132]. Cryogenic bu�er gas cooling is an e�cient method to cool molecules down to
cryogenic temperature due to the collisions between cold bu�er-gas (i.e. helium) atoms
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and sample molecules. Figure 7.3 shows the schematic of cryogenic bu�er gas cooling cell,
which is under development in our lab [130]. We can couple the LIAD sample source with
bu�er-gas cell by replacing one wall of the cell with the foil plate. The side with sample
deposited on faces inside the cell. Once the sample gets desorbed, molecules will fly into
the cell and collide with cold helium atoms. Translational and internal temperatures of
sample molecules would be cooled down. As is known from Figure 4.3, the desorbed
plume expands during free-flying. With proper design, the bu�er-gas flow can be used
to compress the transverse expansion of prepared plume to increase the molecule number
density.

Figure 7.3: Schematic of cryogenic bu�er gas cooling cell [130].

We can also couple the molecular source with supersonic expansion cooling as has been
done for laser desorption source [67, 68]. The molecular beam from bu�er-gas cooling is
much slower than the supersonic expansion beam [112,130,133], which might be beneficial
for matter-wave experiments [117,118] and state selection experiments.

7.2.2 Structure Selection

Biomolecules usually have di�erent conformers, whose dipole moments are di�erent. When
they fly through the inhomogeneous electric fields, the di�erent conformers would be sep-
arated due to the stark e�ect. The electric force F , molecule experienced is described as
below,

F = µe�(‘) · Ò‘ (7.1)

where Ò‘ is the gradient of the electric field, µe�(‘) is the e�ective dipole moment of
certain molecular state at certain electric field. It is derived as below,

µe�(‘) = ≠ˆW (‘)/ˆ‘ (7.2)
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where W (‘) is the energy of certain molecular state at certain electric field. The energy
W (‘) can be derived from the Schördinger equation

W (‘)� = H(‘)� (7.3)

where � is the molecular wavefunction, H(‘) is the molecular hamiltonian under electric
field. It is described as below,

Hrot,‘ = Hrot + HStark (7.4)

where Hrot is a simplified molecular hamiltonian without external electric fields, HStark is
hamiltonian describing the stark e�ect [134]. It is given by

HStark = ≠µ · ‘ (7.5)

where µ is the permanent dipole moment and ‘ is the electric field vector in the laboratory
frame.

Figure 7.4 shows the separation of di�erent conformers when flying through the de-
flector. The inhomogeneous electric fields between the deflector electrodes is showing in
Figure 1.1.

Figure 7.4: Schematic drawing of separation of 3-Aminophenol conformers [8–10]

Not only for conformers, di�erent cluster stoichiometries or even di�erent quantum
(i.e. rotational) states can be separated due to their di�erent e�ective dipole moments [8,
9, 11, 95–98]. As a result, a pure molecular beam with the same conformer, cluster size,
or quantum state can be prepared.
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7.2.3 Alignment and Orientation

Align and orient gas-phase molecules in the molecular frame is helpful to improve the
signal-to-noise ratio on the detector when imaging them with X-ray or electron pulses [2–
4, 135]. Figure 7.5 shows a schematic diagram of isotropically oriented (left), aligned
(middle), and oriented iodobenzene molecules (right). For isolated molecules in laser
field, the hamiltonian Halign, which describes alignment, can be written as below:

Halign = Hrot + V– (7.6)

where V– is the induced potential by the laser field. For an asymmetric top molecule the
induced potential by a linear polarized laser can be described by

V– = ≠(E0‘(t))2

4 (sin2
◊(–xxcos2

‰ + –yysin2
‰) + –zzcos2

◊) (7.7)

where E0 is the electric field strength and ‘(t) is the laser pulse envelope. –xx, –yy, and
–zz are the polarizability tensor components with respect to the molecular frame, ◊ is
polar Euler angle between the laser field polarization and the molecular axis, and ‰ is
the azimuthal Euler angle about the molecules z-axis. Depending on the rotation period
·Rot of molecules and the rising and falling time ·Laser of the laser pulse intensity, the
laser alignment regime can be divided into three regimes [9, 11, 95], i.e, adiabatic regime
for ·Laser ∫ ·Rot, intermediate regime for ·Laser ¥ ·Rot and non-adiabatic regime for
·Laser π ·Rot. After the alignment, molecules can point up or down. By adding a strong

isotropic aligned oriented

Figure 7.5: Schematic illustration of alignment and orientation of iodobenzene
molecules [15]

external electric DC field, it will break down the up-down symmetry of the dipole moment
vector of molecules and lead to orientation in one direction [136–138]. The hamiltonian
is described as below,

H = Hrot + V– + Vµ (7.8)
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where Vµ is the interaction potential between electric field ‘ and dipole moment of the
molecule.

Vµ = ≠µ · ‘ · cos◊ (7.9)

where ◊ is the angle between the electric field and the molecular axis. As a result the
selected pure molecule sample can be fixed in one direction due to the presence of laser
field and electric DC field. The alignment and orientation degree ◊ can be evaluated by
the ion velocity map imaging spectrometer [139–142].

7.2.4 X-ray and Electron Imaging

The LIAD setup developed in the dissertation can prepare gas-phase biomolecules with
a number density higher than 109 cm≠3 without seeding gas in the interaction region.
It has been demonstrated that the LIAD source can be coupled with attosecond laser
pulses to study ultrafast electron dynamics of amino acids [143]. We can utilize the
molecular source to do ultrafast spectroscopy experiments, di�ractive imaging or coulomb
explosion imaging experiments. Or we couple it with cryogenic bu�er-gas cell firstly to
cool the molecules down and then implement our conventional gas-phase molecule control
experiments (i.e. structure selection, laser alignment and mixed field orientation). Then
the controlled state-selected pure samples are delivered to the interaction points for X-
ray or electron imaging experiments. For the former case we have high number density of
samples without carrier gas but isotropic oriented in the interaction region. For the later
case we have controlled, identical and oriented molecules but less number density mixed
with carrier gas in the interaction region. For both cases, LIAD provides a promising
gas-phase biomolecule sample source for imaging and spectroscopy experiments.
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A.1 Supplementary information chapter 2

Understanding the LIAD mechanism is crucial to make use of this vaporization method
for preparing large thermally labile or non-volatile biomolecules into gas-phase. But the
desorption mechanism remains unclear, because many di�erent physical processes are
involved. For example, how the laser interacts with metal foil and induces thermal and
acoustic waves, how the thermal and acoustic waves propagate through the foil, and how
the samples are desorbed. Lindner et al. [16] proposed that the desorption is caused
by laser-induced acoustic wave. They observed that the delay between molecular ion
desorption signals and desorption laser pulses is almost the same as the acoustic wave
prorogation time. Zinovev et al. [35] proposed that the laser-induced thermal and acoustic
stress causing the crack of crystals and then desorption. Campbell et al. proposed a blister
model to explain their results [103, 104]. Di�erent desorption mechanisms proposed by
di�erent groups are discussed below briefly.

A.1.1 Shake-o� Model

Lindner et al. [16] and Golovlev et al. [18] proposed the acoustic shake o� model to
explain the desorption of molecules out of the substrate when laser shines the other side
of the substrate. The evidence is that the delay between desorption laser pulse and
molecules getting desorbed corresponds to the time for sound wave propagation through
the substrate. If the acoustic shake-o� dominants the desorption mechanism, velocity of
desorbed molecules v should meet following equation:

v Ø
Ò

2Eads/m, (A.1)

where Eads is the adsorption energy of molecules adsorbed on the substrate surface and
m is its mass. The typical adsorption energies of the physically adsorbed molecules are
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on the order of ≥ 0.5 eV [125], then we can calculate from Equation A.1 that minimal
foil surface velocities needed are in the range of 700 m/s for the molecules with mass
of 200 Da to be desorbed. These values are close to the speed of sound, for the solid,
which was used as a proof of the validity of the LIAD model mentioned above. In fact,
the velocities of acoustic waves propagating in solids are always much higher than the
corresponding velocities of the mass motion [110].

In the shake-o� mechanism, the desorption can only occur when the velocity of the
moving foil surface is close to its maximum. This corresponds to the very first foil vibra-
tion, which lasts a fraction of a microsecond.

A.1.2 Thermal Model

Another desorption mechanism is thermal induced desorption. As in Calegari’s experi-
ments [30, 108], continuous wave (CW) laser with an unfocused spot size was utilized to
shine the back of a 10 µm tantalum metal foil. The desorption can be caused by the ther-
mal wave, which propagates through the foil and heats up the sample for their desorption.
Compare to Zinovev’s experiments [35], where pulsed focused UV laser beam was utilized,
translational velocities of the desorbed molecules are independent of the laser intensities
(thus, of the surface temperature). As a result, pure thermal model can not explain the
experimental results acquired for short pulsed lasers.

A.1.3 Stress Model

Zinovev et al. proposed for their experiments with the following qualitative model [35,144].
The acoustic vibrations of the metal foil surface in combination with some rise in its
temperature are the triggers for starting the desorption process. They proposed that
isolated islands of analyte, formed on the metal surface after solution drying, are not in
minimal energy states. It is usually the case that film growth on surfaces is accompanied
with stress in the growing film. For LIAD phenomena, the important point is that each
island can have some e�ective energy excess because of the stress. The acoustic and
thermal waves can cause surface stress and, consequently, surface elastic deformation,
which can initiate an island decomposition process. As a result of this e�ect, molecules
can be desorbed from islands. The amount of energy stored in the residual stress depends
on many unknown factors. But we need to note that the amount of energy transferred to
the desorbed molecules during this process depends only on the specific characteristics of
a given island, but does not depend on the total energy of the acoustic or thermal wave.

The mechanism is similar to the one proposed by Vertes for MALDI [57,58], which is
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based on a thermal stress generation in the layer of organic film deposited on solid sub-
strate. Thermal stress energy due to foil heating by laser irradiation G may be expressed
in the following equation:

G = E(1 + v)2

2(1 ≠ v2) ◊ (–s ≠ –f )2�T
22fir0hf (A.2)

where E is the elasticity modulus, v is the Poisson ratio, –s and –f are the thermal
expansion coe�cients of the substrate and film correspondingly, —T is the temperature
rise, and hf and r0 are the island thickness and radius. The average energy per analyte
molecule ga can be calculated using Equation A.2

ga = E(1 + v)2

2(1 ≠ v2)fl ◊ (–s ≠ –f )2�T
2
M

NA
(A.3)

Here M is the molar mass, fl is the specific gravity, and NA is the Avogadro number.
It is interesting to note that ga does not depend on the analyte island size but strongly
depends on the thermal and mechanical parameters. The increasing of the desorption
laser intensity causes a rise in —T and an increase in energy G, results in the formation
of analyte cracks. This will increase the number of desorption sites and finally the total
number of desorbed molecules. But because the formation of any individual cracks is
defined only by the intermolecular bonding forces in the vicinity of the crack, the trans-
lational kinetic energy of desorbed molecules should remain independent of driving laser
intensity.

A.1.4 Blister Model

Campbell et al. proposed a blister model to explain the desorption process [103, 104]. A
very thin titanium film was deposited on a glass. And then a layer of nanoparticles was
prepared on the titanium film. Then they shined a pulsed nanosecond laser through the
glass on the titanium film to desorb nanoparticles into vacuum.

From the atomic force microscopy (AFM) images of titanium film after desorption
of sample, they proposed that the titanium film created blister and desorbed nanoparti-
cles into the vacuum. They named this technique as blister-based-laser-induced forward
transfer [103,104].
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A.1.5 Repulsive Model

When the desorption laser intensity is high (>1010 W/cm2), the emissions of charged par-
ticles (both positive and negative) have been observed due to the surface deformation [19].
Another possible mechanism for sample desorption for this case might be related to forma-
tion of nonequilibrium surface electron states due to migration and annihilation of solid
dislocations. These electron states vary with the material, and range from formation of lo-
calized holes to generation of strong electric fields within the surface cracks for dielectrics.
In any case, such states have an energy excess and could serve as an energy source for
desorbing molecules [35]. This mechanism might play a major role at higher desorption
laser intensities (>1010 W/cm2), which may result from confinement conditions of laser
plasma ignition.

A.1.6 Thermal Transient Simulation

Thermal transient simulation with Ansys [145] of the heat distribution in the tantalum foil
after shining by laser pulses was presented in below. It helps us to understand the role of
thermal process on the desorption mechanism as the thermal process can not be avoided
no matter pulsed or continuous wave lasers are used. Table A.1 shows the simulation
input parameters.

Table A.1: Input parameters for simulation.

Desorption laser and substrate parameter Value
Wavelength 355 nm

Pulse duration (FWHM) 8 ns
Pulse energy 0.4 / 0.7 / 1 mJ

Spot size (1/e
2) 300 µm

Repetion rate 20 Hz
Tantalum reflectance 88%

The transient temperature distributions inside the foil with shining di�erent laser
pulse energy were obtained from the simulation. The results suggest that the surface
temperature of the foil band increases nearly linearly with the intensity of desorption laser
pulse. With a 0.4 mJ laser pulse no melting can be seen under the microscope, as well as
a Tmax of less than 1800 °C in the simulation indicates no melting (TT a,melting = 3017 °C).
For 0.7 mJ laser pulse the microscope image show no or only little melting of surface,
whereas the simulation shows maximum temperatures of 3200 °C. The discrepancy can
be explained by the fact that not all the power is absorbed only at the surface, but will
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also penetrate into the material (volume e�ect). For the 1 mJ pulse melting was observed
in the microscope images as well as in the simulation (up to 5400 °C).

A.2 Supplementary information chapter 3

A.2.1 Mass-to-charge ratio calibration

For our experiments, molecules are ionized between the TOF electrodes (repeller plate
and extractor plate) with the presence of an electric field. The potential energy Ep of a
particle of charge q in an electric field with the electric potential di�erence U is given by

Ep = qU (A.4)

After the acceleration in the electric field, this potential energy is transferred to kinetic
energy Ek of the particle of mass m in the flight tube.

Ep = Ek (A.5)

qU = 1
2mv

2 (A.6)

With the known length d of the TOF one can express the mass to charge ratio by the
flight time t of the ions:

m

q
= 2U

A
t

d

B2

(A.7)

When the mass to charge ratio m1
q1

of one peak in the TOF spectrum is known, we can
convert the time-of-flight to mass to charge ratio. Since all ions were created in the same
electric field, they all got the same potential U and traveled the same distance d:

m1
q1

= 2U

A
t1
d

B2

(A.8)

Substitute Equation A.8 to Equation A.7:

m

q
= m1

q1

A
t

t1

B2

(A.9)

As we can see from Equation A.9, the mass to charge ratio is proportional to the
square of the time-of-flight. In the mass spectra measured in these experiments, the
known peaks were either water ion at 18 u or the dominant ion mass, i.e. 74 u fragment
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ion of phenylalanine, 135 u molecule ion of adenine and 30 u fragment ion of glycine.
These peaks were primarily used for the mass calibration.

Usually there is a o�set t0 for the experimentally recored time-of-flight due to the
delay between electronic trigger and photons arriving to the interaction point. Then
Equation A.9 needs to consider the o�set and will change to:

m

q
= m1

q1

A
t ≠ t0
t1 ≠ t0

B2

(A.10)

For the o�set t0, either it can be experimentally determined with a photo diode for
recording the delay between electronic trigger and photon arriving time to the interaction
point or it can be derived if two peaks in the TOF spectrum are know. For the latter
case, if the second peak at t2 with m2

q2
is known, substitute m1

q1
at t2 to Equation A.10:

m2
q2

= m1
q1

A
t2 ≠ t0
t1 ≠ t0

B2

(A.11)

As a result, t0 can be derived from Equation A.11,

t0 =

t1 ≠ t2

ı̂ııÙ

1
m1
q1

2

1
m2
q2

2

1 ≠
ı̂ııÙ

1
m1
q1

2

1
m2
q2

2

(A.12)

With the known t0, experimentally measured time-of-flight can be converted to mass-
to-charge ratio using Equation A.10 accurately.

A.2.2 Drop and Dry

For drop and dry method, Sample was first dissolved in a typical solvent, i.e. deionized
water, methanol or ethanol for our case. Then the prepared solution was dropped onto
the foil with a syringe. And then they were dried in atmosphere. The advantage of
drop and dry method is easy to prepare a thin sample film, but the prepared film is not
uniform due to the solution surface tension, which forms isolated spots on the foil. For
the first version LIAD in our lab [146], the resulting solutions was dripped on the foil
and evaporated, leaving behind sample on the foil. A foil holder was used as a barrier to
confine the area on the foil, where solution gets deposited.

Figure A.1 shows optical microscope images of sample prepared by drop and dry

86



A Appendix

200 µm

(a) 0.1 mmol/L

200 µm

(b) 1 mmol/L

200 µm

(c) 10 mmol/L

200 µm

(d) 100 mmol/L

Figure A.1: Microscope images of sample prepared by drop and dry method with di�erent
phenylalanine water solution concentration.

with di�erent phenylalanine water solution concentration. The deposited phenylalanine
solution formed small crystals on the foil after drying [28]. The quantity and size of these
crystals are strongly defined by the molarity and amount of the solution deposited on the
foil. It is clearly visible that the number of crystals on the foils rises with the molarity of
the solution deposited on them.

A.2.3 Sample Drying with N2

An advanced way of sample drying is with the help of a drying chamber. It was used by
Borton et al. [109] and adapted in this work. The drying chamber improves the drying
time by replacing the air atmosphere with a constant stream of nitrogen. The drying time
can be reduced from over 20 min without, to approximately 6 min with drying chamber
for 200 µL of solution.

A comparison of the results was shown in Figure A.2. It clearly demonstrates that the
sample film is more uniform with N2 drying. For the first version LIAD in our lab [146],
we adapted this method for sample preparation. The reason why the sample dried with N2

is thicker and more uniform than drying in air atmosphere is that the fast drying avoids
the isolated spots due to the surface tension of solution. For drying in air atmosphere
it takes more time and causes the solution flowing around and attaching on the barrier
plate.

A.2.4 Brush Method

Similar as subsection A.2.2 sample was dissolved in solvent (i.e. deionized water, methanol,
ethanol). Then the prepared solution was brushed and spread on the foil. The solvent
was vaporized in the atmosphere and sample was deposited on the foil. It is very fast to
prepare sample layers on a long foil band, i.e. our second LIAD version(see Figure 3.2
and Figure 3.3), but the layer is non-uniform after the solvent is vaporized due to the
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2 mm

(a) Dried at air

2 mm

(b) Dried with N2 stream

Figure A.2: Ta foils with 25 mM solution deposited on them. (a) dried at air (b) dried
under a N2 stream.

surface tension of the solution. As a result, isolated non-uniform sample spots are formed.

200 µm

(a) 0.1 mmol/L

200 µm

(b) 1 mmol/L

200 µm

(c) 10 mmol/L

200 µm

(d) 100 mmol/L

Figure A.3: Microscope images of sample prepared by brush method with di�erent pheny-
lalanine water solution concentration.

Figure A.3 shows microscope images of sample prepared by brush method with di�er-
ent phenylalanine water solution concentration. Large isolated sample spots are spread
on the foil. When the sample concentration goes higher, it tends to form small spots,
which spread more uniformly. Even though the brush method can prepare a sample layer
on the long foil band fast, the uniformity is not good.

A.2.5 Precipitation Method

Phenylalanine solubility in water solution decreases with temperature from 273.15 K to
343.15 K [147]. For precipitation method, the foil was immersed into the surface of
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phenylalanine saturated aqueous solution, which was warmed up to increase the solubility
and then cooled down to leave sample precipitate on the foil surface.

(a) 20 °C (b) 30 °C (c) 40 °C

Figure A.4: Microscope images of sample prepared by precipitation method with heating
phenylalanine water solution concentration at di�erent temperature.

Three pieces of foils with size around 2.5◊ 2.5 cm2 were immersed into three 50 mL
0.1 mol/L phenylalanine water solution, which were heated to 20 °C, 30 °C and 40 °C
respectively and cooled down quickly to 5 °C to let the phenylalanine precipitate on the
foil. Figure A.4 shows microscope images of sample prepared by precipitation method for
di�erent phenylalanine aqueous solution temperature. It does not make much di�erence
to heat the solution to di�erent temperature. Crystals deposited on the foil are large
comparing with other methods. As a result the spacing between these crystals are large
and not uniform.

A.2.6 Slow-dragging Method

Similar as precipitation method, slow dragging method is that foil is immersed into the
sample solution and then dragged out very slowly by a motor. The sample precipitates
onto the surface of the foil due to vaporize of the solution.

(a) 12.5 µm/s (b) 6.25 µm/s (c) 1.25 µm/s (d) 4.88 nm/s

Figure A.5: Microscope images of sample prepared by slow dragging method with di�erent
motor dragging speed.

Figure A.5 shows microscope images of sample prepared by slow dragging method
with di�erent moving speed. It clearly shows that the sample density on the foil band
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increasing as slower the motor moving. This method is applicable to long foil bands and
can prepare a very thin layer, but the layer is discontinuous and takes long time (4 h) to
prepare a 1 m long foil band.

A.2.7 Rubbing Powder Method

For rubbing powder method, the sample powders were rubbed on the foil band directly
using brush, glove, or ceramic stick. It has been adapted by Calegari et al. [30, 108]. It
is a fast and easy method to prepare sample layer on a long foil band, but the prepared
layer is not very uniform for our case and it is hard to control the sample layer thickness
systematically.

200 µm

(a) Rubbing with brush

200 µm

(b) Rubbing with glove

200 µm

(c) Rubbing with stick

Figure A.6: Microscope images of sample prepared by rubbing raw sample powders with
di�erent tools on foil bands.

Figure A.6 shows microscope images of sample prepared by rubbing original raw sam-
ple powders bought directly from Sigma-Aldrich with di�erent tools (i.e. brush, glove,
stick) on foils. We can clearly see that sample crystals/powders spreads on the foil non-
uniformly. There is no significant di�erence using di�erent tools.

200 µm

(a) Rubbing with brush

200 µm

(b) Rubbing with glove

200 µm

(c) Rubbing with stick

Figure A.7: Microscope images of sample prepared by rubbing grinded fine sample pow-
ders with di�erent tools on foil bands.

Figure A.7 shows microscope images of sample prepared by rubbing fine powders
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on foils with di�erent tools. The fine powders are prepared by grinding the original raw
powders using mortar and pestle. It clearly shows that the sample layers are more uniform
comparing to rub the original powders. The sample layer prepared using gloves distributes
more uniform than other tools. But it is di�cult to control the sample layer thickness
systematically.
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A.3 Supplementary information chapter 4
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Figure A.8: Normalized temporal profiles of intact phenylalanine parent-ion signals fol-
lowing desorption with a) 0.32 J/cm2, b) 0.48 J/cm2, c) 0.64 J/cm2, and d) 0.80 J/cm2,
recorded for di�erent distances from the foil band. Solid lines correspond to a fit with
a Maxwell-Boltzmann distribution convoluted with the desorption time distribution; see
main text for details.
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A.4 Supplementary information chapter 5
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Figure A.9: Normalized temporal profiles of adenine intact parent-ion signals following
desorption with a) 0.32 J/cm2, b) 0.48 J/cm2, c) 0.64 J/cm2, and d) 0.80 J/cm2, recorded
for di�erent distances from the foil band. Solid lines correspond to a fit with a Maxwell-
Boltzmann distribution convoluted with the desorption time distribution; see main text
for details.

93



A Appendix

0 20 40 60 80 100 1200

0.5

1

1.5

Delay between ionization and desorption laser (μs)

N
or

m
. i

on
 s

ig
na

l (
ar

b.
 u

ni
t)

 

 

0.32 J/cm2 

0 20 40 60 80 100 1200

0.5

1

1.5

Delay between ionization and desorption laser (μs)

N
or

m
. i

on
 s

ig
na

l (
ar

b.
 u

ni
t)

0.48 J/cm2 

0 20 40 60 80 100 1200

0.5

1

1.5

Delay between ionization and desorption laser (μs)

N
or

m
. i

on
 s

ig
na

l (
ar

b.
 u

ni
t)

0.64 J/cm2 

0 20 40 60 80 100 1200

0.5

1

1.5

Delay between ionization and desorption laser (μs)

N
or

m
. i

on
 s

ig
na

l (
ar

b.
 u

ni
t)

0.80 J/cm2 

0.5 mm
2.5 mm
4.5 mm
6.5 mm
8.5 mm
10.5 mm

 a

 c

 b

 d

Figure A.10: Normalized temporal profiles of glycine intact parent-ion signals following
desorption with a) 0.32 J/cm2, b) 0.48 J/cm2, c) 0.64 J/cm2, and d) 0.80 J/cm2, recorded
for di�erent distances from the foil band. Solid lines correspond to a fit with a Maxwell-
Boltzmann distribution convoluted with the desorption time distribution; see main text
for details.

94



Acknowledgements

I would like to take this opportunity to thank all of the people who helped me finish this
thesis.

First of all I would like to thank my supervisors Prof. Dr. Jochen Küpper, Prof. Dr.
Henry Chapman and Dr. Daniel A. Horke for giving me this great subject for my PhD
thesis and supervise me. Thank you for the opportunity to be a part of your group.

Secondly I would like to acknowledge the financial support from the Joachim Herz
Foundation and PIER Helmholtz Graduate School. I would especially thank Dr. Eva
Ackermann from JHZ for organizing nice get-together events yearly and Mirko and Ste-
fanie from PIER for organizing the soft skill courses and workshops.

Thirdly I would thank all of the CMI members for the nice discussions and beer time.
Especially I would like to thank Dr. Daniel A. Horke for the patient supervising and CO-
MOTION members for working together. And I would like to point out that this thesis has
been supported by the European Research Council under the European Union’s Seventh
Framework Programme (FP7/2007-2013) through the Consolidator Grant COMOTION
(ERC-614507-Küpper).

Finally and most importantly I want to thank my wife Mrs. Mingmei Sun for her
support and meticulous care during my PhD. And the birth of our lovely daughter Jenny
encouraged me a lot. Thanks for the happiness she brings to me and our family.

95



List of Publications

1. Laser-induced acoustic desorption of thermally stable and unstable biomolecules
Z. Huang, D. Horke, and J. Küpper
under review, 2019, arXiv:1811.05925 [physics].

2. Development and characterization of a laser-induced acoustic desorption source
Z. Huang, T. Ossenbrüggen, I. Rubinsky, M. Schust, D. Horke, and J. Küpper
Analytical Chemistry 90(6), 3920-3927(2018).

3. Voltage dependent quantum e�ciency measurement in property study of thin film
solar cells
Z. Huang, S. Zhao, L. Sun, P. Sun, C. Zhang, Y. Wu, H. Cao, Z. Hu, S. Wang, P.
Yang, and J. Chu
Journal of Infrared and Millimeter Waves 33(4), 395-399 (2014).

4. A 5.5% e�cient co-electrodeposited ZnO/CdS/Cu2ZnSnS4/Mo thin film solar cell
J. Ge, J. Jiang, P. Yang, C. Peng, Z. Huang, S. Zuo, L. Yang, and J. Chu
Solar Energy Materials and Solar Cells 125, 20-26 (2014).

5. Influence of Co doping on structural, optical and magnetic properties of BiFeO3

films deposited on quartz substrates
L. Peng, H. Deng, J. Tian, Q. Ren, C. Peng, Z. Huang, P. Yang, and J. Chu
Applied Surface Science 268, 146-150 (2013).

6. Numerical analysis of the non-ideal current-voltage characteristics of solar cells
S. Zhao, Z. Huang, L. Sun, P. Sun, C. Zhang, Y. Wu, H. Cao, Z. Huang, S. Wang,
and J. Chu
Journal of Infrared and Millimeter Waves 32(5), 389-393 (2013).

7. A detailed study of the e�ect of Schottky barrier on the dark current density-voltage
characteristics of CdS/CdTe solar cells
S. Zhao, Z. Huang, L. Sun, P. Sun, C. Zhang, Y. Wu, H. Cao, G. Hu, S. Wang,

96



and J. Chu
Acta Physica Sinica 62(16), 168801 (2013).

8. Analysis of electrical property parameters of CdS/CdTe solar cells fabricated by close
space-sublimation
S. Zhao, Z. Huang, L. Sun, P. Sun, C. Zhang, Y. Wu, H. Cao, G. Hu, S. Wang,
and J. Chu
Acta Physica Sinica 62(18), 188801 (2013).


	Abstract
	Contents
	Introduction
	Conceptional Background
	Gas-phase Molecule Preparation
	Thermal Vaporization
	Laser Desorption
	Laser-Induced Acoustic Desorption

	Photoionization Mechanism
	Single-Photon Ionization
	Multi-Photon Ionization
	Tunneling Ionization
	Over the Barrier Ionization
	Keldysh Parameter

	X-ray or Electron Diffractive Imaging

	Experimental Methods
	Introduction
	Experimental Setup
	Vacuum System
	LIAD Source
	Laser System
	Mass Spectrometer
	Data Acquisition

	Sample Preparation
	Summary

	Characterize the Laser-Induced Acoustic Desorption Source
	Introduction
	Experimental Method
	Results and Discussion
	Characterizing LIAD by strong-field ionization
	Molecular Plume Properties
	Molecular Fragmentation
	Nature of the Desorption Process

	Conclusion

	Laser-Induced Acoustic Desorption of Thermally Stable and Unstable Molecules
	Introduction
	Experimental Method
	Results and Discussion
	Conclusion

	Effects of Sample Layer Thickness on Phenylalanine Plume Properties
	Introduction
	Experimental Method
	Results and Discussion
	Conclusion

	Conclusion and Outlook
	Conclusion
	Outlook
	Couple with Cooling Techniques
	Structure Selection
	Alignment and Orientation
	X-ray and Electron Imaging


	Bibliography
	Appendix
	Appendix
	Supplementary information chapter 2
	Shake-off Model
	Thermal Model
	Stress Model
	Blister Model
	Repulsive Model
	Thermal Transient Simulation

	Supplementary information chapter 3
	Mass-to-charge ratio calibration
	Drop and Dry
	Sample Drying with N2
	Brush Method
	Precipitation Method
	Slow-dragging Method
	Rubbing Powder Method

	Supplementary information chapter 4
	Supplementary information chapter 5

	Acknowledgements
	List of Publications

