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Motivation

Whatever reason may be the driving force to do a thesis in instrumental analysis, it is

a true period of both fascination and frustration. I have devoted the past 6 years to

these two extremes: I have been fascinated by the chance of building new instrumen-

tation, optimize it, step backwards, redesign partially or completely, adjust, further

optimize, and finally receive a result of novel scientific significance. However, the

price sometimes was pretty high – each change of the existing setup implied unex-

pected consequences, and thus, was typically followed by additional change. I had to

learn that this is what science is all about: the answer to one question opens ten new

questions. Johann Wolfgang von Goethe said: "So eine Arbeit wird eigentlich nie fer-

tig" (such an oevre in principal cannot be finalized, whatsoever). Indeed, I often felt

like this.

The thesis is divided in two major sections: after a more general introduction to our

scientific background, chapters 4 and 5 describe our work on fundamental concepts in

MALDI mechanism, which was done under supervision of Dr. Richard Knochenmuss

in the early two years of the thesis. Chapters 6 - 8 present a chronological journey

through our development of SNOM-MS, supervised by Prof. Dr. Renato Zenobi. It

ends with the proof-of-principle data on the successful coupling of lateral high resolu-

tion laser ablation and subsequent mass spectrometric detection of test compounds.

For me, this is the end of my thesis; for the topic, it may be the very beginning.

Zurich, September 2006 Patrick D. Setz 
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Summary 

The present thesis is based on two topics: we first have investigated mechanistic

aspects of ion generation in matrix-assisted laser desorption/ionization (MALDI)

with emphasis on the primary ionization processes; secondly, the development of a

prototype instrument is shown that combines a commercial scanning near-field opti-

cal microscopy (SNOM) with a home-built ion-trap/time-of-flight mass spectrometer

(IT/TOF-MS). At a first glance, these might be completely independent research top-

ics. However, we have demonstrated that the knowledge and experience gained

throughout the MALDI research was indeed useful and could be implemented into

the design and development of an ambient sampling interface for the hyphenation of

SNOM and IT/TOF-MS, respectively. 

In the first part, two principal primary ionization pathways in MALDI were investi-

gated: direct multiphoton ionization and energy pooling. Both are thought to be the

origin of overcoming the ionization potential of commonly employed MALDI matri-

ces, such as 2,5-dihydroxybenzoic acid (DHB). We discuss the processes by preparing

gas-phase clusters of model-compounds type (proline)nDHB which were probed by

one- and two-color two photon ionization and subsequent mass analysis. The clusters

were shown to exhibit a substantial reduction in ionization energy as compared to

free gas-phase DHB. Direct multiphoton ionization was found likely to happen.

In addition, a potential energy pooling process was investigated using fluorescence

intensity and time-resolved fluorescence spectroscopy methods on laser excited DHB

matrix crystals, in order to probe energy transfer mechanisms by excitation energy

migration within such matrices. Single DHB crystals (host) were doped-grown with a

strongly fluorescing laser dye (guest). By employing fluorescence quenching, the

dependence of host and guest fluorescence on excitation density and guest concentra-

tion yielded clear evidence for long-range energy transfer within this specific matrix.

Our work has further substantiated energy transfer and thus enhanced exciton pool-

ing probability to be relevant processes which were finally incorporated into a UV-

MALDI ionization model. 



iv

The second part of the present thesis describes the development of a prototype instru-

ment that combines both the lateral high resolution topographical imaging of SNOM

with the chemical information achieved by IT/TOF-MS. Such a hyphenation is rele-

vant, since it gives access to chemical information „per pixel“, i.e., per scanned spot.

In our setup, the SNOM probe is used as a highly confined laser ablation source.

Pulsed laser ablated material is then transferred via an ambient sampling interface

into the high vacuum environment of the mass spectrometer for further mass analy-

sis. 

After extended modifications of several parts of the instrument, we present the proof-

of-principle of such a combined technique. Peculiar emphasis was put on studies of

transport properties of the ambient sampling interface. Eventually, a resolution of

300, and a sensitivity of < 9 ppmv was shown to be achievable with our IT/TOF-MS.

Our successful SNOM-IT/TOF-MS experiment uses anthracene with a laser ablation

spot size of about 1.5 micrometers, equal to about 400 Mio molecules originally

ablated. 

In conclusion, we present a fundamental evaluation of two putative primary ioniza-

tion pathways in MALDI and compare our results with modelling. The development

of a prototype instrument combining high lateral resolution imaging with chemical

information is chronologically recorded in great detail. To the best of our knowledge,

we herein present the first feasibility study of SNOM-IT/TOF-MS. 
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Zusammenfassung

Die vorliegende Arbeit gliedert sich in zwei Schwerpunkte: zuerst werden mechanis-

tische Fragen der Ionen-Bildung in der Matrix-unterstützten Laser Desorption/Ion-

isierung (MALDI) untersucht unter spezieller Berücksichtigung von primären

Ionisierungsprozessen. Anschliessend, als zweites Thema, präsentieren wir die

Entwicklung eines Prototyp-Instrumentes, das ein kommerzielles Nahfeldoptisches

Mikroskop (SNOM) mit einem selbstgebauten Ionenfallen-Flugzeitmassenspektrome-

ter (IT/TOF-MS) kombiniert. Auf den ersten Blick mögen diese beiden Themen nicht

viel gemeinsam haben; wir zeigen jedoch, dass die aus den mechanistischen Untersu-

chungen des ersten Teils gewonnenen Erkenntnisse wesentlich zum erfolgreichen

Aufbau des Instrumentes im zweiten Teil beigetragen haben. Vor allem die Entwick-

lung des unter Atmosphärendruck arbeitenden Proben-Interfaces wäre ohne die

vorgängige Bearbeitung der Ionisierungsprozesse nicht oder nur erschwert möglich

gewesen. 

Im ersten Teil diskutieren wir die zwei primären Ionisierungsprozesse der MALDI

Technik: die "Direkte Multiphoton Ionisierung", und das sogenannte "Energy Pool-

ing". Beide werden in der Literatur als mögliche Prozesse zur Überwindung des Ioni-

sationspotentials gängiger MALDI Matrices, z.B. Dihydrobenzoesäure (DHB),

genannt. Wir erörten diese Prozesse, indem wir Cluster aus Prolin und DHB in der

Gasphase erzeugen. Die Cluster des Typs (proline)nDHB werden dann mittels 2-Pho-

tonen Ionisierung bei verschiedenen Laserwellenlängen und anschliessender mas-

senspektrometrischer Analyse untersucht. Im Gegensatz zu üblichem freiem DHB in

der Gasphase haben die Cluster im Ergebnis eine signifikant reduzierte Ionisierung-

senergie gezeigt, was für einen Mechanismus gemäss direkter Multiphoton Ion-

isierung spricht. 

Ausserdem gehen wir der Frage nach einem möglichen "Energy Pooling" Mechanis-

mus nach. Indem wir (zeitaufgelöste) Fluoreszenz-Spektroskopie an angeregten DHB

Matrix-Kristallen anwenden, können wir Energietransfer Phänomene beobachten.

Einzelne DHB Kristalle (Wirt) haben wir hierzu mit starken Fluoreszenzfarbstoffen

(Gast) co-kristallisiert. Mittels Fluoreszenz-Unterdrückung haben wir dann eine deut-
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lich erkennbare Abhängigkeit von Wirt- und Gast-Fluoreszenz von der Anregungs-

dichte und der Gastkonzentration nachweisen können, was im Ergebnis den

vermuteten Energietransfer in DHB über grosse Distanz beweist. Somit sind Energi-

etransfer Phänomene und die Zusammenlegung von Energien ("Pooling") für einVer-

ständnis von MALDI Mechanismen explizit zu berücksichtigen, womit wir unser seit

längerem postuliertes Modell der UV-MALDI Ionisierung untermauert haben. 

Im zweiten Teil der vorliegenden Arbeit beschreiben wir die chronologische Entwick-

lung eines Prototyp Instrumentes, das die hohe räumliche Auflösung von SNOM mit

der chemischen Informationsdichte von IT/TOF-MS kombiniert. Diese Zusammen-

führung hat hohe wissenschaftliche Bedeutung, da sie die Chemie der untersuchten

Probe quasi pro abgerastertem Bildpunkt erfasst. In unserem Aufbau definiert eine

lateral hochauflösende Laserablations-Quelle diesen Bildpunkt. Laserabgetragenes

Material wird via Proben-Interface unter Atmosphärendruck in das Vakuum eines

Massenspektrometers transferiert und dort analysiert. 

Vielfache Modifizierung und Umbauten des Prototypen haben dazu beigetragen,

dass wir in der vorliegenden Arbeit den Beweis für seine Funtionsfähigkeit, sprich

den Beweis für eine erfolgreiche Kopplung von SNOM und IT/TOF-MS, erbringen

können. Am Schluss haben wir eine Auflösung von 300 erreicht, bei einer Empfindli-

chkeit von weniger als 9 ppmv; als Probe haben wir Anthracen abgetragen, der Bild-

punkt hatte einen Durchmesser von ca. 1,5 Mikrometern, was in etwa 400 Mio

Molekülen Anthracen entspricht. 

Zusammenfassend beschreibt diese Arbeit einige grundlegende laserspektrosko-

pische Experimente, um die zwei derzeit diskutierten primären Ionisierungsprozesse

von MALDI zu beurteilen. Die gewonnenen Erkenntnisse haben wesentlich zum Bau

eines Prototypen beigetragen, der hochauflösendes Imaging mit der Massenspek-

trometrie verbindet. Unseres Wissens nach ist dies die erste erfolgreiche Studie zur

Kopplung von SNOM-IT/TOF-MS. 
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List of Abbreviations

AC alternate current

AFM atomic force microscopy 

AP atmospheric pressure 

API atmospheric pressure ionization 

C153 coumarin 153 

CCD charge-coupled device 

CHCA α-cyano-hydroxycinnamic acid 

CI chemical ionization 

CIT cylindrical ion trap 

CLSM confocal laser-scanning microscopy 

CVD chemical vapor deposition 

DART direct analysis in real time 

DC direct current

DCM 4-dicyanomethylene-2-methyl-6-p-diethylaminostryryl-4-H-pyran 

DDG digital delay generator 

DESI desorption electrospray ionization 

DFT density functional theory 

DHAP 2,5-dihydroxyacetophenone 

DHB 2,5-dihydroxybenzoic adic 

DIOS desoption/ionization on silicon

DPSS diode-pumped solid state 

DSO digital storage oscilloscope 

EI electron impact ionization

ESI electrospray ionization 

ET energy transfer 
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GC gas chromatography 
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HOMO highest occupied molecular orbital 
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ICR ion cyclotron resonance 

ICCD intensified CCD
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IE ionization energy 

IR infrared

ISO International Standardization Organization 

IT ion trap 

KF Klein-Flange 
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LC liquid chromatography 

LDMS laser desorption mass spectrometry 

LIBS laer-induced breakdown spectroscopy 

LIF laser induced fluorescence
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SEM scanning electron microscopy or secondary electron multiplier 

SERS surface-enhanced Raman spectroscopy 

SIMS secondary ion mass spectrometry 
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SPI single photon ionization 
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TERS tip-enhanced Raman spectroscopy 
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INTRODUCTION
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The first chapter introduces the concepts of mass spectrometry and its evolution, then

gives an overview on ionization methods in organic mass spectrometry, and finally

describes the early developments of scanning probe microscopy.

The language and terminology presented here will be used in all subsequent sections.
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1.1 Evolution of Mass Spectrometry

The historical development of mass spectrometry is the topic of many dissertation

introductions [1, 2], books [3] and publications [4]. A very detailed listing of the his-

tory of mass spectrometry can be found on Gary Siuzdak’s webpage [5]. Thus, only

major landmarks will be specified here. The origins of mass spectrometry can be back-

dated to 1899, when J.J. Thomson1 measured ion masses in gases [6]. In honor of his

scientific contributions, the mass-to-charge ratios (m/z) are named after him, Thomson

[Th]. Driven by the curiosity of studying mainly isotopes, Dempster (1918) [7] and

Aston2 (1919, 1920) [8, 9] reported on a main breakthrough in mass spectrometry. A

next milestone was the introduction of a time-of-flight mass spectrometer by Stephens

in 1946 [10]. And just three years later, Hipple, Sommer and Thomas proposed the

idea of the ion cyclotron resonance (ICR) mass spectrometer [11]. This mass spectrom-

etry method was further improved by Comisarow and Marshall [12] in 1974, employ-

ing a Fourier transformation on the response of pulsed frequency excited ions, instead

of the slow scanning method used by Hipple and coworkers. This resulted in another

milestone of fast and very high resolution providing technique called FT-ICR. In 1953,

Paul3 and Steinwedel proposed a new mass spectrometry method, called quadrupole

mass filter (QMS), or ion trap mass spectrometry [13]. In 2000, the orbitrap has been

presented by A. Makarov and coworkers [14, 15]. The orbitrap is a variation of the ion

trap and the FT-ICR, thus combining advantages of both technologies.

Mass spectrometry, once a niche technology in physics and chemistry, has become a

widely used method for mass analysis of all kinds of biological molecules [16, 17],

polymers [18] and even heavy particles such as viruses [19].

1. 1906, Physics Nobel Prize
2. 1922, Chemistry Nobel Prize
3. 1989, Physics Nobel Prize
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1.2 Ionization Methods in Organic Mass Spectrometry

In all mass spectrometric techniques, m/z ratios are determined, implying the need for

ions to be measured. Thus, ionization of the previous neutral molecules is mandatory

for mass spectrometry. Many ionization techniques have been developed and are cur-

rently employed, depending on the type of molecules to ionize, the degree of frag-

mentation desired, and on selectivity [20].

The first ionization method, yet today prominent in use, was presented in 1918 by

Dempster [Dempster, 1918 #3]. Electrons produced by a heated cathode (filament)

were accelerated within an electric field up to energies of 60 - 80 eV. Neutral gas-

phase molecules are bombarded by this high energy electrons and get subsequently

ionized, yielding mainly positively charged radical analyte ions. This is called elec-

tron impact (EI) ionization. The excess in impact energy with respect to the analyte

ionization energy needed (8 - 10 eV for most of the organic molecules), leads to a high

degree of analyte ion fragmentation. Typical EI mass spectra thus exhibit strong frag-

mentation patterns. On the one hand, these can be useful for structural elucidation

but on the other hand, the molecular ion (parent ion) peak is often faint or not any-

more abundant. This restricts the employment of EI for molecular mass determina-

tion. Furthermore, EI can only be applied on relatively small analyte molecules of a

few hundreds of Da in mass, since the analyte needs to be vaporized before ioniza-

tion. Also, the ionization efficiency of EI (10 - 1‰) is rather low. In 1966, Munson and

Field presented the chemical ionization (CI) method [21, 22, 23]. In CI, the ionization

source of the mass spectrometer is filled with a reagent gas, e.g., methane. This

reagent gas, previously ionized by EI, then transfers its charge via proton transfer

reactions to the analytes. CI mass spectra usually differ from EI spectra; they show

quasi-molecular ions, having a mass shift of m/z +1, due to protonated parent ions.

Furthermore, these quasi-parent ions are said to have a higher abundance and the

degree of fragmentation is much less pronounced. Macfarlane and coworkers discov-

ered the Cf-plasma desorption/ionization technique in 1974 [24, 25]. The application

of lasers as an ionization source was already investigated in the late 1960s by Mumma

and Vastola [26], and was revised again in 1978 by Posthumus, Kistemaker and

coworkers [27]. Historically, laser desorption and ionization mass spectrometry (LD-
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MS) of biological molecules was limited to those having molecular weights less than

~10,000 Da. Larger molecules could not be desorbed with laser energies beneath val-

ues that induced fragmentation [28, 29]. Another method to desorb thermolabile and

involatile compounds was fast atom bombardment (FAB), presented in 1981 by Bar-

ber et al. [30]. There, argon was previously ionized by a cold cathode discharge source

and then accelerated onto a surface, containing the analyte molecules. The impact of

the charged argon atoms induced the desorption and the ionization of the analyte.

Investigation of peptides, glycoside antibiotics and organometallic compounds was

successfully demonstrated [31, 32]. A further surface desorption technique is field

desorption (FD), primarily developed by Beckey [33]. Secondary ion mass spectrome-

try (SIMS), was presented by Benninghofen and coworkers in 1976 [34]. A low-energy

primary ion is impacted on a sample surface yielding ejected secondary high-mass

ions that are then accessible for mass analysis [35, 36]. In 1968, Dole presented the first

electrospray ionization (ESI) experiments [37]. But his work remained somehow

unnoticed. Only in 1984, Fenn1 and Yamashita began to investigate Dole’s technique

in combination with mass spectrometry. They showed ESI to be capable of spraying

and ionizing large biomolecules [38, 39]. For the first time, even large biomolecules in

the hundreds of megadaltons molecular weight regime became accessible for mass

spectrometry [40]. With the exception of ESI, all the formerly mentioned ionization

methods were invented and applied to desorb and ionize high-mass ions from sur-

faces. However, the real break through in desorption/ionization mass analysis only

came with the discovery that matrices can assist intact desorption and ionization of

peptides and proteins via pulsed laser irradiation. In 1987, Tanaka2 presented the first

particle-assisted laser desorption/ionization measurements of proteins up to masses

of 34’000 Da [41]. In the following year, Hillenkamp and Karas introduced matrix-

assisted laser desorption/ionization (MALDI) [42, 43]. In MALDI, the analyte is co-

crystallized with a matrix (usually a small, UV absorbing organic molecule) on a sam-

ple target (UV-MALDI). This analyte-matrix mixture is then excited by pulsed laser

irradiation in order to induce desorption and ionization of the analytes. MALDI is a

soft ionization method, although not as soft as ESI, showing very little fragmentation

and high intensity of mainly singly charged molecular ions. Originally only employed

in the UV regime, MALDI also works with IR lasers (IR-MALDI) [44]. In 2000, Laiko

1. 2002, Chemistry Nobel Prize
2. 2002, Chemistry Nobel Prize
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and coworkers discovered that a MALDI source may be also effectively operated at

atmospheric pressure (AP-MALDI) [45, 46]. Ion production under atmospheric condi-

tions seems to be softer in comparison to conventional MALDI [47]. Recently, new

ionization techniques emerged, namely desorption-ionization on silicon (DIOS), pre-

sented in 1999 by the research group of Siuzdak [48, 49], direct analysis in real time

(DART), introduced by Cody and coworkers in 2005 [50], and finally, desorption elec-

trospray ionization (DESI), presented by the Cooks group in 2004 [51, 52]. Although

the recent ionization methods can be regarded as derivatives of MALDI and ESI, a

general tendency towards easier sample preparation (silicon chips, DIOS), and sim-

pler sample handling (AP-methods) is clearly the aim of current research.
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1.3 Evolution of Scanning Probe Microscopy

The appearance and triumphal procession of nanotechnology is strongly related to

the invention of adequate tools to visualize and analyze structures of nanometer-sized

dimensions. Although at that time scanning electron microscopy (SEM) provided

images of the nanoworld down to approximately 5 nm resolution yet SEM technology

was and still is restricted to conducting samples and high vacuum environment. The

resolution of optical microscopy is caged by the diffraction limit. In 1873, Ernst Abbé

addressed the problem of maximum optical resolution [53] and derived that, it to be

dependent on the wavelength of the light divided by a number known as the Numer-

ical Aperture (N.A.). The latter is proportional to the angle of the light cone (2α)

formed by the object. This law has become known as the Abbé Barrier Equation 4.1 of

resolution. As a rule of thumb, it is approximately λ/2.

An idea to overcome the diffraction limit was already formulated by Synge [54] in the

late twenties of the last century. However, it took several tens of years in technical

development before the diffraction limit could be surpassed. Although Lukosz in

1966 [55] and Ash and coworkers in 1972 [56] addressed the challenge to undermine

the Abbé barrier to some extent, it was not until 1982 when Gerd Binnig and Heinrich

Rohrer from the IBM research center in Rüschlikon (Switzerland) [57, 58] came up

with the groundbreaking idea of scanning tunneling microscopy (STM), a tool that

made mankind’s dream come true: For the first time, atoms and molecules became

“visible” (= atomic resolution). Although STM is not a tool to optically obtain high

resolution beyond the diffraction limit, the invention of its principal mode of opera-

tion inspired other researched to fill this gap.

 (Eq 1.1)

Dmin  maximum resolving power

λ  wavelength of light

N.A.  numerical aperture

Dmin
0.5 λ⋅
NA

--------------- 0.5 λ⋅
n 2α( )sin⋅
----------------------------= =
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As a result, other techniques based on the same scanning-probe microscopy (SPM)

principle evolved. These new SPM techniques have become known as the “children of

the STM [59]: atomic force microscopy (AFM) [60] and scanning near-field optical

microscopy (SNOM) [61, 62, 63], where the introduction of fiber-optic SNOM probes

resulted in the greatest advance [64]. SNOM can be seen as the “optical cousin” of the

other SPM methods, since the fiber-probes can be used for both, illumination and

detection. The underlying principle of all scanning probe methods is straightforward

(Figure 1.3.1):

 a tiny and sharp tapered tip is kept closely (5 - 10 nm) above a surface and interac-

tions of the probe with the sample surface (tunneling current [STM], vibrational

damping [SNOM] and/or friction forces [AFM]) are used to keep the probe-sample

distance constant by a feedback loop via piezo transducers. A complete topographical

map of such a surface is obtained by scanning this probe line by line over the surface.

In recognition of the essential scientific impact of the invention of STM, Binnig and

Rohrer (together with Ruska [65], for the invention of electron microscopy) were

awarded the Nobel Prize in Chemistry in 1986 [66].

1.3.1 Near-field and far-field - a definition

In the SNOM-MS chapters, we often differentiate between laser ablation experiments,

either performed in the optical near-field or the far-field. Thus, definitions of both are

given here:

Figure 1.3.1: General principle of

all scanning probe microscopy

methods. A probe (here a SNOM

tip attached to a tuning fork) is

held in feedback distance close to a

surface (5 – 10 nm) by piezo trans-

ducers and scanned line by line

over the surface of investigation.

Thus, a topographical image of that

surface is recorded.
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Near-field

In contrast to classical optics, the resolution in SNOM is no longer dependent on the

wavelength but rather from the probe’s aperture and sample-probe distance. The rea-

son for this lies in the particular characteristic of the electromagnetic field after having

passed the sub wavelength aperture resulting in an evanescent field behavior. Bethe

and later Bouwkamp calculated this evanescent field emerging from a circular aper-

ture [67, 68]. With increasing separation from the aperture, the characteristics of such

an evanescent field are a very fast exponential decay. The optical near-field is

assumed to persist within a distance of less than 20 nm only. Thus, a SNOM tip must

be kept within this distance. Additionally, the intensity of this evanescent field is gen-

erally dropping with decreasing aperture size (Equation 1.1).

This further limits the size of the aperture to be at least some ten nanometers. Near-

field laser ablation is therefore defined as ablation through the aperture of a SNOM

probe being help in feedback (d ≈ 5 - 10 nm) or, more correctly, through a sub wave-

length aperture.

Far-field

Far-field laser ablation uses conventional optics (lenses). This limits the laser focus

diameter to about λ/2.

(Eq 1.1)

I  Intensity of the emerging field, for (r << λ)

r  distance from backside illuminated aperture

I r6 1–
r

------⎝ ⎠
⎛ ⎞exp⋅∝
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MALDI MECHANISMS AND PROPERTIES
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Out of the many ionization mechanisms providing large and intact gas-phase mole-

cules, ESI and MALDI are by far the most employed these days. In this introductory

chapter, relevant properties of the MALDI process are reviewed and discussed in

detail; the two major modern MALDI models are briefly presented. The importance of

clusters in the MALDI mechanism is also discussed. Furthermore, the MALDI related

process of laser induced desorption/ablation is addressed with emphasis on the

plume expansion behavior, especially under elevated or even atmospheric pressures.

This will be shown to be important in the SNOM-MS chapters, where sampling of

laser ablated neutral material under ambient conditions was attempted and has

finally proven to work. Additionally, possible sensitivity improvements of MALDI

are mentioned and discussed as well. All this should be helpful in understanding the

work presented in the next two chapters concerning primary MALDI pathways.
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2.1 MALDI Mechanisms

Matrix-assisted laser desorption/ionization (MALDI), pioneered by Karas and Hillen-

kamp [1-3] has become a widely utilized method for ejecting and ionizing large, ther-

mally labile, non-volatile molecules from condensed phases into the gas phase. Thus,

MALDI is a “soft“ desorption and ionization technique. Despite its successful use,

debates on fundamental processes involved in ion generation and liberation, although

decreasing in numbers, do not come to a halt. It is, however, generally agreed that the

role of the matrix is to embed the analyte and to absorb incident laser irradiation in

order to drive the desorption and ionization process. Thus, all matrices usually

exhibit strong absorption bands at the applied laser wavelengths. Although MALDI

also includes the application of IR lasers, we restrict the following discussions to UV-

MALDI only. The mechanistic aspect of ion generation and liberation in MALDI has

been the topic of many papers and reviews [4-8], and a complete listing is beyond the

scope of this chapter.

2.1.1  On the Origin of (Ionic) Species (in MALDI) - An Amazing Analogy

The chosen title, though borrowed from Charles Darwin and slightly modified, is not

only of literary resemblance but also of scientific, since the concepts of mutation

(transformation) and natural selection (survival of the fittest) as proposed by Darwin

in 1859 [9] can be successfully applied to the ion formation in MALDI mass spectrom-

etry. When compared with MALDI mechanisms, some stunningly analogies arise. On

the one hand, the transformation of primary ions into secondary ions can also be seen

as a form of “ion mutation”. And on the other hand, the ion composition detected by

the mass spectrometer originates from ions having “survived“ competing ion-ion and

ion-neutral gas-phase reactions in the evolving plume. In terms of thermodynamics,

only the most stable ions will be detected (= survival of the fittest).

2.1.2 Principles and Definitions

Primary ionization: A process, where a natural atom or molecule becomes charged.

In MALDI, the matrix molecule M gets ionized by the absorption of incident photons

by mechanisms under discussions:  M + nhν → M+.
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Secondary ionization: A further process, where a charged atom or molecule transfers

its charge to another previously uncharged atom or molecule. In MALDI, the analyte

molecule A gets ionized via charge transfer by the previously ionized matrix mole-

cule. For peptides and proteins, secondary ionization usually happens via proton

transfer reactions:  MH+ + A → AH+ + M.

Cluster: An array of bound atoms or molecules, intermediate in character between

molecule and a solid. Originating from inorganic chemistry, the expression cluster is

also used in organic chemistry to describe small aggregates of a few molecules, usu-

ally held together by ionic or hydrogen-bridge bondings.

2.1.3 MALDI mechanisms - a closer look

Despite the fact of different wavelengths [10-13], pulse widths [13, 14] and energies

applied [15-18], MALDI mass spectra often exhibited strong similarities. Furthermore,

UV- and IR-MALDI often result in mass spectra that look almost the same when using

the same matrix. It has been argued that the detected ions must, consequently, origin

from an uniform preceeding ionization mechanism. Apparently, there are different

excitation mechanisms present for UV- and IR MALDI. An UV laser induces elec-

tronic transitions from the ground state, S0, to the first excited state, S1, in the matrix

molecules, while for IR irradiation, the matrix gets vibrationally excited. Out of these

different excitations, and the surprising resemblance of the mass spectra recorded, it

was concluded that a so-called secondary ionization step must be present leading to the

ion composition detected [19-21]. Underlying this secondary ionization, a hidden, pri-

mary ionization mechanism is hypothesized. If the mass spectra recorded in MALDI

reflect the ions formed by secondary reactions, these primary ionization events obvi-

ously are not mirrored in the final ion distribution [20]. Thus, mass spectra them-

selves, do not reveal the mechanism of a primary ionization step [22].

Disappointingly, only few studies have been published investigating the evolution of

a primary ionization pathway [19, 23-32]. This can partially be explained by the fact

that measuring mass spectra does not give any direct insights into primary processes

and often, there is a lack of appropriate instrumentation and knowledge in the

MALDI-application labs in order to probe such processes. Many ionization mecha-

nisms have been proposed to explain the occurrence of matrix, and subsequently,
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analyte ions, during that past 20 years of MALDI mechanisms research. Among them

were multiphoton [19, 26, 33-36] and thermal ionization [17, 37, 38], energy pooling

and multicenter models [24, 26, 36, 39-44], excited state proton transfer reactions [1,

19, 34, 45-47], disproportionation reactions [5], desorption of preformed ions [33, 40,

48, 49] and gas-phase cationization [33, 38, 50]. Out of these, the multiphoton ioniza-

tion and the pooling model will be described in more detail, since this work’s first two

experimental chapters dealed with the investigation of possible primary ionization

pathways based on the former two mechanisms.

Multiphoton Ionization:

M + nhν → M+• + e -.

In the multiphoton ionization model, the matrix absorbs two or more photons in

order to overcome its ionization energy. Although much favored in the early days of

MALDI, this ionization is rather unlikely since the energy of even two photons is not

high enough to directly ionize the matrix molecules. The laser photon energy of the

usually employed nitrogen lasers (337 nm) is 3.68 eV, and for the Nd:YAG lasers (355

nm), 3.49 eV, respectively. The ionization potentials of MALDI matrices lie typically

between 8 and 10 eV [26]. Thus, a direct ionization of two absorbed photons does not

result in a matrix ion. Furthermore, ionization via absorption of a third photon is

highly unlikely to happen, since the photon density at typical MALDI irradiances (106

- 107 W/cm2) is simply too low to allow for such a process. However, under certain

circumstances, the ionization energy of matrix molecules may be reduced below the

2-photon ionization threshold [29]. Only then, such a 2-photon ionization mechanism

might play a role in the primary ionization pathway. This is experimentally demon-

strated in chapter 2 of this work. Nevertheless, direct photoionization of matrix-ana-

lyte clusters, even with a 2-photon ionization potential, is not likely to make a large

contribution, except at high analyte concentrations, as has been recently shown by

Knochenmuss [51].

 



21

Energy Pooling:

MM + 2hν → M* M* → M+• + M + e -.

In the energy pooling and multicenter ionization model, two or more separately

excited matrix molecules pool their energy to yield one matrix radical cation or a

highly excited matrix molecule while the other previously excited matrix molecules is

depleted. This kind of mechanism is quite attractive within an excited crystalline

organic solid. It is well known fact in solid state physics that local excitations within

regularly packed, strongly interacting chromophores can migrate [52]. There are sev-

eral indications of a pooling process happening during MALDI ion generation. In two

important fluorescence studies of solid matrices, Ehring and Sundqvist as well as

Lüdemann and coworkers showed that luminescence was quenched at excitation

densities that roughly correspond to the MALDI threshold [24, 27]. This was inter-

preted as due to exciton annihilation (reaction of two excited molecules with each

other). Time-delayed two-pulse experiments [41, 53] also showed that, on a time scale

of about 10 ns, MALDI depends on the number of photons delivered, not on the rate

at which they arrive (fluence, not irradiance is important). In 2,5-dihydroxybenzoic

acid (DHB), the optimum time delay for two-pulse excitation was found to be near the

fluorescence lifetime; thus, it is probably a singly excited matrix that acts to store

energy. Arrival of a second photon can initiate ion production. The pooling process

becomes even more likely, if the excitations are allowed to migrate. Though the prob-

ability of a neighboring matrix molecule to be excited by a second photon is statisti-

cally much higher than an already singly excited molecule to absorb the second

photon, pooling becomes much more likely if theses excitations are dynamic and not

static. Thus, the chance for pooling is highly increased and so is the primary ioniza-

tion pathway employing this multicenter ionization method. The feasibility of such

dynamic pooling process was further developed and was experimentally well

supported, too, as will be shown in chapter 5 of this work.

The ionization efficiency of MALDI has been reported to be rather low, on the order of

10-5 - 10-3 [36, 54-57]. Thus, a detailed investigation of the involved processes occur-

ring on a pico- to nanosecond time scale might help understanding the mechanisms of

matrix energy uptake and transfer, that finally results in the generation of primary
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ions. Many publications reported on investigations regarding the ion’s internal ener-

gies [37, 58-64] and the ion’s initial velocities [65-74], in order to probe for mechanistic

aspects of the MALDI process, respectively.

MALDI Models

Since the discovery of MALDI in the late 1980ies, numerous MALDI mechanisms

have been proposed [4, 7, 19-21, 26, 28, 33, 36, 40, 44, 48, 56, 75-80], summarized in two

review articles [5, 8]. Out of these, two principal modern UV-MALDI models evolved. 

The cluster ionization model, introduced and further developed by Karas and

coworkers [6], assumes the desorption/ablation and liberation of preformed ions out

of the solid analyte-matrix mixture via cluster ejection and insufficient in-plume neu-

tralization processes, often by photo-electrons originating from the uppermost matrix

layer, resulting in some ions that were termed ‘‘lucky survivors’’. In that sense, it is

thought that these “lucky surviving” ions escaped the neutralization processes. This is

a mechanism involving only a liberation of already solid-state abundant ions. The role

of the matrix is reduced to assist the ion’s desorption/ablation. The energy pooling

model developed by Knochenmuss and coworkers [51, 81, 82] assumes multicenter

photoexcitation of matrix molecules and a recombination of excitation energy (= pool-

ing). The formation of primary (matrix) ions is not necessarily expected by the redis-

tribution of excitation energy of two neighboring matrix molecules. Furthermore, a

migration of the former is assumed and experimentally supported, thus increasing

the probability of such a pooling process. In order to finally overcome the ionization

barrier of the matrix molecule, pooling processes with higher excited states are taken

into account, or thermal ionization. The generation of secondary ions out of these pri-

mary matrix ions, as detected by mass spectrometry, is then thought to be a thermo-

dynamically driven process in the MALDI plume. Although both models do fairly

well predict the qualitative outcome of a MALDI process, only the one of Knochen-

muss was further developed to yield quantitative information, yet the desorption/

ablation process was even included [78]. 
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2.2 Laser Desorption/Ablation

In contrast to MALDI ionization, the mechanisms of desorption/ablation are well

understood, supported by experiments [57, 83-87] and by molecular dynamics simu-

lations [88-95]. Only recently, matrix-assisted desorption/ablation has been inten-

sively reviewed by Dreisewerd [56]. The main purpose of the MALDI matrix is to

absorb the laser energy and to convert a major part of it into heat by non-radiative

pathways. A small amount of absorbed energy is also re-emitted as fluorescence; its

contribution depends on the fluorescence quantum yield, which is usually low for

MALDI matrices. A few tens of picoseconds upon laser irradiation, a disintegration of

the solid matrix begins to happen, what can be either characterized as desorption or

ablation, depending on the laser fluences applied. In the low fluence regime, desorp-

tion of only a top surface layer of the sample occurs, and the evaporated material con-

tains only few condensed particles or clusters. At the higher fluence regime, ablation

of subsurface layers occurs, resulting in ejection of condensed material as clusters or

even chunks. Since MALDI is usually performed in the ablation regime, the acronym

should more properly be called MALAI: matrix-assisted laser ablation/ionization.

The ablated material expands into the vacuum and forms an initially rather hot and

dense cloud, called plume, in which a high collision probability exists. The latter can

be regarded as a “reaction vessel with fast changing reaction conditions”, since sec-

ondary ionization processes are thought to be taking place within the ablation plume.

The generated secondary ions of the expanding plume were found to have initial ion

velocities ranging from 400 - 1500 m/s, depending on the type of matrix and analyte

used, ion mass and initial position in the crystal. The ion’s internal energy, responsi-

ble for the later fragmentation behavior, is within 3.5 - 4.5 eV [64], corresponding to an

ion in-plume temperature of approximately 500 - 1100 K [60, 96], dependent on ana-

lyte, laser wavelength and pulse width as well as on the matrix used. As soon as equi-

librium conditions are reached within the further expanded and thus cooled ablation

plume, secondary ionization reactions will come to a halt and the result of such pro-

cesses, finally determined by chemical thermodynamics, will be detected by the mass

spectrometer. The surviving ions do thus reflect the outcome of in-plume processes,

regardless of the primary ion species generated.
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2.2.1 Plume Formation in Vacuum and at Elevated Pressures

The expansion behavior and shape of a plume upon laser ablation under typical

MALDI vacuum conditions has been intensively studied by Puretzki and Geohegan

using laser induced fluorescence (LIF) imaging [57, 83, 97]. The general direction of

the ablation plume was found to be perpendicular to the sample surface, although a

certain tilt of the plume towards the incident laser was reported by Ayala and

coworkers [98]. The plume expansion is strongly forward orientated, as is shown in

Figure 2.2.1.

The expansion into vacuum seems to be unlimited (neglecting impacts onto the detec-

tor opposite the ablation event), since the plume does not have to work against a

background pressure. A completely different picture is yielded, when ablation is done

into a background gas. Unfortunately, related literature was only found for laser abla-

tion performed on metals and at fluences in the plasma generation regime (109 - 1014

W/cm2), thus well above typical MALDI fluences. Nevertheless, a similar behavior is

to be expected at MALDI fluences and with organic molecules as substrate, too [99].

Figure 2.2.1: (a) Schematic of MALDI plume irradiation geometry. Desorption is gener-

ated by a KrF-laser beam. LIF excitation utilizes a sheet beam from a second laser fired at

variable time delay after the desorption laser pulse. (b) ICCD images of LIF from matrix

and dye-tagged protein molecules. Each image represents a different desorption event.

Time delays after desorption and the maximum intensity (red, see palette) of each image

are listed. Dashed lines show the target position. (Upper row) LIF images of 3-HPA matrix

vapor plume; (lower row) LIF images of TMR-dye labeled DNase I protein embedded

within 3-HPA matrix and desorbed with a KrF laser. Reprinted (Fig. 1) with permission

from [97]. Copyright (1999) by the American Physical Society.
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The prominent differences between vacuum and background pressure ablation are

shown in Figure 2.2.2. 

In contrast to unlimited plume expansion in vacuum, expansion of a plume at ele-

vated pressures up to atmospheric has its boundary conditions that force the expand-

ing plume to stop and even to collapse. The expanding plume has to work against the

counteracting background pressure. This plume expansion stopping behavior at

raised pressures was previously found to depend on the background pressure, the

laser fluence applied, the laser pulse duration, the spot size and the type of sample

[88, 100-105].

Thus, a laser ablation plume generated under ambient conditions, as later performed

in the SNOM-MS chapters, is demonstrated to only expand fractions of a millimeter

before it collapses again. The collapsing-plume behavior is impressively demon-

strated in the upper graph of Figure 2.2.2, and this at a pressure of only 100 mtorr. A

more pronounced effect is to be expected at 750 torr. This is actually shown at the bot-

Figure 2.2.2: (top) ICCD photo-

graphs of visible emission from

laser-produced aluminum plasma.

The exposure time used was 2 ns.

The laser power density (Nd:YAG

laser, 532 nm, 8 ns) used was 3

GW/cm2 and background pres-

sure was 100 Torr. The timings in

the images represent the time after

the onset of plasma formation. All

of the images are normalized to

their maximum intensity. (bottom)

ICCD images taken of a copper tar-

get at 6 x 1013 W/cm2 at various

pressures as indicated, recorded

with 160-ns gate delay and 500-ns

gate width. Laser: Ti:sapphire, 800

nm, 130 fs. Reprinted with permis-

sion from [100] and [101]. Copy-

right (2005) IEEE.
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tom graph of the same figure. In conclusion, the sampling of laser ablation plumes at

atmospheric pressure seems to be a major challenge, that can successfully be achieved

only when the sampling device is brought into very close proximity to the ablation

event, unless an ablation cell is applied as is used in ICP TOF applications in elemen-

tal analysis.

2.2.2 Clusters in MALDI mechanisms

The formation of clusters during the desorption event seems to be an important step

in the MALDI process [6, 19]. Although clusters are usually not directly detected in a

MALDI experiment, molecular dynamic simulations by Zhigilei and coworkers [90,

92, 94] predicted their abundance. Their existence was also experimentally supported

[84-86, 106-109] and thus, their significant contribution to the MALDI process is now-

adays accepted. The otherwise fragile clusters can be made accessible for mass analy-

sis via adiabatic expansion and cooling by supersonic jet expansion and carrier gas

entrainment, respectively. Since long, a rather high background noise was known to

be common in MALDI experiments, but only recently, Krutchinsky and Chait [110]

could demonstrate a direct connection between the background noise and the abun-

dance of clusters, emerging from the plume.
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2.3 Improving Sensitivity of MALDI-MS by means of “Direct

Control” of the Ionization Processes

Although thorough research on the potential mechanisms involved in the MALDI

process has been performed during the last 20 years, a poor predictability remains. To

obtain significant mass spectra, the choice of an appropriate matrix still is rather

empirical and experience-dependent. While chemists are trained to think in structure-

reactivity relationships, there still is no analyte-structure choice-of-matrix relationship

at hand to derive the appropriate matrix from the analyte’s physical and structural

properties. Only with such premises fulfilled, the MALDI process could be influ-

enced, in order to enhance analyte-ion abundance, or avoid losses thereof, by sup-

pressing unintentional ionizations. It has been shown in this chapter, that the

secondary ionization process is the key step in MALDI ultimately determining the ion

species detected by mass spectrometry. Thus, it is this process that must be controlled

in order to govern the outcome of MALDI. Otherwise, MALDI still is an empirical

trial and error process.

To the best of our knowledge, only few studies have been reported demonstrating

direct chemical control of the outcome of the MALDI process. In reflection of the

mechanistic aspects discussed in detail before, this can only be achieved, if secondary

ionization processes are somehow influenced. The matrix suppression effect [42, 43] is

one such approach, but it only makes disappearing the matrix ions. This might sim-

plify the interpretation of mass spectra of low-mass ions [111], but does not enhance

the analyte ion signal. Another approach was the allowance of 1 - 10% additives to the

MALDI matrix [112]. This resulted in an increase of ion intensity and signal-to-noise

of a factor of about two only. A true way to electrochemically control in-plume reac-

tions is the addition of Cu(II)-chloride [113]. An enhancement of analyte ion signal

intensity of up to 20 times was reported. Apart of that, no selective chemical modifica-

tions of matrix substances or even total synthesis of new ones, specially “designed”

matrix molecules have been made, in order to boost ion yield and thus, increase sensi-

tivity of MALDI. Only recently, it has been reported that photo-electrons, originating

from the metal target surface, emitted by laser irradiation, do significantly influence

the ion composition and thus the ion yield [114]. If these photo-electrons were
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avoided by appropriate choice of matrix layer thickness [114], or by the employment

of nonconducting sample plates, signal intensity could be significantly increased.
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Time-of-flight and ion trap-mass spectrometry knowledge is comprehensively pre-

sented in this chapter, in order to demonstrate the instrument’s principal mode of

operation. The inherent drawbacks of such devices are discussed and potential ways

for circumvention of the former are presented, in order to understand the principal

features of the combination of both, ion trap and time-of-flight mass spectrometry.

Typical applications of the single instrumental pieces are reviewed as well as the

applications of the ion-trap/time-of-flight instrument. Emphasis is laid on the connec-

tion, efficient trapping, successful ejection and improved mass-detection. The knowl-

edge and experience gained from this introductory instrumental chapter was the later

basis for future designs, developments and improvements of a SNOM-MS prototype

instrument, based on a home-built ion-trap/time-of-flight mass spectrometer.
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3.1 Time-of-flight mass spectrometers

Historical Survey

In 1946, the time-of-flight mass spectrometric technique was introduced [1] as: “A

Pulsed Mass Spectrometer with Time Dispersion”. Stephens proposed that ions are

pulsed every millisecond into a vacuum tube (flight tube). The velocity of ions with

different m/z ratios, having the same initial acceleration energy, varies due to the fun-

damental physical law: Ekin = m/2 × v2. The ion’s resulting different arrival times can

be recorded on an oscillograph and easily photographed. This is actually the first

description of a time-of-flight (TOF) mass spectrometer. In the following years, major

improvements of time-of-flight mass spectrometers were essentially implemented by

Wiley and McLaren [2]. They proposed a new ion gun (source) design having two

stages, namely extraction and acceleration. They demonstrated an increased resolu-

tion due to space and energy focussing methods applied by appropriate choice of

extraction and acceleration potentials. The basic design of that two-stage Wiley-

McLaren time-of-flight mass spectrometer remained unchanged up to now. An

improvement in resolution was achieved, when an electrostatic ion mirror was

installed in the flight path, reflecting and thus refocussing the ion packages onto a

detector. This “reflectron” was presented by Mamyrin in 1973 [3].

Theory of Operation

A knowledge on mode of operation of TOF mass spectrometers is needed in order to

understand our work, we thus introduce the basic principles here. Excellent descrip-

tions can also be found in the literature [2, 4-6].

A simple time-of-flight mass spectrometer (TOF-MS) consists of a short extraction

region (usually on the order of a few centimeters), an acceleration, a drift region, and

a detector, all being kept under high vacuum conditions. In the source region, the

electrical field is usually defined by a voltage placed on the source backing plate. This

field is used to repell and accelerate ions to constant kinetic energy; see Figure 3.1.1. 
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Ions may be generated in the gas phase (e.g. by electron impact or multiphoton ioniza-

tion), or directly on the backing plate (e.g. by matrix-assisted laser desorption / ion-

ization). If the ions are generated at the backing plate, they are accelerated throughout

the entire source-extraction region up to the same final kinetic energy and the corre-

sponding velocity (equation 3.1). 

The resulting flight time of the ions thus depends on the square root of their masses

(Equation 3.1).

Figure 3.1.1: A simple TOF mass spectrom-

eter consisting of a source region s, a drift

tube D, and detector.

 (Eq 3.1)

m  mass of the ion

v  velocity of the ion

e  charge of the electron

V  potential difference the ion experiences

 (Eq 3.2)

t  flight time

D drift length

E = V/s

Source S Drift region D

E = 0

m v2⋅
2

-------------- e V⋅=

t m
2 e V⋅ ⋅
------------------- D⋅=
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Mass resolution in mass spectrometers is defined as m/Δm. In a TOF-MS, in which

ions are accelerated to constant energy, its dependence on time resolution can be

derived as follows:

Thus, mass resolution depends on time resolution and therefore on laser pulse width,

detector response, recorder bandwidths and digitizing rates.

Time, Space, and Kinetic Energy Distributions

From the very beginning, TOF mass spectrometers suffered from low achievable reso-

lution. The spread in time-of-flight reflects many properties of the ion’s initial condi-

tions and is a result of uncertainties in time of initial ion formation, its initial location

in the extraction field, its initial kinetic energy and metastable fragmentation. All

these factors contribute to an overall low mass resolution.

Single-stage Extraction

Temporal distributions include actual distribution in the time of ion formation as well

as limitations of ion detection and time-recording devices. Distribution in the time of

ion formation results in a time difference (Δt) which remains constant as the ions

approach the detector. Because the mass resolution is given by t/2Δt, the resolution

can be enhanced by increasing the length of the flight tube. An early method to correct

for distributions in time of ion formations has been demonstrated by Wiley and

McLaren [2]. When the ions are produced within the source, they are formed with

 (Eq 3.3)

 (Eq 3.4)

 (Eq 3.5)

Δm full width at half-maximum (FWHM) of the mass signal

Δt FWHM of the time signal

m 2 e V⋅ ⋅

D2
-------------------⎝ ⎠

⎛ ⎞ t2⋅=

Δm td
dm Δt⋅ 2 e V⋅ ⋅

D2
-------------------⎝ ⎠

⎛ ⎞ 2 t Δt⋅ ⋅ ⋅= =

m
mΔ

-------- t
2 tΔ⋅
------------=



41

some initial kinetic energy (U0) leading to an initial kinetic energy distribution. Only

the initial kinetic energy along the time-of-flight axis influences the arrival times

(equation. 3.6).

Ions having initial velocities in direction of the flight tube will arrive sooner at the

detector than those having no such initial velocities; see Figure 3.1.2. The former

results in fronting of the mass spectral peak towards the low-mass side. It is also pos-

sible that initial velocities for some ions are reversed in direction, quasi away from the

flight tube. These ions turn around in the source and exit the source with the same

energy as the ions with the initial velocity in direction of the flight tube, but with a

constant time difference Δt (turn-around time). Arriving later at the detector, they

contribute to a peak tailing towards the high-mass side of the peak. The effects of the

turn-around time can be reduced by longer flight distances and thus longer flight

times. The effect of initial kinetic energy spreading are in general reduced by higher

acceleration voltages, i.e., eV>>U0.

Ions formed at different regions in the source (spatial distribution) will be accelerated

through different distances in the extraction fields leading to a distribution of the final

kinetic energies. Ions closer to the exit of the source, leave the source sooner but have

lower kinetic energies and thus will arrive later at the detector. This distribution is

more pronounced in methods where the ions are formed in the gas phase (i.e. photo-

 (Eq 3.6)

U0 initial kinetic energy along the flight path

Figure 3.1.2: The effect of ions with initial

velocities in the opposite direction of the

flight tube.

t m
2 e V U0+⋅( )⋅
------------------------------------- D⋅=

E = V/s

Source S Drift region D

Δt

Δt

E = 0
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ionization) than in methods where the ions are desorbed from a surface (i.e. MALDI).

The higher energy ions will catch up with the slower ions in the space-time focal plane.

The space-time focal plane is located in the drift tube at the point at which ions have

spent the same amount of time in the extraction and drift regions. The location of the

plane is independent of mass. The term space-time focal plane is somewhat misleading,

since it is not exactly a plane. It rather has an expansion in direction of the flight path,

too. The location of the space-time focal plane can be calculated according to equation

3.7 [6].

Dual-stage Extraction

Modern time-of-flight mass spectrometer usually base on a dual-stage Wiley-

McLaren type; see Figure 3.1.3.

Since the space-time focal plane is independent of mass, though ions with different

masses are focussed at the plane at different times. However, mass dispersion at this

short distance from the source is usually not sufficient to allow the location of the

detector at this point. By using a dual-stage extraction [2], the space-time focus can be

 (Eq 3.7)

d distance of the space-time focal plane in the flight tube

s distance in the source from the flight tube of the first ion

Δs difference of acceleration length for the second ion relative to the first one

Figure 3.1.3: Principle of a dual-stage

extraction. The distance d to the space-

time focal plane can be varied by appropri-

ate choice of the potentials E0 and E1.

d 2 s2 s Δs⋅+ 2 s⋅≅⋅=

s0

s E1E0
s1 D
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moved to a plane much further away from the source. The distance d of the space-

time focal plane can be calculated according to equation 3.8.

In instruments with dual-stage extraction, the second acceleration field (E1) is gener-

ally much larger than the first (E0), with larger ratios of E1/E0 moving the space-time

focal plane further from the source. For arbitrary combinations of extraction fields, the

space-time focal plane will be of first-order, which is sufficient to focus ions with a

minimum initial spatial distribution. This is, however, not true for ions being ejected

out of an ion trap [4].

 (Eq 3.8)

d distance of the space-time focal plane in the flight tube

s0 distance of the ions in the first extraction stage

s1 length of the second extraction stage

E0 first extraction field

E1 second extraction field

d 2 σ3 2⁄ 1
s0

1 2⁄
----------

2 s1⋅

s0
1 2⁄ σ1 2⁄ s0

1 2⁄+( )
2

⋅
---------------------------------------------------–⋅=

with σ s0
E1
E0
------ s1⋅+=
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3.2 Ion Trap Mass Spectrometers

In 1953, Paul and Steinwedel invented a new mass spectrometric method: the quadru-

pole ion trap (QIT) [7]. The mass filtering is based on the m/z dependence of a stable

ion trajectory in a quadrupole field. These days, this is probably the most widely used

mass spectrometer type, due to its simpleness, small size, and low requirements in

pressure, and finally, also due to its relatively low prize [8]. In Figure 3.2.1, a sche-

matic of a quadrupole ion trap is shown, in order to get familiar with terms often

used.

Ion traps having a simplified electrode geometry, such as cylindrical [9-11], or rectan-

gular [12, 13] have been demonstrated to perform satisfactorily well compared with

those having hyperbolic electrodes. Due to the relative simple design of ion traps, suc-

cessful attempts have been made to miniaturize them, for handheld use, driven by the

groups of Cooks and Ramsey [14-19]. Non-destructive Fourier transform ion detec-

tion was demonstrated by the Cooks group, too [20, 21].

Theory and Operation [22-24]

Ion trap mass spectrometry theory and operation is described in detail in a standard

textbook series by March, Hughes and Todd [25]. Here, we only briefly give an intro-

duction into ion trap theory: The confinement of ions in a three-dimensional quadru-

Figure 3.2.1: Schematic of a qua-

drupole ion trap showing the

major components: A hyperbolic

ring on which an ac radio fre-

quency potential is applied for the

generation of a quadrupolar elec-

tromagnetic trapping field and two

hyperbolic end caps, onto which

no potential, or alternatively an

additional ac potential can be

applied.

ring electrode

end cap

electrode

end cap

electrode

r0

z0
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polar field, is determined by the electric field potential φ(r, z) at a point (r, z) and can

be expressed as shown in Equation 3.9:

The motion of ions in the r- or z-direction is governed by the solution of the particular

forms of the generalized Mathieu equation:

By substituting u = r or z, r0
2 = 2z0

2 and γ = Ωt/2, the solutions of the Mathieu equa-

tion are

 (Eq 3.9)

U  d.c. potential applied on the end caps

V0  amplitude of the rf frequency

Ω  angular frequency

r0  radius of the hyperbolic ring electrode

 (Eq 3.10)

 (Eq 3.11)

 (Eq 3.12)

U  d.c. potential applied on the end caps

V0  amplitude of the rf frequency, Up-p, [V]

Ω  angular frequency

r0  radius of the hyperbolic ring electrode

m  mass of the ion

e  charge of the ion

φ r z,( )
U V0 Ωt( )cos⋅+( ) r2 2z2–( )⋅

2r0
2

-----------------------------------------------------------------------------=

d2u
dϒ2
--------- au 2qu 2ϒ( )cos⋅+( )u– 0=

au
16eU
mr0

2Ω2
-----------------– az 2ar–= = =

qu
8eV0

mr0
2Ω2

----------------- qz 2qr–= = =
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Equation 3.10 may describe bound “stable“ trajectories or unbound “unstable” trajec-

tories, depending on the values of au and qu. This results in plots as shown in Figure

3.2.2, where the intersections of these trajectories mark the region of stability.

The trapped ions have trajectories similar to Lissajous figures. Beautiful optical micro-

graphs thereof have been demonstrated by Würger and colleagues [26].

Note on the applied potential

Some confusion arises from literature as to what exactly constitutes an applied poten-

tial, particularly the value of the applied rf potential Urf. It is either expressed in Uzero-

to-peak, U0-p, if the measurement was made from zero potential, or if made from the

maximum of the wave to the minimum of the wave, Upeak-to-peak, Up-p. The latter

notation is usually used in this thesis. This notification implies differences of a factor

of 2, when az and qz are compared with values determined with calculations made by

U0-p. 

Figure 3.2.2: Stability diagram for

the ion trap. The hatched area dis-

plays the region of stability. Ion do

have stable trajectories within the

hatched area and are thus kept

trapped. The value of qz = 0.908

corresponds to qej. This is particu-

lary important, if no dc voltage is

applied onto the end caps. Trap-

ping is then only successful along

the highlighted black line (az = 0)

for different values of qz.



47

Pseudo potential well method

The pseudo potential well model, originally derived by Major and Dehmelt [27], and

further developed by Todd and coworkers [28, 29], simplifies the motion of the ions in

a quadrupolar trapping field, finally yielding Equation 3.13. 

The pseudo potential well depth Dz = 2Dr is thus a measure for the average kinetic

energy of the trapped ions. If the ions have higher kinetic energies, effective trapping

is no longer present and ion ejection is likely to happen. Dz is also a measure of how

much energy is required to eject trapped ions, in order to overcome the potential well.

In the mass-selective instability mode of ion trapping (az = 0), trapping is only depen-

dent on the rf potential Up-p, if rf frequency, ion mass and geometry is unchanged.

Then, an upper mass limit (m/z)max is given by Equation 3.14.

where qeject (= 0.908) is the point on the stability diagram, where the ions become

unstable and are ejected, resulting in an upper mass limit of about 650 Da for most of

the ancient ion traps. This is also true for the ion trap used in our experiments, since rf

was applied only on the ring electrode while both end caps were held at ground

potential. Because ion trajectories become unstable at a particular value for qeject, a

 (Eq 3.13)

Dz  pseudo potential well depth

V0  amplitude of the rf frequency

Ω  angular frequency

r0  radius of the hyperbolic ring electrode

m  mass of ion

e  charge of ion

 (Eq 3.14)

Dz
eV0

2

4mz0
2Ω2

---------------------=

m
z
-----⎝ ⎠

⎛ ⎞
max

8Vmax

qeject r0
2 2z0

2+( )Ω2
-----------------------------------------------=
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well-defined low-mass cutoff (LMCO) is created for a given value of the amplitude of

the applied rf voltage, V. No ions below that mass will be trapped, but ions above that

mass will be trapped with decreasing trapping efficiency for larger m/z values.

Performance improvements

The performance of ion traps (mass range, trapping and detection efficiency) was sig-

nificantly improved during many years of development. Although, a full review is

beyond the topic of this chapter, some major improvements are listed below. Two

major improvements were achieved. The first was the discovery of the buffer gas

effect by Stafford and coworkers in 1984 [30], although already in 1981, Schaaf and

coworkers reported on increased spacial confinement of Ba+ in the presence of a

helium buffer gas [31]. Ions stored at elevated pressures of a light collisional cooling

gas, helium at best, seemed to concentrate more in the center of the ion trap, resulting

in an increase of ion signal intensity and resolution [32, 33]. The ion trap is typically

filled with helium to a pressure of about 1.3 x 10-3 mbar [34]. The second major

improvement was the expansion of the mass range for ion trapping by Kaiser and

coworkers in 1989 [35, 36]. By axial modulation via an additional ac frequency applied

on the end caps, masses up to 6’000 could be successfully trapped [35, 36]. Further

improvements in mass range, resolution and sensitivity were achieved by: 

•a stretched geometry, in order to improve mass range [37].

•phase synchronized ejection, to yield higher ion signal intensity and better

mass resolution [38-41].

•discovery of mass shifts, reducing the accuracy of ion traps [42-44].

•possibility to do chemical ionization (CI) within ion traps, even a CI untyp-

ical low pressures of 10-3 - 10-5 mbar [45, 46].

Properties and Limitations of ion traps

A resolution as high as 30’000 has been demonstrated [47], but is far from typical. The

mass resolution of the ion trap is highly related to the trapping conditions (duration,
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buffer gas, value of qz). Resolution can be increased by decreasing the scan speed of

the ejection voltage, if the ion trap was operated in the resonant ejection mode.

The dynamic range of ion traps is limited because, space charge effects lead to reduced

performance, when there are too many ions trapped. The total number of ions in an

ion trap is about 106 - 107 [48-50].
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3.3 Ion traps combined with time-of-flight mass spectrometers

A major drawback of TOF devices is their inability to store and accumulate ions prior

to analysis [51]. On the other hand, the quadrupole ion trap is a powerful device for

storage of ions over a wide mass range and for a long time [25]. It can be operated

with different ionization sources in order to create ions directly inside the trap or,

alternatively, can be fed with ions generated from external atmospheric pressure

sources [52]. An inherent disadvantage of the ion trap is its slow scanning speed for

mass analysis, in comparison with time-of-flight mass spectrometers which are fast-

pulsed devices. Thus, combining ion traps with TOF-MS outmatches the disadvan-

tages and coalesces the advantages. The combination of TOF instruments with qua-

drupole ion traps, originally demonstrated by Lubman and coworkers [51-53], was an

important development in mass spectrometry instrumentation that resulted in wide-

spread use of such devices. Somehow unnoticed, an early publication by Mosburg et

al. in 1987 showed the application of a short (3 cm drift length) TOF. The investigation

aimed to obtain the spacial and velocity distribution of Xe+ ions within a rf quadru-

pole trap. Nevertheless, ion trap/TOF devices are an excellent match [52] and have

been successfully used in combination with different ionization methods such as ESI

[53-59], MALDI [53, 55, 60], glow discharge [61], photoionization [62-64] and EI/CI

[65-67]. Also, studies of neutral volatile substances such as halocarbon compounds in

air were performed using ion-trap/TOF devices [65, 67-72].

Trapping of the ions previously formed by various ionization methods obeys the

same physical confinements as in an ion trap mass spectrometer only. The major dif-

ference is the readout of those ions. No ion-instability scan of the rf dc potential is

applied, but the ions are the ions pulse-ejected into the TOF-MS, since the basic TOF

mode of operation requires pulsed ion sources. The ion trap, formerly an ion storage

device, now becomes the source region of a TOF-MS. In that, a high voltage pulse of a

few hundred volts is applied on one or both end caps. Usually, a negative potential is

applied on the exit end cap, thus changing its purpose into an extractor electrode of a

TOF-MS instrument. Alternatively, ion ejection by dc HV pulses having opposite

polarity can be applied to both end caps, altering the latter into repeller and extractor

of a TOF source. This bipolar extraction [60, 65] is advantageous, since the diverting
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ion beam can be refocussed and matched with the size of the detector. Ion extraction

is usually performed after the rf potential on the ring electrode has been turned off.

Therefore, phase synchronization of the dc HV pulse is crucial. It not only influences

the resolution but also the signal intensity of detected ions. Best extraction values for

both, resolution and signal intensity have been found to be at phase angles of 0 - 80°

[65, 67]. The resolution of linear IT/TOF-MS is mostly restricted by the relatively high

kinetic energy of the trapped ions when ejected from an ion trap. Thus, a time-of-

flight mass spectrometer in combination with a reflectron should significantly

increase resolution. This is actually true and was already demonstrated in 1993/94 by

Michael, Chien and coworkers yielding a resolution of 3500 [55] with, and 700 [51]

without the application of a reflectron. Resolutions up to 6000, for m/z = 1347, have

been achieved [55]. Vice versa, detuning of the reflectron can be used to monitor the

spacial (0.2 - 3 mm) and energy distribution (1180 -1690 K) of previously trapped ions

[60]. Apart of the phase synchronization and the use of a reflectron, trapping condi-

tions such as the application of collisional cooling, and generally the trapping dura-

tion also have a significant influence on resolution and signal intensities. Finally, the

duty cycle is also significantly improved for IT-TOF instruments. TOF devices with

orthogonal ion extraction sources, as often applied in modern TOF instrumentation,

inherently have a low duty cycle of typically 10 to 30% and thus, the overall ion trans-

mission is on the order of 1% only [73]. But ion trap mass spectrometers, on the other

hand, do reach duty cycles of almost 100%. Thus, the combination of both boosts the

duty cycle close to these 100%. This might be the major advantage of combining ion

traps with time-of-flight mass spectrometers.

3.3.1 Measured vs. true pressure in the ion trap

The gauge readings quoted within the SNOM-MS part of this thesis are somewhat

misleading since a cold cathode sensor was flanged onto the well pumped main vac-

uum chamber whereas the pressure within the ion trap (in open or closed configura-

tion) is considerably higher. This is due to constant carrier gas leaking directly into

the ion trap and also due to the accessory addition of buffer or chemical reagent gas.
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As a consequence, the pressure inside the ion trap is presumably 10 - 50 times higher

than outside gauge measurements indicated [74].

For calibration of the gas pressure inside the ion trap, the well characterized self-CI

reaction of ionized methane can be used:

 CH4
+• + CH4 → CH5

+ + CH3
•                               (1)

Reaction (1) is known to be temperature-independent and to proceed at a collision

rate of 1.13 x 10-9 cm3 s-1 [75]. From this rate constant, a pressure differential can be

calculated between the pressure inside the ion trap and the gauge measurement. 

The absolute pressure within the ion trap might be crucial if chemical reaction studies

are performed inside the trap. Since we mainly used our ion trap for storage and accu-

mulation, knowledge of the true pressure is only of minor importance. Instead, the

changes in vacuum levels measured with the outside sensor gave reliable qualitative

values. However, the sensitivity of the cold cathode to different kinds of background

gases is of greater interest. Pressure gauges are usually calibrated against nitrogen or

air. Thus the indicated values on pressure monitors are accurate for these gases only

and one must be careful when using other gases such as argon, methane, helium, oxy-

gen or even sulfur hexafluoride.

According to Bartmess et al. [76], the relative sensitivities of pressure gauges for vari-

ous organic molecules or gases can be determined using the relationship Rx = 0.36α +

0.30. In this equation, Rx expresses the chemical sensitivity of the pressure gauge with

respect to nitrogen, whose sensitivity is R = 1 by definition. The factor α indicates the

polarizability of the background gas molecule. With the polarizability factors from lit-

erature [76, 77], the correction factors for the pressure gauges could be calculated

using the relation ptrue = preading x Rx
-1, see table 3.1:

.
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As it seems, pressure readings for most of the gases used were usually too low, by a

factor of 1 - 3. In strong contrast, as far as He is concerned the indicated pressures

were a factor of 5 too high.

Type of gas gauge correction factors Rx

CH4 0.62

Ar 0.76
N2 1.0

SF6 0.38

He 5

Table 3.1: Pressure gauge correction factors Rx for different gases.
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CHAPTER 4

(PRO)NDHB CLUSTERS

EFFECTS OF HYDROGEN BONDING

ON CLUSTER-IONIZATION POTENTIALS
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The photoionization of (pro)nDHB (pro = proline, DHB = 2,5-dihydroxybenzoic acid,

n = 0, 1, 2 or 4) clusters was studied both experimentally and in collaboration with the

research groups of G. R. Kinsel and D. Marynick (University of Texas, Arlington, TA)

also experimentally, and computational for comparison and profound understanding

of the measured effects. Experimentally, the (pro)nDHB clusters are generated in the

gas phase by laser desorption and supersonic jet entrainment. The photoionization

thresholds are then determined by the mass-selective measurement of both one- and

two-color photoionization efficiency (PIE) curves. These experiments demonstrate

that the ionization energies (IEs) of the (pro)nDHB clusters, which are associated with

ionization from the π system of the DHB, are substantially reduced from 8.0475 eV in

unassociated DHB to 6.96 ± 0.02 eV in the (pro)4DHB complex. Computational studies

of the (pro)nDHB clusters provide insights into the mechanism of IE reduction. For

the (pro)DHB system the IE reduction results from spin delocalization in the ion state

of the cluster. In contrast, for the (pro)2DHB and (pro)4DHB clusters, the IE reduction

results from an inductive delocalization of electron density from proline to DHB in

the ground state of the clusters. The latter effect, which is a result of the specific

hydrogen-bonding interactions occurring in the mixed clusters, leads to IE reductions

of >1 eV. Cumulatively, these studies provide new energetic and mechanistic insights

into both primary and secondary MALDI ionization processes.

Adapted from:

G. R. Kinsel, R. Knochenmuss, P. D. Setz, C. M. Land, S.-K. Goh, E. F. Archibong, J. H.

Hardesty and D. S. Marynick, J. Mass Spectrom., 2002, 37, 1131–1140.
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4.1 Introduction

Over the last two decades, matrix-assisted laser desorption/ionization (MALDI) has

emerged as a powerful method for the mass spectrometric (MS) analysis of large,

intact biomolecules [1]. In the simplest terms, it is generally agreed that the role of the

matrix is both to assist the desorption of the co-crystallized biomolecule and to partic-

ipate in biomolecule ionization via one of a number of possible mechanisms intro-

duced in chapter 2. Beyond this simplistic description, however, much remains

unclear as to the mechanistic details of the MALDI process. Over the years, a wide

variety of mechanistic studies have been performed with the goal of elucidating vari-

ous details of the MALDI mechanism and a number of recent reviews summarize

much of the current thinking regarding this important technique [2-6]. The formation

of clusters during the desorption event seems to be an important step of the MALDI

process [7, 8]. Although clusters are usually not detected in a conventional MALDI

experiment, molecular dynamic simulations by Zhigilei and coworkers predicted

their abundance [9-11] and their existence was also experimentally supported [12-15].

Supersonic jet expansion and carrier gas entrainment stabilizes the otherwise fragile

clusters via adiabatic expansion and cooling. Thus it gives rise to study these clusters.

In case of DHB, ionization potentials of matrix clusters (DHB)n have been determined

and seemed to level around 7.82 eV for cluster sizes of n = 10 [16]. This is after all a

reduction of the ionization potential of 0.2 eV compared to free gaseous DHB (8.0475

eV) [17].

An important distinction has been made between primary and secondary ionization

processes in MALDI [2, 4]. The primary ionization processes are those occurring dur-

ing or shortly after the laser pulse, eventually leading to the initial ions. The second-

ary ionization processes are those occurring in the desorption plume, which may be

thought of as an efficient ion–molecule reactor under typical experimental conditions,

that can lead to substantial modifications of the composition of the plume [4]. Second-

ary reactions have been found to be largely under thermodynamic control, reflecting

the high temperature and collision frequency of the early plume [4]. To the extent that

the relevant gas-phase thermodynamic data are available, this makes secondary pro-

cesses relatively straightforward to predict.
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This study is mostly concerned with the impenetrable part of the primary ionization

step of MALDI. In previous work it has been shown that the ionization energies (IEs)

of many matrices lie above the two-photon energy of the commonly used nitrogen

laser (337 nm, 2 × 3.68 eV) [2, 16, 17]. This is somehow contradictory to the moderate

efficiency of MALDI ion generation since ion formation would only result from three-

photon excitation of the matrix. Although, direct photoionization of the matrix was

favored as a potential ionization mechanism in the early days of MALDI [3, 8, 18], it

has been argued that such a process is rather unlikely since the photon density at flu-

ences usually applied in MALDI are too low to allow for a three-photon absorption

and thus subsequent ionization of a single matrix molecule [17].

However, the possibility that specific matrix–analyte interactions alter the matrix IEs

could not be ruled out in these studies. It is evident that this possibility must be con-

sidered; many researchers have explored the occurrence of matrix-to-analyte proton

transfer in small clusters [19-26]. Several of these reports have suggested that cluster-

ing of MALDI matrices with neutral nitrogen containing molecules (e.g. amino acids,

peptides, etc.) results in substantial reductions in the IE of the cluster as compared

with the IE of the free MALDI matrix [19-21, 25, 26]. Only recently a detailed study of

this remarkable effect was published [27].
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4.2 Experimental Section

4.2.1 Instrumentation and Materials

The instrument used for cluster generation and their subsequent mass analysis, sche-

matically depicted in Figure 4.2.1, was a home-built differentially pumped 1 m linear

time-of-flight (TOF) mass spectrometer consisting of a supersonic jet expansion cham-

ber with a pulsed gas valve with 1 bar argon back pressure. Clusters of the (pro)nDHB

type are formed by laser desorption with a 5 – 7 ns duration, 355 nm (3rd harmonic,

≈2500 J m-2) output of a pulsed Continuum Surelite Nd:YAG laser (Santa Clara). 

Gas pulses, 200 – 300 μs in width, passed the entrained clusters through a 1.5 mm ori-

fice skimmer (Molecular Beam Dynamics, Minneapolis, MN) approximatively 10 cm

downstream to be immediately ionized in the ionization/acceleration region of the

mass spectrometer by nanosecond laser pulses from a frequency-doubled (KDP)

pulsed dye laser (Lambda Physik FL-2002 and FL-3002) using either a mixture of

DCM and rhodamine B (Lambda Physik AG) in methanol or neat pyridine 1 (Radiant

Dyes Chemie) in propylene carbonate. The dye lasers were pumped with a seeded

Continuum Powerlite Nd:YAG laser using 532 nm (2nd harmonic) and for the two-

color experiments, simultaneously using 355 nm to pump the FL-3002. The supersonic

jet expansion chamber was pumped with two turbo molecular pumps and the TOF

Figure 4.2.1: Schematic the instrumental setup of the supersonic jet entrainment expansion

source and time-of-flight mass analyzer as used for (pro)nDHB cluster generation and

detection.
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was pumped with one molecular drag turbo pump. The pressure in the jet expansion

chamber was 1.4 × 10-4 mbar during gas-pulses whereas pressure in the flight tube

was ≤ 5 × 10-6 mbar. The acceleration voltage used was 5 kV, and the cluster-ions were

detected with a microsphere plate (El-Mul Technologies, Israel) kept at - 3.5 kV. The

TOF mass spectra were recorded on a 500 MHz LeCroy (Chestnut Ridge, NY) 9350A

digital storage oscilloscope (DSO) and transferred to a desktop PC for further data

processing. Timing of the sequence of desorption, gas-pulse and ionization was syn-

chronized with a DG535 digital delay generator (DDG) from Standford Research

(Sunnyvale). A home-built delay generator was used to adjust the Q-switch delay for

firing the flashlamps of the ionization laser. Typical delay times were 80 μs and 170 μs

between the Ar gas pulse, the desorption laser trigger and the ionization laser trigger,

respectively. 

4.2.2 Principles and Definitions

Ionization potential/ionization energy: The energy required to detach an electron in

its lowest energy state from an atom or molecule of a gas with less net electric charge

is called the ionization potential, or ionization energy. The linguistic usage of both terms

is somewhat diffuse - often both are used homologous although there is strictly speak-

ing a clear differentiation. The ionization potential is equal to the ionization energy

divided by the charge of an electron.

One-/two-color two photon ionization: To overcome the ionization potential (IP) of

organic molecules by laser photoionization two principally distinct methods were

used: Resonant enhanced multiphoton ionization (REMPI) and non-resonant

enhanced multiphoton ionization. For the former, two photons of similar energy are

used to promote ionization via (ro)vibrational levels of a a given electronic state. In

REMPI, a first, fixed wavelength, laser is used to populate the first singlet excited state

(S1) and a second tunable dye laser is scanned to promote ionization out of that state.

Vertical ionization potential (VIP): Energy required to remove an electron from a

molecule in the gas phase without moving any nuclei. VIP’s are calculated as the

energy difference between the neutral and the cationic species at the (unchanged)

geometry of the neutral species.
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Koopmans’ theorem ionization potential (KIP): An approximation in molecular

orbital theory in which the first ionization energy is equal to the energy of the highest

occupied molecular orbital (HOMO) in the neutral species. Although KIP is only

roughly correlated with the actual VIP, changes in KIP indicate ground state effects

during cluster formation.

4.2.3 Methods

Molecular clusters of DHB and proline were generated using laser desorption and

supersonic jet entrainment with the instrumental specifications described above. As

shown in Figure 4.2.3 several types of clusters are formed by this method. If higher

ionization laser energy was used, also fragmentation products of the (pro)nDHB clus-

ters such as (pro)nH could be detected. Particular care was given to the method of

sample preparation and to the introduction of the sample to the supersonic jet expan-

sion in an effort to obtain reproducible number densities of the (pro)nDHB clusters

over many laser desorption events. The DHB-pro sample was prepared by dissolving

DHB and proline in methanol in a 1: 1 mass ratio.

After evaporation of the methanol, the resulting coarse crystals of DHB–pro were

ground to a fine powder using a mortar and pestle. The powder was then deposited

in a slotted sample holder and subsequently pressed to form a solid sample pellet. An

external stepper motor was used to translate the sample holder through a guide slot

located below the opening of the pulsed valve, ensuring that fresh sample was always

exposed to the desorption laser. Desorption was performed using the moderately

focused 355 nm output from an Nd:YAG laser impinging on the sample directly in

front of the valve opening. The desorption region was structured such that a large

part of the adiabatic expansion and cooling occurred after mixing of the desorbed

material and the carrier gas (argon). The (pro)nDHB cluster molecular beam was

Figure 4.2.2: Schematics of one-

color two photon (left) and two-

color two photon ionization (right)
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skimmed and passed into the acceleration region of the mass spectrometer, where it

was intersected by the unfocused output of a tunable dye laser system.

The photoionization thresholds of the (pro)nDHB (n = 0, 1, 2, 4) clusters were deter-

mined by measurement of resonant one-color 1 + 1 photoionization efficiency (PIE)

curves. The (pro)3DHB cluster was not examined in these experiments owing to the

extremely weak ion signal intensity associated with this species. In these experiments

a tunable, nanosecond duration, frequency-doubled dye laser was used to excite the

DHB chromophore in the cluster from the ground to the first electronic excited state,

and subsequently to ionize the excited clusters. The laser wavelength was increased

(decreasing total ionization energy) until the ion signal from each cluster dropped to

insignificant levels. The mass spectra were summed for at least 256 laser shots at each

wavelength, and repeated measurement series were performed with both increasing

and decreasing wavelength. In addition, two-color experiments were performed

using the unfocused output of two tunable dye lasers crossed in the ionization region

of the mass spectrometer. One dye laser was tuned to provide resonant S1 ← S0 excita-

tion at 357.69 nm and the wavelength of the second dye laser was scanned to provide

Figure 4.2.3: A general mass spectra of (pro)nDHB clusters and their fragmentation prod-

ucts when post-ionized with 2-photon energy well above the ionization potentials. All

labels usually refer to the corresponding charged particles (pro)nDHBx
+• or to compara-

tive M+• species, respectively.
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equivalent total two-photon energies as those employed in the one-color experiments.

In all cases the intensities of the two dye lasers were carefully adjusted to avoid one-

color two-photon ionization of the clusters. These two-color experiments allowed

potential errors resulting from non-resonant S1 ← S0 absorption to be eliminated.

Computation

A detailed computational study of the (pro)nDHB clusters was also performed in col-

laborating with the group of Gary Kinsel. The initial conformational search for the

clusters was carried out using the Merk Molecular Force Field [28] as implemented in

Spartan 5.0 (Wavefunction, Irvine, CA, USA). A combination of extensive Monte

Carlo simulations and geometry optimization runs starting from chemically reason-

able structures was employed. The importance of proline dimers as a fundamental

structural unit in the clusters was hinted at by the experimental data, since the wave-

length-dependent changes in the mass spectra clearly implicate fragmentation of the

(pro)4DHB+• cluster via loss of (pro)2 to form (pro)2DHB+•. This behavior is consistent

with the dimerization of the proline molecules in the neutral (pro)2DHB and

(pro)4DHB clusters. Also, the minimal signal obtained for (pro)3DHB+• is consistent

with the apparent stability of the proline dimer in these clusters. However, structures

in which DHB is linked to proline through the carboxylic acid hydrogen bonds were

also considered and found not to be energetically competitive. All geometries were

subsequently fully optimized using density functional theory (DFT) with the non-

local B3LYP[29, 30] functional. A hybrid basis set were employed for geometry opti-

mizations defined as follows: 6–31+G** for H, O and N and 6–31G** for C. Final ener-

getics were evaluated using the same functional with the 6–31+G** basis set on all

atoms. All cationic clusters were nearly pure doublet states, with <S2> less than 0.76.

All calculations were performed with the programs Gaussian 98 [31] and PQS Version

2.2 (Parallel Quantum Solutions, Fayetteville, USA). Vertical IEs were calculated as

the energy difference between the neutral and cationic species at the geometry of the

neutral species. In all cases, analysis of the spin density of the radical cations clearly

shows that ionization occurs from the π system of the DHB. Because the observed IE

lowering could be due to a destabilization of the neutral species or a stabilization of

the ionized species, it was important to distinguish between ground- and ion-state
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effects. To differentiate between these effects, Koopmans’ theorem [32] IEs (KTIEs)

were also calculated at the Hartree–Fock level.
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4.3 Results and Discussion

Example of a (pro)nDHB cluster mass spectrum obtained using the approach

described are shown in Figure 4.3.1. 

The composite results of the one-color measurements are depicted in Figure 4.3.2. In

Figure 4.3.3, a comparison of the PIE curve for desorbed and entrained DHB with that

obtained by using conventional molecular beam techniques, in which vaporized DHB

is coexpanded with the carrier gas, demonstrates the efficacy of the entrainment adia-

batic cooling process. Only a small amount of thermal broadening of the ionization

threshold is observed with the entrainment source. While it is not possible to specifi-

cally assign the rovibronic temperatures of these clusters, it is likely that these values

are well below room temperature, since the clusters must survive the transit time of

several tens of microseconds from the point of desorption to the point of ionization.

The (pro)2DHB and (pro)4DHB raw data appear to indicate very similar thresholds

for both species. Upon closer inspection, it is apparent that the two curves are similar

in shape at the lowest two-photon energies, but diverge at higher energies. Even the

unusual resonance peak of the (pro)4DHB curve is reproduced with reduced ampli-

Figure 4.3.1: Typical mass spectrum of (pro)nDHB clusters yielded by the supersonic jet

entrainment experiment. Note the small abundance of parent cluster fragments.
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tude in the (pro)2DHB signal. This is an indication of a common effect in such studies,

fragmentation or evaporation in the ion state. In this case, a proline dimer is appar-

ently lost. Correcting for this effect is not entirely straightforward, since the fragmen-

tation yield vs. ion state excess energy is not known. In Figure 4.3.3 we have made the

simplest assumption that the fragmentation yield is constant across the energy range

measured. The (pro)4DHB signal was scaled to fit the (pro)2DHB curve at low two-

photon energies and subsequently subtracted from the (pro)2DHB data. This shifts the

ionization threshold about 0.05 eV upwards. The correction is therefore much smaller

than the difference in PIE thresholds between (pro)DHB and (pro)2DHB (see Table 4.1

on page 73). Although it is nominally possible that yet larger clusters fragment even

more extensively to yield the observed species, we consider this to be unlikely. First,

no significant quantities of such clusters appear at the lowest two-photon energies, as

must be the case when the excess energy above the cluster IE drops below that neces-

sary for cluster ion fragmentation. Second, the binding energies of these clusters are

not small. Loss of multiple prolines would be energetically expensive and almost cer-

tainly not feasible at the two-photon energies used. If this were to occur it would sug-

Figure 4.3.2: Mass spectra of (pro)nDHB clusters at various one-color two-photon energies

used to determine the ionization potentials. Note the decrease of cluster signal intensity

when ionization laser energy is reduced from well above to near IP threshold. All mass

spectra shown are equally scaled.
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gest that the IEs of these putative larger clusters are significantly lower than the

thresholds observed. To arrive at the cluster IEs shown in Table 4.1, one additional

assumption was made. Since the PIE thresholds in Figure 4.3.3 all exhibit a rounded

tail towards lower energy, the upper limit of the vertical IE value was established by a

linear extrapolation to zero intensity of the portion of the PIE curve above the tail. The

curvature of the PIE thresholds is the main source of the uncertainty in the IE values

reported in Table 1, where it can be seen that the cluster IEs drop from 8.0475 eV for

DHB to 6.94 – 6.98 eV for (pro)4DHB. The approach employed is based on the

assumption that the observed tailing is due to thermal broadening and is consistent

with the broadening observed for the desorbed and entrained DHB as compared with

the DHB molecular beam PIE curves. It should be noted, however, that PIE thresholds

may be curved for other reasons such as relaxation of the cluster geometry in either

the intermediate or ion states. Regardless, the extrapolated PIE thresholds are

believed to be near the vertical IEs of the (pro)nDHB clusters. This conclusion is sup-

ported by the excellent agreement of the experimentally determined values with the

calculated values reported below. The computational studies were in good agreement

with the experimental data as shown in Table 4.1. The vertical IE of free DHB was cal-

Figure 4.3.3: Photoionization efficiency curves (PIE) of some (pro)nDHB clusters. Addi-

tionally and for comparison, the PIE curve of cold DHB (by molecular beam technique) is

also depicted.
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culated as 8.11 eV. This in excellent agreement with the experimental value of 8.0475

eV. The lowest energy conformation of DHB was used for these calculations. The cal-

culated Koopmans’ theorem ionization potential (KTIE) of DHB is 8.50 eV (the highest

occupied molecular orbital of all clusters corresponds to the same π orbital on the

DHB; therefore, the KTIP measures the stabilization or destabilization of this orbital

in the cluster environment). KTIEs are typically larger than experimental vertical IEs,

because stabilizing charge reorganization in the cation is neglected.

To give an idea of the appearance of such (pro)nDHB clusters, their structures are

depicted in Figure 4.3.4. In the (pro)1DHB complex (Figure 4.3.4, b), the proline and

DHB are bound via their carboxylic acid groups. The calculated IE (7.67 eV) agrees

well with experimental values (7.80 – 7.92eV) and is significantly lower than the IE of

free DHB. However, the KTIE of 8.49 eV is essentially identical with the KTIE of free

DHB (8.50 eV). Therefore, the lowering of the IE on going from DHB to (pro)1DHB is

not a ground-state effect, but must result from stabilization of the ionized species. The

origin of this stabilization in the radical cation is presumably a delocalization of the

unpaired electron to the proline upon ionization. This delocalization from DHB to

proline stabilizes the cation and lowers the IE. The delocalization is through the car-

boxylic acid double hydrogen bonds between DHB and proline. Apart of the apparent

π system of DHB, proline also has a quasi-π system consisting of the carboxylic acid

group and the nitrogen lone pair. In (pro)1DHB these two π systems are coupled by

the hydrogen bonds between the two carboxylic acid groups, forming an extended

planar quasi-π system. This allows for delocalization of the unpaired electron of DHB

to proline.

IP determination 
method

DHB IE (eV) (pro)1DHB IE 
(eV)

(pro)2DHB IE 
(eV)

(pro)4DHB IE 
(eV)

PIE threshold 8.0475 [17] 7.80-7.92 7.00-7.06 6.94-6.98
Vertical IE, calculated 8.11 7.67 7.16 6.97
Koopmans’ IE, calculated 8.50 8.49 7.67 7.60

Table 4.1: Measured a and calculated IEs for the (pro)nDHB clusters. a The minimum experi-

mental value is the two-photon energy at which the cluster ion signal vanishes and the max-

imum is the linear extrapolation from the approach to the threshold.
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The (pro)nDHB, n = 2 or 4, clusters are similar and will be discussed together. The

most stable (pro)2DHB cluster (Figure 4.3.4, c) consists of a pro dimer (through the

carboxylic acid linkages), with DHB hydrogen bounded to both proline nitrogens, one

via the DHB carboxylic acid proton and the other via the proton on the 5-OH group.

The calculated IE for (pro)2DHB is 7.16 eV, in good agreement compared with the

experimental value of 7.00 – 7.06 eV. The (pro)4DHB cluster (Figure 4.3.4, d) may be

thought of as a dimer of proline dimers, with the proline dimers bound via N–H---N

hydrogen bonds. The DHB sits in the (pro)4 “pocket” and hydrogen bonds to one

nitrogen on each proline dimer. Both of these clusters are strongly bound relative to

free proline and DHB. For (pro)4DHB, the calculated IE is 6.97 eV whereas the experi-

mental value is 6.94 – 6.98 eV, in essentially perfect agreement with the experiment.

The mechanism of IE reduction in the (pro)2DHB and (pro)4DHB clusters is signifi-

cantly different to that of the (pro)1DHB system. Unlike the (pro)1DHB cluster, the

KTIEs for the (pro)2DHB and (pro)4DHB clusters are dramatically lower compared

Figure 4.3.4: Structures of the lowest energy conformations of DHB (a) and (pro)nDHB clusters

(b - d) as determined and optimized at the DFT level. As a guide to the eye, H-bridge bondings

are shown as dotted lines.

a) b)

c) d)
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with free DHB. For (pro)2DHB, the KTIE is 7.67 eV, whereas for (pro)4DHB it is 7.60

eV (recall that the KTIE of free DHB is 8.50 eV). The 0.83 – 0.90 eV drop in the KTIEs of

these clusters relative to free DHB correlates well with the 0.9 – 1.1 eV drop in the

experimental IEs. In addition, because DHB is bound to proline via N---H–O hydro-

gen bonds (rather than the double carboxylic acid linkage found in the (pro)1DHB

cluster), the larger clusters do not form a quasi-π system between pro and DHB, and

therefore exhibit little delocalization of the unpaired electron. The KTIEs clearly show

that the mechanism of IE reduction is a ground-state effect, i.e., the highest occupied

molecular orbital of DHB is destabilized in the (pro)nDHB, n = 2, 4 systems. Unlike

the (pro)1DHB system, in which the two monomeric units are linked via two O–H---O

hydrogen bonds, the larger systems have proline nitrogens hydrogen bonded to DHB

hydroxyl groups. The latter arrangement provides for efficient inductive donation of

electron density from proline to DHB. The buildup of electron density on DHB raises

the energy of all of the frontier orbitals, and therefore lowers the IE.
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4.4 Conclusions and Outlook

It is clear from the results that reductions in the IE of DHB occur upon interaction of

the MALDI matrix DHB with the amino acid proline. For the (pro)1DHB cluster the

modest IE reduction is primarily the result of spin delocalization in the carboxylic

bridged (pro)DHB cluster radical cation. In contrast, for the (pro)2DHB and

(pro)4DHB clusters both the experimental and computational studies confirm that IE

reductions of over 1 eV occur as a result of N---H–O hydrogen bonding interactions

between amino acid nitrogen atoms and the carboxylic and meta hydroxyl groups on

the DHB. Interestingly, the large IE reductions observed for the (pro)2DHB and

(pro)4DHB clusters are primarily the result of a ground-state inductive charging of

the DHB aromatic ring leading to a significant negative charge on the DHB.

The interactions that occur in the (pro)2DHB and (pro)4DHB clusters which lead to the

substantial reduction in the cluster IE relative to free DHB are undoubtedly not

unique to these clusters and may be expected to occur upon the interaction of DHB

with other polypeptides and proteins. Indeed, the (pro)4DHB cluster is likely more

representative of the complex interactions that might be expected to occur between a

matrix and a larger peptide or protein. It was recently reported on the apparent sub-

stantial reduction in DHB IE in molecular clusters with the tripeptide VPL [21]. These

studies suggest that clustering of DHB with two VPLs leads to a reduction in the DHB

IE of similar magnitude to that observed for the (pro)4DHB cluster. In addition, a par-

tial search of the potential energy surface of the tripeptide GPG with DHB was per-

formed and a calculated IE of 7.34 eV for this complex was found, corresponding to

an IE lowering of 0.71 eV relative to free DHB. This result is particularly interesting,

since only one proton (on the 5-OH group) is involved in hydrogen bonding to a

nitrogen (on G). This finding demonstrates that neither a large number of hydrogen

bonds to an electron-rich atom such as nitrogen, nor a particularly basic nitrogen as

found in proline, are necessary for significant IE reductions. The influence of specific

matrix–analyte interactions on matrix IEs clearly needs to be studied more exten-

sively. As described in an early experimental study [33], and explored in molecular

dynamics simulations [34, 35] and subsequently incorporated in widely cited models

[3], evidence for the involvement of these complexes is growing. Indeed, recent exper-
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imental studies specifically implicate DHB–analyte clusters as ion precursors in UV-

MALDI [33, 36, 37]. These clusters may be the result of direct ionization of the neutral

complex, as here, or may form in the plume as a result of the interaction of a matrix

ion with a neutral analyte. One open question is, though, whether the clusters will

maintain favorable hydrogen bonds in the hot plume, even before the evaporate.

Proline is unique since it is the only cyclic amino acid. When in a peptide bond, pro-

line does not have a hydrogen on the α amino group, so it cannot donate a hydrogen

bond to stabilize an α helix or a β sheet. Thus, proline is often found at the end of α

helices or in turns or loops. Unlike the other amino acids which exist almost exclu-

sively in the trans form in polypeptides, proline can exist in the cis configuration in

peptides. The cis and trans forms are nearly isoenergetic, The cis/trans isomerization

can play an important role in the folding of proteins and proline seems to play a key

role [38]. Out of the reasons discussed proline is more often found at the core (after

folding) of proteins and thus might not be accessible for matrix-analyte interactions.

However, the effect of matrix-analyte interaction on the IE’s has been shown not

solely to be caused by the amino acid proline. The reports of a substantial reduction in

DHB IE in molecular clusters with the tripeptide VPL and GPG [21] gives rise to the

assumption that matrix-analyte interactions do have an impact on the ionization

energy of the matrix and that this is indeed a common phenomenon in MALDI. It is

actually known since long that the ionization potentials of biological redox-systems

(e.g., porphyrins, cytochromes) can be fine-tuned depending on the kind of amino

acid additionally binding to the metal center [39]. In summary, the interaction of

amino acids with matrix molecules do alter the ionization energies of the latter to

some extent, either by stabilizing the ion state or by destabilizing the ground state of

the matrix molecules. In the experiment presented here, those clusters having even

numbers of proline bound to the matrix DHB were most intense in signal measured

with the mass spectrometry. But care must be taken when comparing signal intensi-

ties and doing predictions for real MALDI measurements. First of all, the experimen-

tal setup was not standard MALDI. These clusters usually are not stable enough to

make it to the detector. And second, the intensity as recorded might not mirror the

true cluster ion abundance as present at the very beginning of the evolving plume due

to secondary ionization processes happening within the plume and determining the
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ion abundance as detected. It is also possible that the odd numbered (pro)nDHB clus-

ters were in excess right after formation but were then reduced in favor of the even

numbered (pro)nDHB clusters which seem to be more stable in terms of thermody-

namics. There is a strong need for experiments evaluating the primary ionization step

in order to understand MALDI ionization from the very beginning on. This is actually

the topic of the following chapter. As far as matrix-analyte and matrix-matrix cluster-

ing as ion precursors is concerned, this is of scientific interest only, unless one is able

to consciously control the outcome of in-plume reactions. However, direct photoion-

ization of matrix-analyte clusters, even with a 2-photon ionization potential, is not

likely to make a large contribution, except at high analyte concentrations, as has been

recently shown by Knochenmuss [40].
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CHAPTER 5

EXCITON POOLING

A PUTATIVE PATHWAY TO PRIMARY

IONS IN MALDI
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Energy transfer (ET) from excited matrix to fluorescent traps is used to probe the

mobility of excitons in the matrix-assisted laser desorption/ionization (MALDI)

matrix material 2,5-dihydroxybenzoic acid. The dependence of host and guest fluo-

rescence on excitation density (laser fluence) and trap concentration gives clear evi-

dence for long-range energy transport within the matrix. This conclusion is further

supported by time-resolved emission data showing a delay of 2 ns between matrix

and trap emission. Rate equation and random walker models give good agreement

with the experimental data, allowing determination of hopping, collision, and trap-

ping parameters. Long-range energy transfer contributes to the pooling reactions

which can lead to primary ions in MALDI. The results validate the pooling aspect of

the previously published quantitative MALDI ionization model by Knochenmuss [1].

It is shown that exciton trapping can decrease MALDI ion yield, even at low trap con-

centration. Additionally, incorporation of the guest molecules in the host matrix are

studied with confocal laser scanning microscopy showing a homogeneous distribu-

tion of the dopant in the host system investigated here. Finally, the reasonability of

the exciton concept used for these studies is verified by comparison with a textbook

example of exciton transport; an excellent agreement is found in terms of fluorescence

intensity as well as time-delayed fluorescence behavior. All these findings support the

accuracy of the assumed model.

Adapted from:

P. D. Setz and R. Knochenmuss, J. Phys. Chem. A, 2003, 109 (18), 4030 - 4037.
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5.1 Introduction

Whatever the “true” UV-MALDI ionization mechanism might be - it is common sense

that the MALDI process begins with the absorption of laser energy by matrix mole-

cules. Interestingly, only few studies were performed investigating ab initio the fate of

the absorbed photons and thus the early stage in the MALDI process [2-8]. However,

matrix-assisted laser desorption/ionization has become a widely used analytical tool,

yet was developed in a largely empirical fashion. Only recently, a fundamental under-

standing of MALDI with ultraviolet laser excitation has begun to take form. Although

some questions remain regarding the contribution of “preformed” ions [9, 10] or path-

ways involving condensed ejecta [11-13] only one model has proven capable of quan-

titatively accounting for a wide range of MALDI phenomena. In this model, primary

ionization processes are followed by secondary ion-molecule reactions in the plume

[1, 14-17]. The primary ionization pathway was proposed to involve energy pooling

by two excited matrix molecules [2, 16]. This type of process has long been known in

condensed systems [18-20] and is a result of the relatively strong interactions between

aromatic π−electron systems, when packed closely in a solid. The original model con-

sidered the probability of two laser-excited molecules randomly being located next to

each other. By fitting experimental fluorescence quenching and MALDI time-delayed

2-pulse data, [8, 21], empirical rate constants for static neighbor pooling processes

were determined. These proved to be quite satisfactory and the model gives excellent

results for many aspects of MALDI ion and electron generation.

Nevertheless, the possibility remained that the dynamics of pooling were not fully

described in this picture. Excitations can behave as mobile pseudo-particles (excitons)

in solids, resulting in long range energy transport. The wave function of the excitation

may be strongly localized on individual molecules or delocalized over several mole-

cules, respectively. The motion may be isotropic or highly directional, depending on

the nature of the relevant intermolecular interactions in the crystal [22, 23]. Demon-

stration of exciton motion in matrix materials would underscore the importance of

pooling, since it is obviously more likely that excitations will interact if they can move

about. It would also lead to a more accurate description of energy conversion and ion-

ization during the first few nanoseconds of the MALDI process.
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Fluorescence quenching experiments on pure matrix were fully consistent with a

pooling process [8]. Quenching was roughly dependent on the second order of the

laser fluence and hence the number of excitations in the solid [1, 8]. However, this

does not differentiate between mobile excitons that “collide” or static excitations that

are accidental neighbors. Here we use fluorescent traps in the matrix crystal as a

probe of exciton motion. As illustrated in Figure 5.1.1, if the lowest excited state of an

impurity molecule lies below that of the host molecules, a host exciton can be trapped

by the impurity. After host-trap energy transfer has occurred, the trap may emit its

own characteristic fluorescence. The intensity of this fluorescence may be anormally

high if excitons are mobile and are frequently trapped before they emit or nonradia-

tively decay. The density of excitons and traps are clearly important in determining

the rate of trapping and hence the trap fluorescence. Laser fluence and trap concentra-

tion can therefore be varied to determine whether excitons are mobile and how they

move. In addition, mobile excitons may take significant time to move from the point

of generation by the laser to the nearest trap. As a result, trap fluorescence may be

delayed compared to that of the matrix. All of these diagnostics for exciton mobility

are applied here, and are found to indicate mobile excitons in the matrix 2,5-dihy-

droxybenzoic acid. In addition, results of numerical models for exciton motion and

trapping under MALDI-relevant conditions are shown. These simulations not only

allow interpretation of the data, but provide dynamical information of fundamental

interest for the MALDI ionization model.

Figure 5.1.1: Schematic of the hopping, trapping and pooling processes: Exciton migration

to a DCM molecule and its subsequent fluorescence (= trapping) as well as exciton migra-

tion and interaction so as to exchange their energy leading to an exciton in a higher excited

state S2 and a ground-state exciton (= pooling). Reprinted from [24].
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5.2 Experimental Section

5.2.1 Instrumentation

The fluorescence spectra were obtained in a home-built apparatus schematically

shown in Figure 5.2.1. The crystal under study was mounted on a support rod which

was inserted into a vacuum chamber. The rod could be rotated and axially translated

to obtain the best signal. The vacuum was typically ≤ 10-5 mbar in order to simulate

MALDI conditions. Near-UV light at 355 nm was generated by frequency tripling of

the fundamental of a Nd:YAG laser (Continuum PL7020). The laser was injection

seeded to obtain a smooth temporal pulse of 5 – 7 ns duration, and subsequently cou-

pled into a fused silica fiber (8 m in length, 0.55 mm dia., type FG550 UER, Thorlabs)

which transported the beam to the fluorescence setup.

The fiber also served to spatially homogenize the beam, providing a “flat-top” profile

on the sample [25]. After leaving the fiber, the beam was collimated, and the pulse

energy was measured either directly by a pyroelectric detector (ED-100A, Gentec) or

Figure 5.2.1: Instrumental setup used for solid emission spectra recording. The fluores-

cence could either be recorded after having passed a monochromator with a CCD camera

resulting in wavelength resolved spectra or narrow bandwidths of these full spectra could

be selected and the temporal behavior measured with a fast-rise PMT detector. 
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indirectly using a window reflection and a avalanche photodiode which was cali-

brated against the pyroelectric detector. The beam then passed through a f = 15 cm

focussing lens outside the vacuum system. The converging beam entered the experi-

mental chamber through a silica window and was then redirected by a dual prism

system to be finally reflected by a dichroic mirror in order to impinge on the sample at

a shallow angle to the observation axis (see Figure 5.2.2). This provided a nearly circu-

lar laser spot.

The laser spot size was measured using ablation of ink films, thermal paper, or de-

sorption craters on DHB crystals. The emitted light was collected through the dichroic

mirror by a f/4 system comprising 2 lenses and dispersed by a 0.5 m grating mono-

chromator (SPEX 500M). For spectroscopic measurements, the spectrum was imaged

onto a CCD detector array (Princeton LN/CCD-2500-PB/VISAR). The response of the

CCD/spectrometer system was characterized using a calibrated lamp. The time-

resolved measurements were obtained with a Hamamatsu R3896 photomultiplier

tube (rise time at 1000 V: 2.2 ns, spectral response 185 – 900 nm, max. at 450 nm) on

the second output port of the monochromator. This output was equipped with a slit

for wavelength selection. A LeCroy LC 584 A digital oscilloscope was used to collect

the data, operating at 8 × 109 samples per second. The oscilloscope was triggered

using a fast photodiode at the laser, which sampled a small amount of the 355 nm

beam.

Figure 5.2.2: Picture of the home-built beam redirecting device. The dichroic mirror held

by the optical mount was used either to deflect the incoming laser onto the sample and

simultaneously in transmission to observe and record fluorescence from the illuminated

DCM:DHB crystals under investigation.
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5.2.2 Principles and Definitions

Exciton: An exciton can be a bound state of an electron and an imaginary particle

called electron hole in an insulator or semiconductor, and such is a Coulomb correlated

electron-hole pair. It’s an elementary excitation, or a quasi-particle of a solid. Complete

localization of excitation on one molecule in a system of identical molecules (= molec-

ular crystal) is impossible because of a finite probability that the excitation will “hop”

from one molecule to another due to perturbation of the equal levels of electronic

excitation of equal particles. In effect, an energy quantum is set in motion. In our

study, excitons are electronically excited matrix molecules. It is the excitation energy

which is mobile.

5.2.3 Materials and Methods

The MALDI matrix 2,5-dihydroxybenzoic acid (DHB) was obtained from Fluka

(Buchs, Switzerland). It was purified by repeated recrystallization from water and

methanol. The laser-grade dye 4-Dicyanomethylene-2-methyl-6-p-diethylami-

nostyryl-4-H-pyran (DCM) was obtained from Radiant Dyes GmbH (Wermel-

skirchen, Germany) and was used as received.

Single crystals of DHB and DHB doped with DCM were grown by slow evaporation

of ethanol-water (v/v 1:5) solutions. They were as large as 3 × 1 × 0.5 mm as depicted

on the photograph in Figure 5.2.4. The doped crystals were thoroughly washed with

cold chloroform to remove any residual dye adsorbed on the crystal surface. DHB

was found to be insoluble in this solvent, whereas DCM remained soluble. This

ensured that the fluorescence experiments measured only DCM incorporated in DHB.

The crystals were then dried and stored under vacuum. The DCM concentrations in

Figure 5.2.3: The molecular structures of DHB and DCM are shown. Neat DHB is a white

powder while DCM, due to its large π-system, exhibits a deep violet color.

DHB DCM
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the mother liquor ranged from 10-5 to 10-10 M. At DCM concentrations higher than 10-

5 M, the crystals were inhomogeneously colored. This upper limit for uniform dopant

incorporation is in good agreement with studies of protein incorporation in MALDI

matrices [26]. The true DCM concentrations in the crystals were determined colori-

metrically after the fluorescence experiments were completed, by dissolving the crys-

tals in ethanol.

Solution phase absorption spectra were acquired using a diode array spectrophoto-

meter (Ocean Optics PC2000), and emission spectra were measured on a fluorescence

spectrophotometer (LS-50, Perkin-Elmer). Solid-state absorption spectra were mea-

sured with the Ocean Optics spectrometer and a fiber backscattering probe (R400-7).

The probe consisted of 6 illumination fibers surrounding one detection fiber. Thin

samples were prepared by the dried droplet method on reflective aluminum foil. This

sample was placed under an aluminum sampling cone, on top of which the fiber

probe could be inserted. Solid sample emission spectra were obtained according to

the instrumentation and method described above. Laser light scattered from a metal

plate was used to obtain an instrument response function, which was used to decon-

volute the fluorescence signals. Repeated measurements of the laser pulse were made,

to verify the stability of laser and trigger. The confocal laser scanning microscopy

images of single crystals of DCM doped DHB were recorded with an inverted confo-

cal laser scanning microscope (CLSM, FV500, Olympus FluoView) modified for exter-

nal excitation with a compact diode-pumped solid-state laser (Chromalase, Blue Sky

Figure 5.2.4:  Picture of DCM doped DHB crystals at 4 × 10-6 M dopant concentration.The

DHB single crystals are mostly parallelepipeds with a rectangular shape and several 100

mm thickness.



90

Research/Milpitas, CA; 488 nm, 0 – 30 mW). The latter excites almost exclusively only

the DCM since even the solid DHB absorption at that wavelength is neglectable. The

laser beam is coupled into the CLSM scanning unit through a single mode optical

fiber which includes a polarization controller. The CLSM uses an epi-illumination

setup based on a high numerical aperture oil immersion objective (Olympus 60×/1.40

oil, ∞/0.17). The crystals were glued on small sample holders for mechanical stability

in an orientation with the desired crystallographic face [100], [010] or [001] towards

the scanning laser.

MALDI mass spectra were recorded on an Applied Biosystems Voyager DE STR

(Applied Biosystems, Framingham, MA), in reflectron mode with delayed extraction.

Each spectrum is the sum of 200 laser shots (355 nm). Each crystal was sampled at sev-

eral spots, the results shown are from the spot yielding the highest signal intensity.
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5.3 Results and Discussion

Absorption spectra of DHB and DCM in solution and in the solid state are shown in

Figure 5.3.1. The spectra broaden somewhat in the solid phase vs solution [27] and

also show a bathochromic shift, but the basic features remain the same, and the two

absorptions are well separated. Laser irradiation of a mixed crystal of DCM in DHB at

355 nm results predominantly in excitation of the DHB host.

When comparing Figure 5.3.1 with the emission spectra of Figure 5.3.2, it is apparent

that the DHB fluorescence has considerable overlap with the DCM absorption band.

Resonant energy transfer from DHB to DCM is therefore possible. As a consequence

of these characteristics, this host/trap pair was considered to be a good system for

studying of exciton mobility and trapping. As shown in Figure 5.3.2, DCM trap fluo-

rescence is strong even at low concentrations in DHB. The radiative yields of host and

guest are equal at 10-6 to 10-7 M. Since DCM was selected for low absorption at the

excitation wavelength, this is a strong indicator of exciton transport in DHB host crys-

tals. Even if DCM had a ten times greater quantum efficiency than DHB, and even if it

Figure 5.3.1: Absorption spectra of DHB (solid lines) crystals doped with DCM (dashed

lines) and of solutions thereof. The crystals are the host and trap substances used in this

study. Reprinted from [24].
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absorbed 10% of the incident light (i.e., had an absorption cross section 105 greater

than that of DHB), the relative DCM emission should still be only 10-4 to 10-5 at these

concentrations. In fact, the quantum efficiency (φQE) of DCM was determined to be

0.71 at a similar concentration of 2.4 × 10-7 M in ethanol [28]. This is comparable with

the one of DHB (0.2 ≤ φQE ≤ 0.59)[2, 6]. The DCM absorption cross section was found

[28] to be 1.64 × 10-16 cm2 while its value for DHB is 1.98 × 10-17 cm2 [4]. DCM clearly

has neither a significantly larger absorption cross section nor a higher quantum yield

to explain for this strong fluorescence demonstrated in Figure 5.3.2, except energy

transfer is taken into account.

The observed ratio of about 1 is then still 100 – 1000 times too strong to be explained

by direct absorption of the laser. The bulk of the emission must thus be a result of

excitation energy transfer from excited matrix. This can be contrasted with the control

experiment in which DHB and DCM were ground together at similar mole ratios, and

Figure 5.3.2: Fluorescence spectra of DHB crystals doped with DCM using 355 nm excita-

tion. The spectra have been normalized to the DHB fluorescence maximum. The dashed

line corresponds to an undoped DHB crystal. The laser generates the sharp line on the left

edge of the figure (355 nm), and the second-order diffraction of this appears as a peak near

the right edge. The DCM concentration in the crystals is depicted by color code in the

graph. Reprinted from [24].
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the emission from the fine powder was recorded. As seen in Figure 5.3.3, the relative

DCM fluorescence is considerably weaker than that observed from the grown crys-

tals. This unambiguously shows that DCM is incorporated in the DHB crystals, lead-

ing to energy transfer and trapping. At 10-6 trap:host mole ratio, uniformly

distributed traps are separated by 100 host diameters. At the moderate laser intensi-

ties used for this measurement, and for an absorption cross section of 10-17 cm2 [29],

the number of matrix excitations reaches a maximum on the order of 1000 per trap.

The matrix quantum efficiency in the solid is about 1/30 (from the measured solid vs

gas-phase fluorescence lifetimes, assuming the 30 ns molecular beam result to be the

intrinsic lifetime) [8], hence, 33 matrix fluorescence photons would be expected from

the volume around one trap.

Trap fluorescence depends on the range of energy transfer from the host. The shortest

range is the distance to the nearest neighbors. If located at a cubic site, a trap has 6

nearest neighbors, so its probability of trapping a static matrix excitation is 6 neigh-

bors × (1000 excitations per 106 sites), or 6 × 10-3. The expected trap to matrix fluores-

Figure 5.3.3: Fluorescence spectra of a crystal of DHB doped with DCM (A) and DHB

ground with DCM (B). The former exhibits much stronger DCM fluorescence. The molar

ratio of DHB to DCM was 103 in both cases, although the real incorporation of DCM is

likely to be lower. Reprinted from [24].
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cence ratio at this trap concentration is then 6 × 10-3/33 or about 1:5000. Since the

observed ratio is about 1:1, this means that the traps are able to “collect” excitons from

a larger volume than just their nearest neighbors. Energy transfer is efficient over

about 17 (= 5000(1/3)) molecular diameters. Hopping distances of this order are

known from other systems [20, 30]. This is too far to be due to fluorescence resonance

energy transfer (FRET) from the laser excited matrix directly to DCM, as will be dis-

cussed in a later section.

Another strong indicator of transport and trapping is shown in Figure 5.3.4. The time

and wavelength resolved trap emission is shifted to later times than that of the host

matrix. The delay in the peak of the emission is 2 – 3 ns. Not only is the peak delayed

but also the rising edge of the DCM emission. This is a very strong evidence that the

traps are not significantly being excited directly. They emit only after the excitation

energy has had time to migrate in the DHB crystal. As also shown in the figure, the

trap emission is slower than from pure DCM. This is another indication that the traps

are incorporated into the DHB crystal and not present as aggregates on the surface or

as inclusions.

The time-resolved data were analyzed with a fitting procedure that convoluted the

measured response to the laser pulse with a single exponential. As expected, a single

exponential is often inadequate to simultaneously fit all parts of either the host or

guest emissions. Exciton diffusion and trapping lead to deviations from such simple

behavior as energy is transferred from one to the other. Nevertheless, the falling flank

of the trap signal should approach exponentiality, after the bulk of the trapping has

occurred. This was observed. Good exponential fits were obtained for the DCM emis-

sion at longer times, with a time constant of 3 – 4 ns. This did not change with a

dynamic fluence range of 0.1 – 200 J/m2. Fits for the DHB emission were more diffi-

cult to obtain since the differences with the laser pulse response were smaller. How-

ever, results in the range of < 1 ns were obtained, below those of Lüdemann et al. [8].

Other work has have also found short DHB lifetimes in the solid state [7]. The rising

edge was slower than the falling flank, as expected for delayed trapping. Typical val-

ues were as follows: leading flank, 0.64 ns; trailing flank, 0.25 ns.
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The mean time to trapping is approximately the 2 ns delay between host and trap

emission. If isotropic, the mean diffusion distance as a function of time after creation

of an exciton is[31]

The trapping distance, D(2 ns), was estimated above at about 17 molecular diameters,

leading to a hop time of 7 × 10-12 s. This should be considered a lower bound, since it

is not rigorous in a case like this where pooling also plays a role. Additionally, other

processes such as quenching at non-fluorescent sites (i.e., crystal defects) are not taken

into account, neither.

Figure 5.3.4:  Time-resolved emission spectra of solid DHB and both DHB and DCM (4 ×

10-8 M) in a mixed crystal at the indicated wavelengths. The laser fluence was 0.1 J / m2.

The instrument response to a 355 nm laser pulse scattered from a metal surface is also

shown (dashed line). The fit curve results from the trapping differential equations

described in the text. Reprinted from [24].

 (Eq 5.1)

D(t) mean diffusion distance

dh distance moved in one hop

Δth time for one hop

t total diffusion time

1.0

0.8

0.6

0.4

0.2

0.0

n
o

rm
a
li
z
e
d

 f
lu

o
re

s
c
e
n

c
e
 i
n

te
n

s
it

y
 [

a
.u

.]

50x10
-9

40302010

time [s]

Laser

DHB, 420 nm

DCM in DHB, 630 nm

DCM solid, 670 nm

Fit, 3.3 ns lifetime

D t( ) dh
t

Δth
--------⋅=



96

A more detailed analysis involves numerical models. The first uses differential rate

equations for the ground (M0, T0) and first excited (M1, T1) singlet states of both

matrix (M) and trap (T). The laser excites only the matrix, and the excited matrix can

transfer energy to traps. Detrapping of an excited trap to reform a matrix exciton is

not included. Pooling is accounted for by quadratic terms in the matrix excitons. Con-

sistent with the full MALDI model, pooling leaves one matrix molecule in a higher

excited state, whereas the second is deactivated to the ground state. Since nonradia-

tive decay of the higher excited state is rapid compared to that of the M1, this step can

be neglected here, and one of the pooling partners simply remains in the original M1

state. The relative fluorescence intensities of matrix and trap depend on the time-inte-

grated M1 populations and the respective quantum efficiencies

 (Eq 5.2)

 (Eq 5.3)

 (Eq 5.4)

 (Eq 5.5)

σ matrix absorption cross section

I laser intensity, having a 5 nm Gaussian temporal profile

tM matrix excited-state lifetime

tT trap excited-state lifetime

M0 matrix ground-state population

T0 trap ground-state population

M1 matrix excited-state population

T1 trap excited-state population

ktrap rate constant for trapping

dM0
dt

-----------
M1
τM
------- ktrapM1T0 σIM0– kpool2M1M1 3kpool3M1M1M1+ + +=

dM1
dt

-----------
M– 0
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----------=

dT0
dt

---------
T1
τT
------ ktrapM1T0– σ

10
------IM0⎝ ⎠

⎛ ⎞–=

dT1
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---------
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-------------=
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The last trap term of equation 5.4 is in parentheses to indicate that weak direct trap

absorption was also considered but found unnecessary for a good fit. For low excita-

tion densities the trapping rate is given by equation 5.6,

where the capture factor represents the trapping volume of a single trap. For a trap-

ping radius of 10 as determined above, this is 103. The time-dependent factor [T0]/[T0

+ T1] accounts for depletion of the trap ground state. At higher excitation densities, it

is likely that more than one matrix excitation is near each trap. This was approxi-

mately accounted for by an extra factor of

whenever this factor was greater than unity. The first test for this model is to repro-

duce the fluence-dependent fluorescence quenching of pure matrix. The full UV-

MALDI model was partially calibrated using this observable, and with data reported

in the literature [8]. Including only the binary pooling term (kpool3 = 0), the above

equations reproduce these data well, as expected (see Figure 5.3.5). The bimolecular

rate constant from this fit was 7 × 109 s-1, multiplied by 27 neighbors (nearest and

next-nearest). The value used in ref 6 was also 7 × 109 s-1, but only the 6 nearest neigh-

bors were considered. This may be compared to better known systems such as

anthracene, where the rate is much higher, above 1013 s-1 [20]. The data of Lüdemann

et al. [8] suffered from truncation at lower fluence. Without a clear region of zero slope

at low fluence, it was not certain if the data could be legitimately scaled to unity at the

low end. Because of this, we made similar measurements over a wider fluence range.

The region where no nonlinear effects occur is now clearly defined, as seen in Figure

5.3.5. (The earlier data have been scaled for best agreement with the new measure-

 (Eq 5.6)

 (Eq 5.7)

ktrap capture factor
T0[ ]

T0 T1+[ ]
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ments.) Surprisingly, however, in the high fluence region, the two data sets do not

coincide.

Repeated attempts to identify an experimental reason for this difference were unsuc-

cessful. In particular, the possibility of nonfluorescent quenching impurities was con-

sidered, and the DHB was repeatedly purified. The form of the curve remained as in

Figure 5.3.5. Finally, it was concluded that the steeper drop at high fluence may well

be a reflection of exciton mobility and pooling which can be more efficient in crystals

of higher purity. A term of higher than second order is necessary to explain the

steeper drop, the curve through the newer data in Figure 5.3.5 includes a term for tri-

ple pooling, kpool3 = 5 × 1013 s-1.

The need for triple pooling supports the hypothesis of exciton mobility, since the flu-

ences here were insufficient for large amounts of triply excited clusters to exist by ran-

dom laser excitation (probability 10-4 at 100 J/m2). Also, if this were not the case, this

term would be necessary to fit the Lüdemann data as well. The newer data appear to

need it, because the DHB was highly purified. Nonfluorescent scattering impurities

limit the range of matrix excitons by blocking transfer, leading to isolated regions

which have little or no contact to each other. The local excitation density in these

regions then determines the pooling behavior. If scattering sites are sufficiently

numerous, then regions with more than 2 excitons become rare. With unhindered

Figure 5.3.5: Normalized DHB flu-

orescence vs laser fluence. Both the

data of this study (round symbols)

and that of Lüdemann et al. [8]

(diamonds) are shown. The fit

curves result from the differential

equations described in the text.

Reprinted from [24].
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motion or larger regions, it becomes possible for ternary pooling processes to take

place at their natural rate, as excitons move on the extended lattice.

In this model, the trapping range is implicit in the rate constants rather than explicit in

the form of the equations. If trapping takes place over the same range as pooling, the

trapping rate constant cannot be larger than the pooling constant, because both trap-

ping and pooling are measures of how often a given exciton encounters other species.

For pooling these are other excitons, for trapping it is a ground-state trap (which is

then raised to the first excited state by the trapping event). To reflect a larger trapping

rate due to longer range energy transfer, the rate constant is multiplied by a factor

representing the volume of matrix which is “emptied” by each trap. For a trapping

range of 10, this would be 103. This parameter affects not only the relative efficiency of

trap emission, but also the time dependence of exciton-trap energy transfer. Larger

trap regions obviously imply faster and more efficient trapping.

Retaining the triple pooling term and adding traps, the time dependence of DHB and

DCM emission are directly obtained from integration of the rate equations. The DCM

apparent (not intrinsic) radiative lifetime in DHB host was taken to be 3 ns, as esti-

mated from the fits to the data described above. The lifetime of DCM in solution was

determined to be 1.9 ns [28]. As seen in Figure 5.3.6, the delay of the DCM fluores-

cence vs that of DHB is well reproduced by the model. It should be recalled that if the

DCM emission were the result of direct laser excitation, the 640 nm signal would rise

Figure 5.3.6: Time-resolved emis-

sion from DHB crystal doped with

DCM, as predicted by the differen-

tial equations described in the text.

Reprinted from [24].
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concurrently with that of DHB at 420 nm. These results were obtained with a trapping

range of 10 sites, not far from the 17 estimated above from the fluorescence intensity

ratios.

With the trapping and decay parameters determined up to this point, it is possible to

calculate the trap to host fluorescence ratio over a range of trap concentrations. Exper-

imentally, a nonlinear dependence is found, as shown in Figure 5.3.7. The shape pre-

dicted by the model depends on the laser fluence, since this affects the typical distance

to the nearest trap. At a fluence of 3.5 × 10-4 mJ/cm2, the calculation gives a similarly

shaped curve, although agreement is not quantitative. Since this nonlinearity can be

qualitatively reproduced we consider it another significant indication for hopping

being the mechanism of energy transport, since other mechanisms such as FRET

would not yield such a shape.

The rate equation model has proved to be remarkably successful in treating the data

presented here. In a certain sense, this is surprising since exciton trapping is not

always amenable to such a treatment. Somewhat similar to time-dependent collision

rates in diffusion (Smoluchowski equation) [32], the trapping rate for a given individ-

ual exciton is not constant. After creation by the laser, the sampled volume, and hence

the probability of trapping, increases with time. In the limit of low exciton density, i.e.,

no exciton-exciton interaction and many more traps than excitons, this leads to non-

Figure 5.3.7: Ratio of DCM to DHB fluorescence

vs DCM concentration in doped crystals. The

dashed line is predicted by the differential

equations described in the text. Reprinted from

[24].
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exponential behavior that is not predicted by the rate equations above [33-35]. How-

ever, exciton densities in MALDI matrixes at MALDI-relevant laser fluences are far

from low, as is evident from the pronounced fluorescence quenching. To our knowl-

edge, there appears to be no trapping theory currently available which is valid for

such conditions. To evaluate the possible role of time-dependent rates in MALDI

matrixes, the motion and trapping of excitons was therefore numerically simulated. A

cubic volume of matrix molecules was considered, containing a few 106 to > 1010 mol-

ecules. These sizes were necessary for inclusion of significant numbers of traps at the

low concentrations used in the experiments. At each time step, random sites were

laser excited, at a rate determined by the shape and intensity of the laser pulse. These

were allowed to move up to one lattice spacing in any direction at each step, in a ran-

dom direction. At each step, the proximity of each exciton to others and to traps was

checked. One simulation step was therefore equivalent to the exciton hop time. Peri-

odic boundary conditions in all three dimensions were applied to the motion and to

pooling or trapping. Those excitons within the specified range were pooled or energy

was transferred to the traps, respectively. Both matrix and trap were allowed to fluo-

resce with lifetimes as determined above. With well adapted proximity algorithms, it

was possible to simulate intense laser pulses generating millions of excitons for time

periods of tens of nanoseconds. 

Key parameters in this model are the exciton hop rate, the pooling and trapping radii,

the excited state lifetimes, and the probability that two meeting excitons will pool. The

lifetimes and trapping radii were all previously estimated. Hopping rate, pooling

probability, and pooling radius were adjusted for best agreement with the data. Triple

pooling was considered too computationally intensive for the large volumes consid-

ered (since modelling was done on a Macintosh G4 computer), so the matrix quench-

ing data of Lüdemann was fit, rather than the newer data.

As seen in Figure 5.3.8, agreement with the quenching data was good, using a hop-

ping time of 5 × 10-11 s, a pooling radius of 2 molecules, and a pooling probability of

0.5. With these matrix parameters, and a trapping radius of 10, the time dependence

of trap vs matrix fluorescence is also well predicted, as is the trap to matrix fluores-

cence ratio at high trap concentration.
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Regarding deviations from the rate equation approach, Figure 5.3.9 shows the pooling

rate vs excitation density. It has a quadratic dependence, and there are no indications

of problematic behavior due to exciton motion at any exciton density. The pooling

rate constant which corresponds to this curvature is 1 × 1012 s-1. Normalized to the

pooling volume, this results in a rate constant of 1.5 × 1010 s-1, which corresponds rea-

sonably well to the value used in the full MALDI model of 7 × 109 s-1 [1, 15]. The

5 × 10-11 s hopping time is rather slow compared to other well studied systems. For

example, the hopping rate in anthracene crystals is on the order of 10-11 – 10-13 s [36].

An implication of the results presented here pertains to analyte fragmentation in

MALDI. For those analytes which have excited states below the S1 of the matrix,

Figure 5.3.8: Normalized DHB fluorescence vs

laser fluence. Only the data of Lüdemann et al.

[8] (diamonds) are shown. The fit curves result

from the random walker model described in

the text. In each case the exciton hop time was 5

× 10-11 s. From bottom to top, the other parame-

ters are as follows: Pool radius 2 diameters,

pool probability 1.0; pool radius 2 diameters,

pool probability 0.5; pool radius 1 diameter,

pool probability 1.0. Reprinted from [24].

Figure 5.3.9: Pooling rate vs exci-

ton density, as calculated using the

random walker model described in

the text. Reprinted from [24].
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energy transfer from the matrix may be efficient. Labile molecules may thus directly

dissociate. Others may undergo efficient nonradiative decay, with consecutive

increased local heating. Increased fragmentation rates could again be the result.

Energy transfer to analytes can also reduce MALDI ion yields by reducing exciton

populations and hence the rate of pooling reactions. This is experimentally demon-

strated in Figure 5.3.10 for DCM in single crystals of DHB. At constant laser power,

ion signals decrease significantly as DCM concentration is increased, although DCM

concentrations are, by usual MALDI standards, quite low and much too low for the

matrix suppression effect [15]. Depopulation of excited states in DHB by DCM traps

and their subsequent fluorescence is thought to be the dominant mechanism of

matrix-ion oppression. Increased laser power, and thus higher exciton density, may

restore the signal, but only to a limited degree. Different crystals of the same nominal

trap concentration also give varying signals, but higher concentrations gave consis-

tently weaker spectra. Fortunately, exciton quenching is not a common phenomenon

in most MALDI applications since such strong chromophores with low-lying excited

states are not often encountered in biomolecular systems, i.e, proteins and peptides or

synthetic polymers.

Figure 5.3.10: MALDI-TOF mass

spectra of DHB single crystals

doped with DCM laser dye. The

peaks between m/z = 304 and m/z =

250 arise from molecular ions of

DCM and fragments thereof while

at m/z = 154 and m/z = 137, molecu-

lar ions of DHB and one of its

major fragments, [DHB-OH]+•, are

visible. The laser intensity was

identical for all spectra, and the

spectra are plotted on the same

vertical scale for comparison. Even

at lower concentrations, DCM

quenches ion formation. Reprinted

from [24].
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5.3.1 FRET vs Hopping as an Energy Transfer Mechanism

For the sake of clarity, the above discussion focused on exciton hopping as the energy

transport mechanism to traps. Although exciton motion is common in condensed aro-

matics, it is less known than fluorescence resonance energy transfer (FRET), which is

widely used as a local distance measure in molecules or molecular complexes, partic-

ularly in biological systems. We here discuss reasons why FRET is considered to be a

much less likely process than exciton motion in the system DCM:DHB.

FRET is a long range transport mechanism and usually assumed to rely on dipole-

dipole interactions. In the classical Förster treatment [37], the rate has a 1/R6 depen-

dence on distance from donor to acceptor. As a result, the distance for 50% transfer

efficiency (R0) is typically 3 – 6 nm for optimized donor-acceptor pairs [38]. Using our

measured absorption and fluorescence data for DHB crystal and DCM in solution, a

R0 distance of 2.9 nm is calculated. This assumes random orientation of the DCM vs

DHB transition dipoles. Should the dipoles be optimally oriented in every case, R0

rises to 3.9 nm.

These values are comparable to many other Förster pairs, but represent rather short

distances compared to the range of energy transport demonstrated above. The DHB

unit cell [39] is such that the estimated 17 molecule mean transport range corresponds

to 8.4 nm, along the axis with the best π−electron overlap (b = 0.491 nm). This is 2 – 3

times the Förster R0 distance. Along the a and c axes, the unit cell is larger, 2.395 and

0.562 nm, respectively. The 17 molecule range would be correspondingly larger, if

transport was also efficient in these directions.

The concentration dependence of the trap to host fluorescence is also an indication

that hopping, rather than FRET, is active. As noted in the discussion of Figure 5.3.7,

the humped shape of the data could be qualitatively reproduced with a hopping

model. Using the R0
6/(R0

6 + R6) Förster FRET rate dependence, no such concentration

dependence could be generated. Either the trend was very close to linearity or had a

slight upward curvature, depending on the laser fluence. FRET becomes more effi-

cient as donor-trap spectral overlap increases. DHB crystals were also grown with a

second laser dye, coumarin 153 (C153), as dopant. C153 has excellent overlap with the
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DHB emission, better than DCM. However, the trap fluorescence was much weaker at

equal dopant concentrations than with DCM. Up to 1000 times higher nominal C153

concentration was necessary for the same trap to donor fluorescence ratio. This is not

consistent with FRET, but it is possible for hopping. Absorption as well as fluores-

cence spectra of the C153 in DHB system are shown in Figure 5.3.11. When the trap

excited state lies only slightly below that of the donor, detrapping via thermal energy

competes with trap luminescence [30]. The trap depth for DCM is 40 kJ/mol deeper

than that of coumarin 153 (from the fluorescence maxima), readily explaining the

observed difference in trapping efficiency. Finally, it should be noted that fluores-

cence quenching in trap-free (or at least not intentionally doped) DHB was found to

be consistent with hopping. It would be surprising if hopping contributed to fluence-

dependent quenching but not to trapping. 

Figure 5.3.11:  Fluorescence spectra of DHB crystals doped with Coumarin 153 (C153). The

spectra have been normalized to the DHB fluorescence maximum. The dashed line corre-

sponds to an undoped DHB crystal and the dotted line to neat C153. In upper right corner,

absorption spectra of solid C153 is also depicted together with emission spectra of DHB

(solid, dotted). The C153 concentration in the crystals were (from top to bottom): 1 × 10-3, 1

× 10-4, 1 × 10-5 M. 
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5.3.2 How reasonable is Energy Transfer via Exciton migration?

The concept of excitons arises from solid state physics [40] and might be unfamiliar to

chemists. However, exciton generation in organic materials, their corresponding

migration, quenching and detection have been studied for a long time [20, 22]. A well

studied textbook example is the binary system of anthracene and tetracene [20, 41, 42]

where anthracene (host) and tetracene (guest) were co-crystallized to yield tetracene

doped anthracene crystals with dopant concentrations ranging from 10-1 to 10-7 mol.

At a guest concentration ratio of about 10-6 mol/mol efficient energy transfer equals

in a fluorescence quantum ratio of anthracene vs tetracene of unity.

In order to verify the reasonability of our DCM:DHB measurements, tetracene doped

anthracene crystals were grown according to literature [41] with dopant concentra-

tions of 1 × 10-2 M and 5 × 10-5 M. Unsurprisingly, the fluorescence spectra (see Figure

5.3.12) displayed efficient energy transfer, even at room temperature (the anterior

studies were usually performed at 4 K – 170 K). At concentration ratios of 5 × 10-5

mol/mol the anthracene vs tetracene fluorescence showed a quantum ratio of 1 and at

10-3 M dopant concentration the emission of anthracene was completely oppressed

Figure 5.3.12:  Fluorescence spectra of neat anthracene (dashed line) and tetracene doped

anthracene crystals with dopant concentration of 5 × 10-5 M and 1 × 10-2 M, respectively.

The molecular structures of anthracene (left) and tetracene (right) are also shown.
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and only guest emission was detected. When investigated with the time-resolved

methods as described above, the tetracene emission also showed an identical behavior

as our DCM:DHB system (see Figure 5.3.13). The guest emission (tetracene) exhibits a

remarkable temporal delay in contrast to the host emission (anthracene). In case of

lower dopant concentration, the delay between anthracene and tetracene is about 6.5

ns (measured at the peak maxima) whereas it is reduced to about 5 ns at the higher

tetracene abundance. This is probably due to the higher dopant concentration and

thus reduced mean-free path of the migrating excitons. Not only is the peak maxi-

mum delayed but also the rising edge of the tetracene emission. Both measurements

indicate a long range energy transportation mechanism which the related literature

explains as exciton migration. We recapitulate that the textbook model system for

exciton migration, tetracene doped anthracene, exhibited the same characteristics in

fluorescence intensity ratios and time-delays vs dopant concentration as did the

investigated DCM:DHB system. Thus, it can be reasonably concluded that the

observed phenomena are indeed evidence of energy transfer via exciton migration.

Figure 5.3.13:  Time-resolved emission spectra of solid anthracene and both tetracene and

anthracene (5 × 10-5 M) in a mixed crystal at the indicated wavelengths. The laser fluence

was 0.1 J/m2. The instrument response to a 355 nm laser pulse scattered from a metal sur-

face is also shown (dashed line). The molar ratio of tetracene to anthracene was 5 x 10-5.

Oscilloscope settings: 8 Gs/s, 50Ω, 50 mV, 50k samples, 500 sweeps, timebase: 20.
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5.3.3 Some words on guest doped host crystals

The growth of host crystals with regularly embedded guest molecules is somewhat

puzzling for chemists since the growth of crystals is well known in chemical synthesis

as a purification step [43]. The above model and the experiments are all based on the

assumption of uniformly distributed guest molecules within a host matrix. Optical

inspection of the grown DCM:DHB crystals with concentrations not exceeding an

upper limit of 10-5 M showed homogeneous coloring. However, an in-depth investi-

gation of the incorporation behavior of DCM dye molecules in the DHB crystals is cer-

tainly of interest. Therefore, fluorescence studies with confocal laser-scanning

microscopy (CLSM) were performed to get insights into the spatial allocation of the

DCM molecules within the DHB crystals. Using also the CLSM method, it has been

demonstrated that incorporation of analytes into the matrix was rather uniform if

large crystals were grown [44, 45]. To begin with, a closer look on the crystal structure

of pure DHB might be advantageous and is thus depicted in Figure 5.3.14. In sum-

mary, DHB single crystals are mostly parallelepipeds with a rectangular shape and

several 100 μm thickness.

The crystal structure of DHB consists of centrosymmetric dimers linked by hydrogen

bonds between the carboxylic groups. The hydrogen bonded dimers are π-stacked

along axis b by van der Waals interactions to form a column. The columns related by a

c translation are held together by hydrogen bonds between the 5-hydroxylic groups to

form a sheet in [100] [39]. No extended hydrophobic plane sheets are formed in the

DHB crystals in contrast to other crystals, e.g., sinapinic acid, belonging to the same

space group (P21/a). The reason is a tilt of approximately 85 ° for every two DHB mol-

ecules (see Figure 5.3.14) [26].

Incorporation of guest molecules, i.e. proteins, has been demonstrated not to alter the

host crystal structure up to a guest molecule concentration of 10-4 mol/mol [26].

Hence, it can be reasonably concluded that the incorporation of DCM into DHB crys-

tals occurs without any apparent disturbance of the host crystal structure, especially

since the guest molecule concentrations were lower compared to the study cited and

the DCM molecules are significantly smaller than proteins. Nevertheless, the mecha-

nism of dye-molecule incorporation remains unknown. It must, therefore, be specu-
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lated that the incorporation of DCM into matrix crystals could proceed by π-stacking,

replacing some DHB molecules, since DCM is larger than DHB but also has benzene

rings as structural elements. By definition, π-stacking is a beneficial prerequisite for

the feasibility of delocalization of excitation energy over many molecules since it leads

to relatively strong interactions between aromatic π-electron systems in a closely

packed solid.

However, CLSM images taken of a DCM doped DHB crystal (3 × 10-6 M) clearly dem-

onstrate a homogeneous distribution of DCM on the surface of the DHB crystal as is

depicted in Figure 5.3.15. Also, when looking deeper into the crystal, the incorpora-

tion seems to be regular even at a depth of 100 μm. This confirms the assumption of

homogeneous guest molecule incorporation and supports the hypothesis of highly

directed embedding of DCM into the DHB crystal via π-stacking.

Figure 5.3.14:  Crystal structure of 2,5-Dihydroxybenzoic acid. Two different projections

of the 2,5-DHB crystal structure are shown. Reprinted from [26], Copyright (1997,) with

permission from Elsevier.
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On the other hand, when a crystal of 3 × 10-8 mol/mol was investigated, a somewhat

different picture emerged. The surface is homogeneously colored albeit somewhat

faint. However, when a section of the crystal was measured perpendicular to the

longer crystal axis (after being broken apart), a surprising effect was observed. The

incorporation of DCM into DHB seemed to be pronounced at the outer rim of the

DHB crystal (see Figure 5.3.16). Interestingly, the incorporation seems to be depen-

dent on the crystal orientation axis. Highest concentrations are detected at the flat side

([100] face?) of the crystal. Taking a closer look at the coloring it can be seen that it is

about 30 μm thick. This is by far more than the penetration depth of a UV laser into

DHB, which is estimated to be 20 – 50 nm only. In terms of such a depth scale, the

incorporation of DCM is still homogeneous and is therefore not contradictory to our

assumptions. However, an accumulation at the outer crystal rim certainly affects the

“true“ concentration of DCM in the DHB host since locally, its abundance is higher as

measured by UV-VIS after dissolving the whole crystal.

Figure 5.3.15: (top) Confocal laser

scanning microscopy image of a

DCM doped crystal with dopant

concentration of 3 ×10-6 M. The

green line in the top image indi-

cates the confocal depth scan. This

confocal depth investigation of this

crystal is shown in the lower

image.

Figure 5.3.16: Confocal laser scan-

ning microscopy image of a DCM

doped crystal with dopant concen-

tration of 3 × 10-8 M. Depicted is an

image of a section through the

longer crystal growth axis.
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5.4 Summary

Fluence-dependent fluorescence quenching in pure DHB and energy transfer from

the excited DHB matrix to fluorescent DCM traps were used to demonstrate that

matrix excitations are mobile in DHB. DHB vs DCM fluorescence intensity ratios and

time-resolved DHB vs DCM fluorescence are all consistent with this conclusion. Two

theoretical approaches were used to model the data. Both, a rate equation method and

a direct simulation of exciton motion successfully reproduced the data. The exciton

hopping time was estimated to be 5 – 10-11 s. The trapping radius for DCM in DHB is

estimated to be 10 – 20 molecular diameters (between 5 – 10 nm in π−stacking direc-

tion or 10 – 20 nm in direction of hydrogen bonded carboxylic groups). The results are

particularly important for a full description of the pooling processes which are a key

part of the quantitative MALDI model. The 2-exciton rate determined here, including

exciton motion, is fully consistent with the earlier estimate used in that model. A new

discovery is the contribution of 3-exciton processes at high laser fluences. This process

is dependent on unhindered exciton motion and is therefore only significant in

unusually pure DHB. Also, exciton trapping was shown to affect ion yields in

MALDI. DCM embedded in DHB significantly reduced ion yields even at very low

concentrations. Energy transfer was demonstrated to be taking place not solely in the

DCM:DHB system and the characteristics of fluorescence caused by exciton hopping

were in excellent agreement when compared to the tetracene:anthracene textbook

example. Finally, the distribution of DCM in the DHB host was shown to be quite

homogeneous, at least on the scale of UV-laser absorption depths.
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5.5 Conclusions and Outlook

In conclusion, long range energy transfer via mechanism of exciton hopping could be

demonstrated while Förster transfer mechanism could confidently be ruled out. The

above experiments give strong indication for an exciton pooling mechanism and the

modeling applied was in good agreement with experimental data. Interestingly and

only recently, two papers have been published in which the authors claim a signal

enhancement in MALDI-TOF MS of a factor ranging from 5-fold up to 40-fold, if the

peptides used in that study were labelled with commercially available fluorescent

derivatives of coumarin [46, 47]. The authors assumed that the hydrophilic peptides,

when fluorescently tagged with relatively hydrophobic molecules of the coumarin

dye group, were better incorporated into hydrophobic matrices such as alpha-cyano-

4-hydroxy cinnamic acid (CHCA) and 2,5-dihydroxyacetophenone (2,5-DHAP). It is

tempting to suppose that energy transfer within the matrix is also active when using

coumarin derivatives as tags (especially since we could show that energy transfer also

works with coumarin 153). Yet coumarin might play a similar role as DCM in our sys-

tem. In strong contrast, labelling the analytes with fluorescent traps increased the ion

yield except when DHB was used as matrix. Only in that case no signal enhancement

was detected. Even more, a decrease in ion yield was observed. This is in good agree-

ment with our study. In reflection of our previous work, it would be interesting to

investigate the incorporation behavior of these tagged peptides with confocal laser

scanning microscopy. Does the incorporation behavior change if the peptides were

labelled with more hydrophilic fluorescent dyes? If so, what is the corresponding

effect on signal enhancement?

Apparently, quenching of excitation energy by the coumarin tags is not dominant in

the matrices used (with the exception of DHB). A glimpse on the emission spectra of

the “successfully” signal-enhancing matrices gives a first hint. They all have batho-

chromic emission maxima compared to DHB while the emission maxima of the cou-

marin tags were in the range of 420 – 460 nm. Thus, the trap depth is shallower and

similar effects as discussed for coumarin 153 in section “FRET vs Hopping as an Energy

Transfer Mechanism” on page 104 could be operative. But this only explains the implau-

sible depletion of excitation energy by coumarin tags and not the signal enhancement.
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Possibly, the different incorporation behavior of the labelled peptides indeed is the

reason of signal enhancement. It is a known feature that MALDI matrices exhibit

anisotropy in ion yield when different crystal faces are irradiated by the laser [48].

And it is likely that the labelled peptides are preferably embedded on other sites of

the matrix crystal when tagged. But the real cause of enhancement might also be a π-

stacking of the coumarin tag in the host matrix and thus an strong interaction with

excited matrix molecules. Without the knowledge of the X-ray crystal structures of

these matrices and the incorporation mechanisms of the labelled peptides, this ques-

tion remains unanswered. The coumarin tags, though too shallow to successfully trap

and deplete excitons, might act as an exciton sink. In that way, they attract excitation

energy but cannot annihilate it and as a consequence, primary ion formation at or

close to these coumarin tags is favored. Tagging analytes with fluorescent labels is an

interesting and obviously successful way to enhance sensitivity of MALDI-MS. How-

ever, the labelling process itself is time consuming and enhancement is also limited to

certain matrices. Additionally, undesired derivatization of the ε-amino group also

occurs in addition to the N-terminal derivatization.

As far as exciton pooling is concerned, there are still a few questions not accounted

for. Excitons having pooled their energy end up either in the ground state or in a

higher excited singlet state (S2). While the energetic level of the S1 state was spectro-

scopically determined to be located 3.45 eV (358 nm) above the ground state, [49] no

literature value is known for the S2 state. Thus, it was estimated from the lower lying

absorption band in the UV-VIS to be 5.04 eV (246 nm) above the origin. In principle, it

should be possible to probe these S2 excitons with exactly the same methods of trap-

ping and fluorescence detection. Although fluorescence from higher excited states is

too short in lifetime to be detected and usually originates from the S1 (or T1) state

(Kasha’s Rule) [50], some exceptions of this rule are known. The most familiar is azu-

lene and its derivatives [51, 52]. If hydrophilic azulene derivatives could be embedded

in the DHB matrix they should be capable to trap higher energy excitons and make

them accessible for fluorescence detection. However, one must be careful in choosing

the excitation wavelength, since azulene strongly absorbs below 350 nm. Also the

emission shows a Stokes shift of only 30 nm. Thus, the main emission band of azulene
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overlaps with the absorption and emission bands of DHB, probably results in quite

congested spectra.

Another method to investigate and also influence the behavior of excitons in the DHB

matrix would be the implementation of perturbation with a strong external magnetic

field inducing singlet-triplet conversion [20]. This would not only have an effect on

the fluorescence lifetime (delayed fluorescence) and exciton annihilation rate, but

maybe also on the pooling rate and probability due to the increased lifetime of the

excitons. As a consequence, an enhancement of primary ion yield could be the final

outcome.

The exciton pooling mechanism as a pathway to primary ions in UV MALDI is cer-

tainly not the only process taking place during MALDI ionization. Other mechanisms

such as the cluster ionization model have been proposed and seem to qualitatively

explain features of MALDI ionization [10, 13, 27]. However, cluster ionization does

not explain the abundance of some of the matrix ions usually present in the mass

spectra and is only qualitative, while the pooling mechanisms of Knochenmuss is able

to quantitatively predict the MALDI process [1, 15, 53]. On the other hand, Knochen-

muss’ MALDI model only has successfully been applied to DHB as matrix, and, it is

questionable if it can be generalized to all kinds of matrices, although the predicted

phenomena are very common. This could only be done if the basic physical properties

of other matrices become known, pointing the way for future research.
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“There's Plenty of Room at the Bottom”, Richard P. Feynman 1959

Indeed, there is - and it was the major task of this thesis to develop an analytical tool

to extract chemical information from that bottom, or as a former Ph.D had once ver-

balized - it’s all about “Enlightning the Nanoworld“ [1]. Moreover, it is not only the

goal to simply shine light onto that bottom in order to question its topology but also

to obtain chemical response.

The present chapter introduces the first part of our SNOM-MS work, i.e., an overview

of earlier work in the literature. There are a couple of research groups involved in

using SPM probes with subsequent mass analysis. Our introduction ends with a short

look into competing imaging techniques, in order to unravel the significance of our

own work and to place our science within the field of the imaging community.
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6.1 Introduction

There is some kind of hype nowadays concerning the term “nano“. In everything nanotechnol-

ogy seems to be included: toothpaste, frying pans, wash basins, car’s wind screens, sun creams

- yet even TV shows are named alike. Only we chemists, as it seems, have slept away the day.

Who if not us have been dealing with nano-sized particles since ages? Didn’t we create and

investigate nano structures (= molecules) long before the society got aware of the term

“nano“? Who if not us chemists are the true tycoons of the nanoworld? Thus, in good tradi-

tion of the current nano-hype I propose a renaming of our job title “chemists” into “nano-

architects”. This terminology not only emphasizes the strong correlation of chemistry with the

nanoworld but also with the creativity and art of creating, altering and probing molecules.

The basic principle and major achievements of scanning probe microscopy (SPM)

techniques have already been introduced in the first chapter of the present thesis.

However, only in combination with spectroscopy methods, the full power and capa-

bilities of these SMP methods were revealed. It is clearly beyond the scope of this

introduction to review all relevant publications, nevertheless but the following short

overview demonstrates the efforts of scientists to extract as much information as pos-

sible from the nanoworld.

Topographical information on the nanoscale dimension resulted in lots of shiny

images on journal pages, newspapers and even sugar bags. Chemists soon became

aware of the potential of these SPM methods and in spite of striking achievements,

they lamented that these probe-based techniques have the disadvantage not to have

the capability of chemical analysis. Driven by curiosity and encouraged by the oppor-

tunity to directly observe chemical reactions and constructs on the molecular level,

scientists began to combine the image-yielding SPM techniques with all sorts of spec-

troscopy, in that sense combining lateral resolution beyond the diffraction limit with

the gain of chemical information of even single molecular entities. While shining laser

light through a hollow or transparent aperture of a SPM probe (SNOM, AFM) or what

nowadays became popular, onto the probe (STM, AFM, or other types of antennic

approach, called apertureless) [2], the reflected or transmitted light can be collected

and spectroscopically analyzed. In that way, STM, AFM and SNOM were combined
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with spectroscopic methods yielding nano-analytical tools such as Surface-Enhanced

Raman Spectroscopy (SERS) [3-5] or Tip-Enhanced Raman Spectroscopy (TERS) [6-

11], mid-infrared spectroscopy and fluorescence imaging [12-20]. Except for the last

one, all of the former methods provide high chemical-information content via vibra-

tional spectroscopy. While fluorescence imaging is limited therein and needs fluores-

cent tagging it also suffers from sample degradation (bleaching). But due to the high

signal intensity it is the most sensitive method, even capable of single molecule fluo-

rescence detection. In contrast to that, vibrational spectroscopy methods, especially

Raman spectroscopy, though preferred due to its higher chemical information con-

tent, need a much longer exposure time since the Raman scattering cross-sections are

about 14 orders of magnitude smaller than those of fluorescent dyes [21]. Among the

chemist’s ambitions to investigate surface chemical properties, also physics and mate-

rials science had its share in analytically-driven instrumental achievements. As an

example, an array of AFM cantilevers was used to sense chemicals (vapor and gases).

In analogy the method was called “electronic nose” [22]. And Rugar et al. could even

demonstrate scanning-probe based NMR spectroscopy [23, 24].

One strong analytical tool - organic mass spectrometry - was not combined with SPM

methods although a major prerequisite had already been proven by Zeisel et al. in

1996 and 1997, respectively - the ablation of organic matter (anthracene and

rhodamine B) under a tapered SNOM tip while being held in feedback [25, 26]. Then,

one year later, Kossakovski and coworkers [27] demonstrated a combination of

SNOM with mass spectrometry in vacuo. In our eyes, in addition to being a visionary

as well as an overdue combination, it was also a step backwards since the sample han-

dling in vacuum environment ruined the advantageous properties of the SPM meth-

ods of soft sample handling, such as biological samples (e.g. cells) under ambient

conditions. This was actually the starting point of the project “SNOM-MS with atmo-

spheric sampling”, finally being a four years’ journey.
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6.2  A glance into mass spectrometry imaging literature

6.2.1 SPM-MS related literature

The combination of SPM methods with mass spectrometry arised towards the end of

the last decade. A first attempt in combining STM with mass spectrometry was

reported by Spence and coworkers [28] in 1996. Mass spectra of an investigated Si

(111) surface and of tungsten (from the STM tip) as well as high resolution topo-

graphic images were shown. A major drawback of that setup was the asynchronous

manner of the imaging and mass spectrometry mode. In overcoming that challenge,

Nishikawa et al. showed two years later a STM-based scanning atom probe consisting

of an funnel-shaped micro extraction electrode capable to extract and accelerate ions

through the aperture of that electrode into a reflectron-TOF-MS [29]. Although mass

spectra of diamond films previously synthesized by chemical vapor deposition (CVD)

were demonstrated, resolution was limited to 2 μm by the aperture of that electrode.

No images had been shown using the modified STM probe. Another promising

approach was used by Ding et al. in 2002. A STM tip in feedback was side-illuminated

by a pulsed laser and due to the strong field enhancement underneath the tip, even

metals (Pd, Au and Ag) could be ablated and successfully applied to TOF-MS [30-32].

Ding’s work claimed a resolution (= crater diameter) of only 5 - 10 nm. A somewhat

different approach was used by scientists of the IBM research laboratory. A switch-

able AFM-cantilever was used either to scan the surface and pick up atoms or as the

source of a TOF-MS. Then, the tip is retracted from feedback and lifted before high

voltage dc is biased to the tip in order to release the previously attached atoms as ions

(by field emission) into a TOF mass analyzer [33, 34]. In 2005, Wetzel at al. presented a

variation of the former principle where again an AFM cantilever probe is used; see

Figure 6.2.1. This time the probe holder had to be rotated in order to switch between

scanning and material-uptake and mass analysis mode [35]. Ablation by field evapo-

ration yielded in 20 nm craters of ejected material. Finally, a controversial article pub-

lished in 2006 claimed to demonstrate elemental analysis on gels and biological

samples with submicrometer resolution using an only vaguely defined “near-field”

laser ablation ICP-MS setup [36]. In summary, all of the above reports had the use of

elemental analysis and vacuum environment in common except the one from Becker
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et al. This one claimed, if trustable, the possibility of combination of ambient SPM-

MS.

In 1998 the first paper related to SNOM-MS was published by the group of Beau-

champ [27] after they secured their invention by a US patent [37]. For the first time,

intact organic molecules (acetylcholin embedded in a DHB matrix) had been ablated

and mass analyzed. The concept was clear and straightforward: They placed a com-

mercial SNOM scanning head into the acceleration region of a time-of-flight mass

spectrometer (TOF-MS) and detected ions that had been generated by the laser abla-

tion from a fiber-optic SNOM tip. This was the triggering event for us to step into that

field of research on the basis of the knowledge and experience held by the Zenobi

group. Altering the sampling away from harsh vacuum environment into atmosphere

to overcome unease of sample handling and restrictions, Stöckle and coworkers could

for the first time prove in 2001 the principle of SNOM-MS at atmospheric pressure

[38]. Laser desorption through the SNOM-tip was now performed under ambient

conditions and the ablated neutral material was transported with a capillary-interface

by means of pressure difference into the vacuum of the mass spectrometer. There it

was subsequently ionized by electron impact and the ions formed were mass ana-

lyzed with a quadrupole mass spectrometer (QMS). 

6.2.2 Competing Imaging Techniques

Surface imaging techniques in combination with chemical information using mass

spectrometry became more and more popular. In order to obtain a “chemical finger-

print” of a surface either the probe beam is rastered spot by spot over a sample or the

Figure 6.2.1: A switchable AFM-

cantilever, either used to scan the

surface and pick up atoms, or

when retracted, as the source of a

TOF-MS. A high voltage dc is

biased to the tip in order to release

the previously attached atoms as

ions (by field emission) into a TOF

mass analyzer. Adapted from [35].
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sample is mounted on piezo-transducer for lateral positioning. In 1992, de Vries and

coworkers reported laser desorption mass spectrometry (LDMS) imaging of a coro-

nene particle at 1 μm resolution [39]. Besides that, LDMS has been little used for imag-

ing since its spot to spot instability and alkali ion sensitivity resulted in strong

artifacts [40]. With the discovery of a new and more reliable ionization technique

named MALDI in the late eighties [41, 42], imaging mass spectrometry experienced

increased attraction and in combination with this new ionization method, it became

simply known as MALDI imaging. Successfully introduced by the groups of Caprioli

[43, 44] and Savina [45], the work was later effectively continued by Stöckli and

coworkers [46-51]. The resolution was usually limited to >1 μm by the focus quality of

the laser spot. However, Spengler and Hubert even achieved 0.6 - 1.5 μm resolution

by circumventing the inherent limitation in mass spectrometers to create a tightly

focussed microprobe spot due to the configuration of the source region. They used

one (last) focussing lens inside the vacuum having a center hole and being fitted with

a steel tube through which ions could be extracted [52]. Addressing the MALDI imag-

ing with a method that differs fundamentally from the other microprobe mode tech-

niques, the group of Heeren applied stigmatic ion imaging, a non-scanning technique

where the lateral origin of the ions is directly mapped onto the detector yielding in a

fast imaging technology with resolutions down to 4 μm within one 200 μm diameter

laser shot [53-55]. 

Imaging of surfaces with mass spectrometry techniques has been used for quite some

time with methods such as secondary ion mass spectrometry (SIMS) [56, 57] in which

a surface is bombarded with a narrow beam (< 100 nm) of high energetic primary

ions, that exhibit rather hard ionization properties resulting in ejection of atoms, mol-

ecules and molecular fragments whereas a small fraction is ionized in that process

[40]. SIMS experienced an upswing due to the use of clusters (e.g. fullerenes, Au3
+) as

primary ion source and with the aid of MALDI matrices, named matrix-enhanced

(ME)-SIMS. With that, an increase of ion signal was achieved due to the “softer” ion-

ization properties when using clusters as projectiles [58] but still, SIMS lacks sensitiv-

ity when compared with MALDI. Finally, a new and perhaps promising technique for

macromolecular imaging is desorption electrospray ionization (DESI) [59, 60]. Analog

to our own approach this also is an atmospheric pressure sampling method, too.
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“The sky is not falling... accept failure to create innovation in experimentation!”,

John Fetzer 2003

The stepwise development of an ion-trap/time-of-flight mass spectrometer in combi-

nation with an atmospheric pressure sampling interface will be shown in this chapter.

We wanted to simultaneously profit from the ease of sample handling at ambient

pressure, from the storage and accumulation capabilities of an ion trap, and from the

acquisition speed and sensitivity of a time-of-flight mass spectrometer. The sampling

interface is an intermediate-pressure vacuum manifold that enriches sampled ana-

lytes by jet separation with respect to a carrier gas and simultaneously maintain vac-

uum conditions inside the ion-trap/time-of-flight instrument. Neutral analyte

molecules are sampled and later ionized either by electron impact or chemical ioniza-

tion. Ion accumulation is performed with a rf-only quadrupole ion trap with ground

potential on the end caps during storage. For mass analysis, the trap’s electrodes serve

as a pulsed ion source for the attached linear time-of-flight mass spectrometer. All

these instrumental developments were tackled with the final goal of combining mass

spectrometry with a commercial SNOM instrument in order to perform laser desorp-

tion through a SNOM tip in feedback and to sample and mass analyze the ablation

products with a resolution solely defined by the aperture of the SNOM tip. The final

setup (summer 2006) is described in the following section, followed by a detailed

description on what and how we (re)designed in order to succeed. This allows the

reader to see behind the curtain and hopefully guides him through the rest of this

lengthy chapter.

Partially adapted from:

R. Stöckle, P. D. Setz, V. Deckert, T. Lippert, A. Wokaun and R. Zenobi, Anal.Chem.,

2001, 73(7), 1399.

P. D. Setz, T. A. Schmitz and R. Zenobi, Rev. Sci. Instrum., 2006, 77, 1.

T. Schmid, T. A. Schmitz, P. D. Setz, Y. Boon-Siang, W. Zhang, R. Zenobi, Chimia, sub-

mitted
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7.1 Final instrumental setup and its mode of operation 

(summer 2006)

In order to comprehend the instrumental setup of SNOM-MS and its mode of opera-

tion, figures of merit are presented here together with triggering and timing schemes.

The current experimental setup consists of a differentially pumped ambient sampling

interface combined with a linear time-of-flight mass spectrometer attached to a qua-

drupole ion trap as schematically shown in Figure 7.1.1 and Figure 7.1.2.

In close proximity and at atmospheric conditions, a scanning near-field optical micro-

scope is operated to analyze sample surface topology and to perform laser ablation.

The sampling interface is used to collect laser ablated material from underneath the

SNOM tip and to transport this material into the vacuum environment of a mass spec-

trometer.

The whole setup is located within a vibrational dampened chamber and the SNOM

instrument itself additionally rests on a vibrational dampened laser table. In order to

reduce further sources of vibrations, high vacuum is achieved using oil diffusion

pumps (instead of turbomolecular pumps), whereas the mechanical back-pumps are

located outside the chamber. This kind of setup ensures an almost untroubled opera-

tion of the scanning probe instrument while keeping the mass spectrometer under

appropriate vacuum conditions. Two CCD cameras are used to monitor the relative

position of the sampling capillary with respect to the SNOM tip and thus, with the lat-

Figure 7.1.1: General overview of

the atmospheric pressure sampling

interface combined with an ion

trap mass spectrometer. The

instrument consists of three main

parts: A, sampling capillary and

transfer interface; B, main vacuum

chamber with ion trap; and C,

time-of-flight tube.
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eral origin of ablation. This turned out to be very crucial for a successful SNOM-MS

experiment.

7.1.1 Atmospheric pressure sampling interface

A differentially pumped sampling interface, shown in Figure 7.1.3, was developed

not only to maintain a proper vacuum level in the main vacuum chamber and effi-

ciently reduce the incoming gas load, but also for ease of sample handling and to per-

form laser ablation outside of the vacuum chamber. The interface is generally based

on a fused silica (FS) capillary mounted in a transfer tube.

By virtue of pressure difference, vapor of laser ablated sample is continuously sam-

pled from the vicinity of the impact spot in the form of a gas stream through the capil-

lary into the intermediate vacuum stages. Therein, it is enriched with respect to the

ambient air by passing twice through a nozzle-skimmer cone system, and subse-

Figure 7.1.2: General layout of the

instrumental setup showing the

ambient sampling interface, the

quadrupole ion trap and the time-

of-flight mass spectrometer in

more detail. Additionally, the four

different pressure regimes are

tagged each with a pressure sign

pi. These pressure indicators are

valid throughout the whole chap-

ter.

Figure 7.1.3: The ambient sampling

interface with two differentially

pumped stages, separated by two

nozzle-skimmer systems. The noz-

zle-skimmer distances are ≈ 2 mm

each and the orifices are 0.5, 0.8

and 0.5, 0.6 mm, respectively. The

pressures in the two stages were

 p1 = 5 x 10-1 and p2 = 2 x 10-2 mbar.

p
1

p
2

p
3

p
4



136

quently transported into the ion trap. (A somewhat different sampling method only

very recently introduced and thus not shown in the graph, uses a FS capillary, 250 μm

inner diameter (i.d.), 24 cm in length, bypassing the first intermediate vacuum stage

ending right in front of the skimmer of the second intermediate vacuum stage. This

sampling method, later called 2nd skimmer sampling, proved to be best in terms of

sensitivity). Among other advantages, such a construction enables a better control of

the flow of the gas containing the analyte molecules and a better control of the associ-

ated air leak into the ion trap. At the tip, a FS capillary, usually with 320 μm i.d., 405

μm outer diameter (o.d.), and 7 cm length, is used for sampling the ablated material

into the vacuum manifold at a flow rate of about 6 cm3 s-1. The capillary fits snugly

into a 1/8-in.-o.d. copper tube onto which a heating wire was tightly wound. In this

way, the temperature of this capillary was held at around 170 °C by a home made

temperature controller in order to minimize wall adsorption and also to avoid clog-

ging of the inlet capillary. The capillary is attached to a stainless-steel (SS) quarter-

turn instrument plug valve such that the connecting transfer tube can be closed to

avoid a high gas load while not in use. Attached to this valve was a 1/8-in.-o.d. and

0.085-in.-i.d. SS tube whose inner walls are specially coated (AT™ steel) to avoid mul-

tiple adsorption and desorption processes in order to ensure efficient transportation

of the sample vapor. This steel tube was contained in a copper tube (3/16-in.-o.d. and

0.03-in.-i.d.), with the heating wire wound tightly around it. The temperature of the

transfer tube was held at about 170 °C. The transfer tube leads through a flange into a

shortened T piece (5 cm in length, DN25 ISO-KF) which served as a first intermediate

vacuum stage of the transfer system. A vacuum was generated by a rough pump with

a pumping speed of 8 l/s, thus generating a pressure in the range p1 = 0.1 - 2 mbar,

depending on the tip’s capillary i.d. at the tip. This was sufficient to transport the

ablated sample vapor present at the tip of capillary into this first intermediate vacuum

manifold. A pressure gauge (Pirani) directly attached to this manifold is used to mon-

itor the vacuum level. The transfer tube ends in a 500 μm nozzle, about 2 mm in front

of a SS skimmer cone which connects the first T piece to the second vacuum stage. The

skimmer cone which is mounted directly onto a modified DN25 ISO-KF centering o-

ring had a 800 μm hole and is fitted with a 1 cm long AT™ steel tube, again ending in

a nozzle of 500 μm about 2 mm apart from a second skimmer cone. This skimmer cone

was mounted into a home-made aluminum cross which served as another intermedi-
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ate vacuum stage of the transfer system. The vacuum inside this second vacuum stage

was generated either by a 5 l/s rough pump or if lower vacuum levels were desired

with a turbomolecular pump (Turbovac350, Leybold) with a pumping speed of

approximately 100 l/s, which maintains a pressure in the range p2 = 8 x 10-2 - 2 x 10-2

mbar depending on the pressure in the first intermediate vacuum stage. The second

skimmer has a 600 μm hole and is fitted with a 11-cm-long AT™ steel tube that ended

in a polyetheretherketone (PEEK) tube (0.04-in.-i.d.) which itself acted as feed through

for the 1/16-in.-o.d. (0.04-in.-i.d.) AT™ steel tubing. With this construct, the neutrals

were led directly through a hole in the ring electrode into the ion trap. This last trans-

fer tube also had a heated copper tube around it as described above. Thus, the sample

vapor is transferred into the ion trap by virtue of the pressure difference between the

intermediate vacuum stage and the main vacuum chamber housing the ion trap. The

overall length of the transfer tubes was approximately 30 cm.

7.1.2 Ionization source, ion trap and time-of-flight mass spectrometer

A commercial quadrupole ion trap (C-1251, R.M. Jordan Company) was used, slightly

modified, and assembled via a rod system onto the flight tube. A commercial ac rf

ion-trap power supply (D-1203, R.M. Jordan Co.) supported the ion trap with a radio

frequency of 1 MHz. The ceramic spacers were replaced with home-made ones using

PEEK as material and two tiny holes were drilled into the ring electrode to allow

introduction of reagent or buffer gas and analytes sample vapor as well. The rf-only

quadrupole ion trap was operated in the total ion storage mode where both end caps

were held at ground potential, while a constant rf was applied to the ring electrode. In

this mode, the ion trap only serves as a storage and accumulation device. Only ions

with certain mass-to-charge ratios (m/z) in a predetermined “trapping mass window”

show stable trajectories and hence are efficiently confined in the trap. This mass win-

dow can be shifted towards higher or lower m/z according to the rf voltage applied to

the ring electrode. Voltages up to 3000 Vp-p could be applied to the ring electrode, but

for the experiments reported here, voltages usually did not exceed 1500 V. Since we

are primarily interested in analyzing the large majority of neutral species produced in

a laser ablation event (see section 7.2.1), an ionization step is necessary in order to

accumulate ions and store them in the ion trap. This is done either with electron

impact (EI) or chemical ionization (CI). Therefore, an EI ionization source is directly
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attached to one end cap via the rod system, allowing the ionization to be performed

inside the trap. A rhenium/tungsten wire was used as filament material. The filament

was usually operated at 70 eV and a current of ≈ 3 A was applied, resulting in an elec-

tron current of about 10 μA through the end cap hole. The electron beam was directed

and focused into the center of the ion trap via two electrodes through a 2.4-mm hole

in the end cap. The electrons can be gated by applying a negative potential, usually

significantly lower than 70 V, onto the electrode facing the end cap. Alternatively, a

reagent gas can be introduced into the ion trap to perform CI directly within the stor-

age region of the ion trap. The center-bored ring electrode was fitted with 1/8-in.o.d.

PEEK tubing to introduce reagent gas through a 0.5-mm hole. This tubing was con-

nected to a high speed series 9 pulsed inline gas valve (General Valve) mounted out-

side of the vacuum chamber and to a needle valve to control reagent gas pressure

before the pulsed valve. This setup allowed pulsed introduction of chemical ioniza-

tion gases such as methane and isobutane and also buffer gas (He). Details of the ion-

ization source as well as of the ion trap are shown in Figure 7.1.4:

The last piece of the instrument is a home-built linear time-of-flight mass spectrome-

ter (TOF-MS), as shown in Figure 7.1.4. The mass analyzer is of a linear two-stage

Figure 7.1.4: Detailed schematic of the ion-trap/TOF-MS. Sample vapor enters the ion trap

through a tube (from top) through the ring electrode and gets ionized either directly by

electrons emitted from the filament (left) or by chemical ionization by a reagent gas

injected through another tiny hole in the ring electrode. Ions are stored and accumulated

in the ion trap and subsequently mass analyzed by the time-of-flight mass spectrometer

attached to the ion trap. Additionally, the potentials are tagged with indicators that will be

used throughout the whole chapter.

Up-p

Urep Uextr

Utube

US2

US3
Ubias

Uaccel  = UTOF

UMCP
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Wiley-McLaren-type [1] with a drift tube length of only 42 cm. Total flight distance

from the quadrupole ion trap to the detector is 490 mm. The drift tube, 56 mm in

diameter, is usually floated at -2.7 kV. The flight tube region is pumped by a Varian

VHS 6 oil diffusion pump with a pumping capacity of 3500 l/s, resulting in a pressure

p4 = 1.5 x10-7 mbar. A cold cathode pressure gauge is attached to the flight tube. The

TOF vacuum manifold is separated by a 4 mm diameter flow restriction from the

main vacuum chamber. This chamber, a cube made from aluminum has six accessible

flange connections, twice a DN160 ISO-K and four times a DN100 ISO-K, and is

pumped by a Balzers DIFF 200 oil diffusion pump with 2000 l/s pumping capacity. A

second cold cathode pressure gauge is attached to this main chamber to monitor the

pressure. Since the inlet tube from the atmospheric pressure interface constitutes a

constant leak into the vacuum chamber of the ion-trap system, the pumps need to

have a sufficient capacity to keep the required level of vacuum despite this leak. The

typical pressure with the interface valve closed was p4 = 5 x 10-7 mbar. The actual

operating pressures of the flight tube and the main chamber are about 6 x 10-6 and 2 x

10-7 mbar, respectively. A polymethylmethacrylate (PMMA) disk containing a 12-pole

electrical feed through connector seals this chamber on top and also allows visual

inspection of the filament. The extraction region of the time-of-flight mass spectrome-

ter is formed by the two end caps of the ion trap. The trap can be rapidly switched

from storage to extraction mode. The end cap facing the mass spectrometer also has

an opening (2.4 mm in diameter) covered with a 90% transparency wire mesh to pro-

vide an extraction grid which forces the ions stored in the trap to exit the trap into the

flight tube. For further acceleration of the ion packages, the orifice separating the

main chamber from the TOF vacuum chamber also acts as acceleration electrode. It is

equipped with a copper grid, too, in order to guarantee flat field lines for linear accel-

eration, and is held at the same potential as the drift tube. After passing the accelera-

tion grid, the ions enter the field-free drift region. A so-called bipolar extraction was

used to time-focus the ion packages onto the detector, where one end cap acts as a

repeller and the other one as an extractor electrode. Hence, both end caps assist in

focusing the ions into the analyzer. By choosing the potentials of the repeller and

extractor electrode appropriately, a focus of the ion package in space and time can be

achieved, thus a gain in sensitivity and mass resolution will result [2, 3]. A home-built

bipolar “push-pull” high voltage (HV)-pulser (for circuit diagram see Appendix D)



140

with Umax= ± 1 kV was used to operate the end caps (500 μs extraction pulse dura-

tion), and a TOF power supply (D-603, R.M. Jordan Co.) and two high voltage sup-

plies (FUG, HCN 35-3500 and HCN 35-6500) delivered the potentials needed for TOF

operation. Transistors in the HV-pulser are applied to actively pull-down both end

cap potentials close to earth during rf oscillation. The detector, a dual microchannel

plate (MCP) assembly (18 mm in diameter, Burle Electro-Optics) in the chevron con-

figuration, is mounted on a DN100 ISO-K flange. The detector is slightly modified to

operate the outermost focusing electrode of the detector at a lower potential for pre

detection acceleration. The face of the first MCP is operated at - 2.25 kV in order to

achieve appropriate gain (900 V per MCP plate). The output signal of the detector was

amplified through a low-noise preamplifier (Analog Modules, 200 Hz–100 MHz, gain

40 dB, input noise 380 pV/pHz) with 50 Ω feed through connected to a digital oscillo-

scope (LeCroy LC584A) with 8 Gs/s sampling rate at 1 GHz bandwidth for transient

recording.

7.1.3 Experimental triggering and measurement cycle timing

Triggering was done, as shown in Figure 7.1.5. A four-channel pulse/delay generator

(PDG, BNC model 555) was used to generate an output pulse acting as master clock.

Output channel A triggered the rf of the rf power supply the rf high voltage (rf HV) to

be clamped down. Synchronized with the next zero crossing of the rf phase, the rf HV

triggered a four-channel digital/delay generator (DDG, DG 535, Stanford Research

Systems). The DDG output pulse was then used to trigger the home-built HV-pulser

Figure 7.1.5: The experimental trigger setup. A

pulse/delay generator acts as master clock that

triggers firing of a DPSS Nd:YAG laser (355

nm), electron emission for electron ionization,

the clamping of the rf voltage, a digital delay

generator to initiate a HV pulser for ion extrac-

tion, and an oscilloscope for data acquisition.

Alternatively, a valve controller and valve for

reagent gas introduction as well as a function/

pulse generator for rf voltage control can be

triggered if chemical ionization is used.

valve

PDG Laser

DDG

RF-HV

TOF-MS

  valve

controler

HV-pulser

EI gate
PC

function/pulse

   generator

LeCroy LC554A
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to generate the extraction/repulsion voltages to eject the ions into the TOF and con-

currently, the digital oscilloscope for data collection. Channel B of the PDG was used

to trigger the EI gate to start ionization by thermal electrons. The PDG’s channel C

was used to trigger the gate valve controller to control pulsed gas introduction if

needed, and finally, channel D initiated a function/pulse generator (TABOR, model

8551) to control the trapping potential of the rf power supply if needed in the CI

mode. The timing of the different devices was crucial in order to efficiently ionize,

store, accumulate, extract, and sensitively detect even small amounts of the laser-

ablated material. In Figure 7.1.6, a typical measurement cycle is depicted:

The master clock of the PDG is currently set to 500 ms, 2 Hz pulse repetition rate,

respectively. The output of channel A, delayed by 400 ms, triggered the rf HV to

switch into the TOF mode by rapidly decreasing the rf amplitude to close to 0 V

within one to two rf cycles. The phase-synchronized rf HV output monitor triggers

the DDG, which in turn activates the HV-pulser. The rising edge of the HV output

was carefully matched (tdelay = 1.4 μs) with the phase of the rf by the length of this

delay (Figure 7.1.7). Both end caps were pulsed within 200 ns from ground potential

to several hundred volts to extract the ions. At the same time, the digital oscilloscope

gets triggered to start an acquisition cycle of the time-of-flight mass spectrometry. The

time of extraction with respect to the rf phase is a critical parameter in IT/TOF-MS

operation as it has a large influence on ion abundance. An optimized extraction is typ-

Figure 7.1.6: Timing diagram of an experimen-

tal cycle. The pulse/delay generator starts a

measurement cycle. After an EI gate (usually 20

ms), ahead by ≈15 ms with respect to rf clamp

down, trapping of the ions takes place for 40 ms

until the rf HV is shut off. The HV-pulse for ion

extraction, phase matched with the rf ampli-

tude, has an additional delay of 1.4 μs and starts

the TOF-mass analysis and data collection. For

CI, reagent gas is introduced during the EI gate

and stored for several tens of milliseconds in

order to react with and efficiently ionize the

sample vapor.

laser

EI gate

valve (CI)

RF

HV repeller

HV extractor

PDG trigger

TOF acquisition

      PDG 
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ically achieved at rf amplitude phase angles between 90° – 140° [3-5]. Channel B,

ahead with respect to channel A by 30 ms, was used to trigger the EI ionization gate.

The PDG’s channel C, when active, again ahead with respect to channel A by 200 ms,

was used to trigger the gate valve controller to control pulsed gas introduction.

Finally, channel D’s output pulse, ahead with respect to channel A by 45 ms, caused a

function/pulse generator to control the trapping potential of the rf power supply

when the experiment was run with CI, or, as currently used, when laser ablation was

done, to control the burst pulse generator. After all the ions of a measurement cycle

have reached the detector, usually in less than 20 μs, acquisition is stopped; the

acquired transient signal is transferred to the computer and all operating parameters

are restored back to the idle state. The typical measurement cycle time is therefore

predominantly determined by the dead time between laser pulse and neutral arrival

(≈ 15 ms), dispersion caused by the transfer of the neutrals (≈ 10 - 20 ms) and the opti-

mum storage time for good resolution (≈ 40 ms). Since ion storage usually starts soon

after the laser ablation event, a time of 100 ms for one measurement cycle is a reason-

able estimate, i.e., ≈ 10 Hz operation should be feasible, although at the moment, the

instrument is operated at 2 Hz.

7.1.4 Data collection

Signal averaging was used to enhance the signal-to-noise ratio, and reported spectra

are usually averages of 30 single transients, if not stated otherwise. These were

recorded, averaged, and stored in the oscilloscope and later transferred via general-

Figure 7.1.7:  Oscilloscope screenshots of the HV trigger pulse length (left) vs. the rf ampli-

tude. A magnified view thereof (right) demonstrates the delay between rf clamp down

and HV triggering, tdelay = 1.4 μs.



143

purpose interface bus (GPIB) to a PC for further processing. Either oscilloscope

screenshots were recorded or averaged traces in ASCII format (16 bit) could be taken

using the SCOPE EXPLORER software (LeCroy).
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7.2 Anthracene as model compound for laser ablation of solids

The choice of anthracene as a model compound for sampling of laser ablated solids is

not only due to historical reasons [6]. Anthracene is a van der Waals solid but exhibits

a rather high vapor pressure of about 1.2 x 10-2 mbar (90 °C) [7], while the typical

MALDI matrix 2,5-dihydroxybenzoic acid (DHB) has a vapor pressure of 1.3 x 10-5

mbar (90 °C) [8] and a sublimation temperature of 444 ± 6 K [9]. The enthalpy of subli-

mation for anthracene, ΔHsubl., is 104 kJ/mol [10]. The molar extinction coefficient ε

(355 nm) of anthracene is about 8540 cm-1/M [11]. Using Lambert-Beer’s law, the

absorbance can be calculated and since the absorbance is equal to the negative decadic

logarithm of the transmittance, A = - log T, the absorption coefficient α is given by the

Equation 7.1. [12]. 

Thus, the absorption coefficient is α = 1.5 x 105 cm-1. The laser penetration depth δ into

a solid anthracene sample is estimated by the inverse of the absorption coefficient,

thus δ = 67 nm. This is less than the penetration depth for a DHB sample (ε ≈ 4200 cm-1

/M [13], ≈ 159 nm at 355 nm) because of the higher absorption coefficient of

anthracene. However, to be on the save side, a penetration depth δ for anthracene of

50 nm was taken for future estimations. Less material is expected to be laser ablated, if

anthracene is used as sample instead of DHB. Nevertheless, this disadvantage is

reversed by the much higher vapor pressure of anthracene. This should also be bene-

ficial for its transport properties in capillaries and tubings. The electron impact ioniza-

tion cross section of anthracene is about 3 x 10-15 cm2 and the ionization potential is

7.4 eV [14].

 (Eq 7.1)

α  absorption coefficient

d  path length in cm

α 2.303–
d

---------------- Tlog⋅=
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7.2.1 Ion vs. neutral sampling

Atmospheric pressure ionization (API) methods, such as electrospray ionization (ESI),

glow discharge, and atmospheric pressure matrix-assisted laser desorption/ioniza-

tion (AP-MALDI) [15, 16], desorption electrospray ionization (DESI) [17], and “direct

analysis in real time” (DART) [18] commonly generate ions under ambient conditions

before introducing them into vacuum for mass analysis. The sensitivity of these API

methods is somewhat lower compared to vacuum ionization due to inefficient trans-

port of ions into the mass analyzer through differential pumping stages. This holds

true despite recent improvements such as the pulsed dynamic focusing technique [19]

which achieved a gain in ion transmission efficiency. API, in contrast to vacuum ion-

ization, is softer and thus exhibits less fragmentation of the molecular ion [20]. The ion

yield, i.e., the ratio of ions to neutrals produced, is often low. For MALDI, the ion

yield was found to be 10-5 - 10-3 [21-25]. Thus, more than 99.999% of the ablated mate-

rial consists of neutrals. Thus, for AP-MALDI, very low useful ion yield is expected to

arrive in the mass spectrometer. Thus, we decided to use sampling of neutral mole-

cules ablated by laser pulses at ambient conditions. Analytes will be ionized inside

the ion trap either by electron impact or chemical ionization after transport through

the interface. For future applications, this will also allow the examination of species

that are not vacuum stable, i.e., biological samples.

The only disadvantage by using the neutral sampling technique is the inability to

drive the neutrals into the sampling capillary. The neutrals will only be governed by

the pressure difference, the effect of suction of the capillary. The properties of ion

transport by viscous gas flow through capillaries has been reported to be surprisingly

efficient over several meters [26] but the problem of neutral molecule transport was

not addressed. Related to this problem, we found a publication by Bleiner and

coworkers [27] reporting on aerosol transport through Tygon® tubes of several meters

in length and i.d.s of 4 - 7 mm. He noticed a certain dispersion of the aerosol signal

subsequently measured by inductively coupled plasma mass spectrometry depend-

ing on the length and i.d. of the tubing. It is most probable that our sampled neutrals

have an aerosol-kind behavior, too, since in-plume cluster formation is a well known

phenomenon in laser ablation. But then, the dimensions of Bleiner’s transport system
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were much different and he applied a gas pulse to force the aerosol from the ablation

cell into the tubing.
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7.3 The Birth of ambient SNOM-MS

Ambient SNOM-MS was introduced by the Zenobi group in 1999 [6, 28]. Laser

ablated material from underneath a fiber-optic SNOM tip was transported through a

suction tube with a short (20 μm i.d.) capillary aperture to a quadrupole mass spec-

trometer (QMS) being held at 10-5 mbar pressure (Figure 7.3.1).

Ionization was performed by electron impact. A photo-labile polymer, triazadien,

(bis(p-phenyl-triazeno-N,N-diethyl)-ether), was used as sample. Only the limited

capabilities due to the slow scanning character of the QMS used prohibited recording

of full mass spectra. Instead, the evolution of single mass transients of nitrogen origi-

nating from laser decomposition of the sample (to form N2 and other products) were

detected upon laser irradiation (Figure 7.3.2).

As opposed to the successful proof-of-principle, the instrumentation used has some

general disadvantages. Methods to circumvent these were already hinted at in [6] and

are summarized again below:

Figure 7.3.1: Instrumentation

involved in nanoscale laser-

induced mass analysis under atmo-

spheric conditions (top) and mag-

nified view of the collection and

transportation of near-field ablated

material (bottom). The main com-

ponents are: The SNOM-tip, the

interface, the vacuum chamber

including the ionization source and

the mass spectrometer. Reprinted

from [6]
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7.3.1 Limitations and propositions for their circumvention

•Only about 1.7 attomol quantity ablated (≈ 1’000’000 molecules)

 Use multiple laser pulses to increase number of molecules

•Transient signal length of several tens of milliseconds

 Ionize, store and accumulate during that period of time

•EI ionization with low ionization efficiency and strong fragmentation

 Use different (softer) ionization methods (chemical- or photoionization) in

order to increase ion yield and to suppress strong fragmentation

• QMS full scan mode is slow, full mass scan is impossible 

 Use a storage device and fast mass analyzer to get complete mass spectra

The above reflections directly lead us to use an ion trap for storage/accumulation and

to do time-of-flight mass spectrometry for mass analysis! The application of an ion

trap in combination with a time-of-flight mass spectrometer is a logical consequence

Figure 7.3.2: Two transient ablation

signals (a) of the decomposition

product at m/z 28 following indi-

vidual near-field laser ablation

events, and from the surface of

spin-coated triazadien sample

(inset). The bottom panel shows an

AFM topograph of the modified

sample surface imaged upon laser

ablation. The estimated diameter of

the ablation-craters are around 200

nm, corresponding to approxi-

mately one million molecules.

Reprinted from [29]
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since it is some sort of a marriage of both techniques, embodying millisecond storage/

accumulation capabilities of the trapping device as well as fast mass analysis, and sen-

sitive detection by time-of-flight type mass spectrometers [30].
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7.4 Resurrection of ambient SNOM-MS

7.4.1 Current setup

In 2002, the ambient SNOM-MS project was brought back to life by Dr. Antonis

Koubenakis. At that time many of the proposed improvements have been imple-

mented by a fundamental redesign of the setup that then basically consisted of an ion

trap/time-of-flight mass spectrometer Figure 7.4.1. 

A home-made cylindrical ion trap (CIT, r = 2 cm, z = 1 cm) was attached onto a short,

288 mm long drift tube of a short time-of-flight mass spectrometer with multichannel

plate (MCP) detector via a PEEK-based rod system; see Figure 7.4.2. 

Figure 7.4.1: Overview of SNOM-

MS setup as of october 2002. The

ion trap/time-of-flight mass spec-

trometer (IT/TOF) is in line with

the suction tube. On the right side

of the image, the suction tube and

the SNOM scanning head are

depicted.

Figure 7.4.2: PEEK-based rod system on which the electron impact (EI) source, the cylin-

drical ion trap (CIT), the flight tube (TOF) and the MCP detector is mounted. The whole

system is held by a ISO-K 100 flange.
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An EI ionization source was attached onto the ion trap. Only the suction tube interface

remained original. The total flight distance between the center of the cylindrical ion

trap and MCP detector was now approximately 347 mm.

An oil diffusion pump maintained a pressure p3 of approximately 1 x 10-5 mbar. The

suction tube directly entered the main chamber without any differential pumping.

Neutrals entering on axis (from the left in Figure 7.4.3) get first ionized by orthogonal

electron impact, injected and stored in the ion trap and were then ejected for mass

analysis by the time-of-flight mass spectrometer. A cylindrical ion trap was used

because it was simpler to fabricate than a hyperbolic ion trap with almost identical

capabilities [31, 32]. The ion trap was not only used as accumulation device but also as

source region of a two-stage Wiley McLaren type mass spectrometer. In the latter, one

electrode (left end cap) acted as repeller while the other acted as extractor electrode

(right end cap). The third electrode as well as the flight tube were constantly floated at

negative potential. The grid at the entrance to the drift tube was used as acceleration

electrode before the extracted ions entered the field free drift region of mass separa-

tion.

7.4.2 SIMION simulations - part I

In order to evaluate and understand the properties of ion injection, trapping and

extraction for mass analysis the EI-IT/TOF setup was modelled using SIMION 3D 7.0

software [33]. The electrode geometry was rather simple since it was highly cylindri-

cal. See Appendix A for the geometry file and the trapping program used to build the

geometry and simulate ion injection, trapping and ejection.

Figure 7.4.3: Magnified view of the

the cylindrical ion trap with the

ring electrode (R), the two end caps

(1), (2) and section of the flight-

tube with the acceleration grid (3).

The white tubing protruding from

the EI source is an inlet for CI gas.
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In order to understand efficiently trapping, the injection of previously formed ions by

EI was studied. (Figure 7.4.5).

With given trapping parameters the energy of the incoming ions becomes the domi-

nant factor. Also the external ion cloud needs to be focussed through the 10 mm holes

of the end cap if not to be annihilated by impact on the end cap surface. To do this so-

called axial introduction [34], the potentials applied on the various electrodes had to

be set accordingly. This is a rather delicate process, since the rf on the ring electrode is

running continuously during ion injection instead of the often applied gated-ion injec-

tion and no rf phase angle matching [35] is done. It has been demonstrated that only

those ions can be inserted and held inside the trap that have low enough kinetic

energy when entering the electromagnetic trapping field [36, 37]. As a rule of thumb,

the energy should be less than 10 eV [38] and, additionally, ions must be either decel-

Figure 7.4.4: SIMION 3D-view of the EI-CIT/TOF. The cut-off offers a look into the inner

compartments of the setup. 

Figure 7.4.5: SIMION simulation with 0.1 mm/grid density of ion injection into our CIT. The left graph

shows a successful attempt, whereas in the right graph the energy of the incoming ions was too high

for efficient trapping. Thus, some of the ions simply flew past the CIT and got accelerated towards the

detector. The red lines indicate electric fields. Their density and curvature influences the ion’s accelera-

tion and deflection. Note the quadrupolar trapping field inside the ion trap.

time-of-flight-tube detector

ion trapionizer
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erated by repelling e-fields (on the extraction end cap) or by a buffer gas within the

ion trap. The latter was the method of choice for our setup.

Since the current setup did not have any ion optics to focus the ion beam onto the

MCP detector, bipolar ion extraction was used. In contrast to the usual way of ion

extraction where only one end cap is pulsed, our setup allowed both end caps to be

pulsed with opposite polarities. In choosing appropriate potentials on the end caps,

the curvature of the field lines formed during HV pulsing within the CIT could be

chosen in such a way that the ion beam either got focussed or defocused onto the

detector (Figure 7.4.6).

Bypassing the missing einzel lens, bipolar extraction can be used to efficiently focus

the ion beam. In the best case, all ions are uniformly distributed on the detector sur-

face, thus also avoiding problems due to the slow single channel recovery properties

(several ms) after ion impact of an MCP [39]. In case of a defocused ion beam, most of

the ions miss the detector thus decreasing sensitivity of the overall experiment. To

correct for the spacial distribution of the ion cloud within the ion trap, space lag focus-

sing theory was applied and simulated (Figure 7.4.7). The potentials found were used

as starting values for later refinement in the real experiment.

Figure 7.4.6: SIMION simulations of bipolar extraction behavior on the alignment of the

ion beam. Shown are ion trajectory studies of 18 ions of similar mass and charge. While

the upper graph demonstrates a focussing behavior of the ion beam due to appropriate

choice of applied extraction/repulsion potentials, the lower graph shows the contrary.
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7.4.3 Preliminary ion stability calculations

Before any experiments were performed, an ion trap theory based calculation of ion

stabilities as a function of ion trap dimensions (radius and z-length) and rf parameters

(frequency and amplitude) was applied (Figure 7.4.8). 

For the complete Mathematica worksheet, see Appendix C. The mass window of sta-

ble ion trajectories depicted ranges from approximately 54 - 250 Th and predicts that

all ions within this range should be successfully trapped. The low mass cut-off

(LMCO) using these parameters is 53.39 Da (for singly charged ions) meaning that no

ions with m/z < 54 Th were successfully trapped. 

Figure 7.4.7: SIMION screenshot of a space lag focussing simulation. If all parameters are

chosen accordingly, the focal plane overlaps with the first MCP detector surface and the

single ions flight times vary only little although their starting positions in the ion trap

were chosen quite different. Below the graph, a printout of SIMION evaluated flight times

for the simulated ions are listed.

Figure 7.4.8: Calculation of the

mass window of stable ion trajecto-

ries (0.2 < qz < 0.908) for a given rf

frequency (ν = 550 kHz) and

amplitude (U0-p = 150 V). Using

these parameters, a SF6
 fragment,

SF5
+; m/z 127, has a calculated qz

of 0.38.
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7.4.4 Experiments

In these early steps of IT/TOF, the CIT was driven by a 50 MHz function/pulse gen-

erator (Tabor, model 8551) who’s output was amplified by a ENI 2100L RF power

amplifier providing 300 V0-p maximum amplitude. With the setup described, first

mass measurements were achieved using methane (m/z 16), nitrogen (m/z 28) and SF6

(SF5
+, m/z 127) as test gases. As an example, the mass spectrum of SF6 is shown in Fig-

ure 7.4.9.

Though a first successful demonstration of the EI-IT/TOF, this spectrum was every-

thing but smooth. A high noise pattern induced by HV-pulsing and an echo thereof

showed up on the transient until 2.5 μs after HV-switching. There also seemed to be a

decreasing drift of the transient with time. Even worse, the peaks had a leading shoul-

der at approximately half the peak’s height that resulted in an abnormal peak broad-

ening. We hypothesized these characteristics are due to improper trapping of the ions

as well as non-optimum resolution and ion beam focus. As far as the ion flight times

were concerned an excellent agreement of simulation with the experiment was

achieved. When applying the same potentials to the SIMION electrodes as in the real

experiment, a mean flight time of 8.092 ± 0.005 μs was simulated (Figure 7.4.10) com-

pared to the measured 8.086 μs (peak maximum) of the real experiment.

However, external ion generation and in-axis injection seemed to be the bottleneck of

this setup. Due to the principle of ambient sampling, ions originating from back-

Figure 7.4.9: Time-of-flight tran-

sient of SF6 and its fragmentation

pattern. Note that the molecular

ion of SF6 is not visible in the spec-

trum due to extensive fragmenta-

tion if ionized with electron

impact. Trapping parameters: νRF

= 550 kHz, U0-p = 150 V and total

trapping time ttrap = 60 ms. Urepel-

ler = 180 V, Uextractor = -80 V, Uaccel-

erator = -1700 V, p3 = 1 x 10-5 mbar.
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ground gas (air) were highly abundant. And since one is usually not interested in

such low mass ions the LMCO of the trapping window was set higher in order to sup-

press trapping of these unwanted ions. As a consequence, nitrogen and oxygen ions

that were also injected into the trap, passed the ion trap and got accelerated towards

the detector. In that they contributed significantly to a high noise level on the MCPs.

These reflections inspired for a next redesign of the current instrumental setup.

Figure 7.4.10: Improved time-of-

flight transient of SF6 and its frag-

mentation pattern after applica-

tion of SIMION studies and ion

stability calculations: νRF = 550

kHz, U0-p = 160 V, ttrap = 60 ms.

Urepeller = 182 V, Uextractor = -77 V,

Uaccelerator = -1720 V. Mass resolu-

tion m/Δm = 54, p1 = 7 x 10-6 mbar.
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7.5 Cylindrical ion trap with radial neutral sample introduction

Modifications on the instrumental setup were done in order to allow off-axis intro-

duction of neutral gas through a hole in the ion trap’s ring electrode (radial introduc-

tion). A perpendicular arrangement of sample inlet axis and mass spectrometer axis

was chosen in order to avoid undesired direct transmission of sample vapor through

the ion trap towards the TOF MS without previous storage. Ionization was then per-

formed inside the trap, again with electron impact, so injection of externally formed

ions was no longer necessary. Additionally, the ring electrode was fitted with a sec-

ond inlet for chemical ionization gases. A schematic of the modified ring electrode is

depicted in Figure 7.5.1. 

The pressure in the vacuum chamber was another concern. Though a raised pressure

is advantageous within the ion trap in order to cool and concentrate ions into the

trap’s center via buffer gas collisional cooling, it is problematic within the drift tube of

a TOF-MS. With the setup described in the last section, a pressure (p3) of usually 1 x

10-5 mbar was achieved using one oil diffusion pump. The mean-free path (mfp) of

ions at that pressure is approximately 6.5 x 102 cm [40]. This seems to be sufficient,

given the fact that the overall TOF-MS was less than 0.5 m in length. But mass spec-

trometers are usually operated at lower pressures in the 10-7 mbar regions. This due

to the sensitivity of the MCP detectors towards background pressure (life-time reduc-

tion and increased noise!) which should be 10-6 mbar or lower. All these facts led to

the idea of a differentially pumped setup in which the drift tube of the TOF-MS was

Figure 7.5.1: Modified ring elec-

trode of the CIT with inlets for neu-

tral sample gas (left arrow) and

reagent gas for chemical ionization,

respectively (top arrow).
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separated by a flow restricting orifice. In reality, this was done by separating the main

chamber from the TOF vacuum chamber by a stainless-steel cylinder (Figure 7.5.2)

having a 4 mm in diameter orifice plate that also acted as acceleration electrode. All

this was assembled between the main vacuum chamber and the TOF tube. 

A second oil diffusion pump was used to solely pump and keep the pressure level

(p4) of the TOF at 10-7 - 10-8 mbar. At the same time, the drift tube was extended in

length to now 416 mm, resulting in a total TOF length (CIT - MCP) of 489 mm. The

base plate not only held the whole TOF via the PEEK rods but simultaneously worked

as the detector flange. This turned out to be quite disadvantageous and thus was

modified in such a way that the detector was decoupled from the rest of the system,

which greatly simplified assembly and disassembly of the CIT/TOF MS for all future

modifications to come. A schematic of the modified setup as of november 2004 is

shown in Figure 7.5.3. As a major difference, orthogonal sample introduction was

now applied and the main vacuum chamber housing the ion trap is separated from

the time-of-flight part. Finally, a higher pressure in the ion trap could be applied

while a lower pressure was maintained in the TOF.

7.5.1 Experiments

Ambient sampling was still performed with the tapered metal tube capillary-interface

as depicted in Figure 7.5.3. The end of the tube was simply held close to the (teflon-

isolated) sample inlet of the ring electrode. In the meantime, the RF power amplifier

Figure 7.5.2: Stainless-steel cylin-

der with orifice plate (red) to sepa-

rate the main vacuum chamber

from the time-of-flight part. The

electron impact and ion trap

assemblies were attached onto that

cylinder via the PEEK rods being

held by the four holes outside of

the orifice plate.
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had been replaced with an ac rf power supply (D-1203, RM Jordan Company) sup-

porting the ion trap with a constant radio frequency of 1 MHz and adjustable rf

amplitude ranging from 0 - 3 kV. This new setup allowed for sampling and measure-

ments of the gas-phase of several volatile liquids yielding in stable and reproducible

mass trajectories. Thus, a first calibration of the TOF could be performed. A choice of

measured mass spectra as well as the calibration curve are shown in Figure 7.5.4

The resolution was 140, already a factor of about 2.5 better than with the previous on-

axis setup. The signal-to-noise ratio (S/N) was excellent, but one has to keep in mind

that vapor phase of the test substances were sampled continuously and ionized dur-

ing 8 ms. As a next step the trapping capabilities of the ion trap in terms of rf ampli-

tude vs. trapping window were approached (Figure 7.5.5)., Perfluorotributylamine,

FC 43, [CF3(CF2)3]3N, Mr = 671 Da) a well known MS calibration compound was used.

While all other parameters remained constant the amplitude of the trapping rf was

varied and the mass transients recorded.

A general tendency towards higher mass ions successfully trapped and detected was

observable with increasing trapping potential. The width of the trapping window

increased accordingly, being about 200 Th at 850 Vp-p up 370 Th at 2000 Vp-p.

Figure 7.5.3: Cylindrical ion trap time-of-flight instrument with radial sample introduc-

tion through the center-bored ring electrode. The tubing entering from the opposite side

was used to introduce reagent or buffer gas in order to perform chemical ionization or to

enhance trapping efficiency, respectively.
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Figure 7.5.4: (left) Mass transients of some of the test substances (legend from top to bot-

tom) used for calibration and (right) the associated calibration curve fit through the mea-

sured flight times (at peak maxima). Measurement parameters: Up-p = var., ttrap = 8 ms,

Urepeller = + 600 V, Uextractor = - 450 V, Uaccelerator = -2.66 kV, tEI = 0.95 ms, tdelay = 1.21 μs

US2 = - 152 V, US3 = - 210 V, Ifilament = 3 A, p3 = 6 x 10-5 mbar, p4 = 3 x 10-7 mbar.

Figure 7.5.5: Study of trapping window vs. rf amplitude of FC 43. For reasons of better

survey the mass spectra are shifted by +10 Th. Measurement parameters were the same as

above except for the varying rf potential Up-p.
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The highest mass of trapped ions was determined to be m/z = 502 and the best resolu-

tion achieved was R = 186 for m/z = 131. Generally, an excellent agreement of the

assigned ion masses according to our mass calibration and comparison with reference

spectra from literature [14] was found. The TOF-MS setup seemed to be robust and

the mass transients reproducible.
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7.6 Development of the ambient sampling interface - part I

7.6.1 Facing the challenges

It was clear from beginning that the design of the sampling interface is non-trivial. It

turned out to be the key parameter for successful SNOM-MS. The general challenge is

based on two opposing requirements:

1. Sample as much ablated material as possible: i.e., an increase in sampling capillary

diameter is desirable. This means to increase the flow through the interface and that

again is contrary to general vacuum requirements in mass spectrometry. To circum-

vent this, differential pumping has proven to be the method of choice. We also face

the problem of adsorption of volatiles onto the capillary walls. This can be suppressed

by heating and/or appropriate choice of wall materials.

2. Pressure reduction: Experiences with the very first SNOM-MS interface showed us

the challenges of small capillaries. While the pumping capacity of one oil diffusion

pump was sufficient to maintain acceptable vacuum levels for subsequent mass spec-

trometry, the capillary itself (20 μm i.d., approximately 3 mm in length) often clogged,

probably due to ablated material that clustered within the narrow capillary. The for-

mation of clusters and chunks are a well known phenomenon in laser ablation and

have been discussed in one of the introductory chapters. However, extensive heating

or flushing with acetone helped but was not regarded as a permanent solution. As a

first step towards more efficient sampling, the capillary’s i.d. was simply increased

from 20 μm to 75 μm (Figure 7.6.1).

Figure 7.6.1: Oscilloscope screen-

shot of a mass transient of FC 43

sampled with the 75 μm i.d. capil-

lary. Up-p = 1153 V. See text for

details.
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This had the effect of a much raised pressure in the vacuum system. The pressure

gauge (p3) read 5.3 x 10-4 mbar in the main chamber and 1 x10-5 mbar in the flight

tube (p4). 

Although similar measurement parameters were used as in Figure 7.5.4 only few

peaks at low resolution appeared on the transients. Despite the disappointing behav-

ior of that interface an attempt of far-field laser ablation on anthracene sample was

achieved (Figure 7.6.2).  

A 355 nm laser beam (2nd harmonic of a Nd:YAG) in free run mode was focussed onto

an anthracene crystal that was mounted directly in front of the aperture of the capil-

lary interface. The laser ablated products were drawn into the ion trap simply by

means of pressure difference, ionized, stored and then mass analyzed. The parame-

ters used for this specific measurement were ttrap = 6 ms, Urep = + 600 V, Uextr = - 350

V, Uacc = -2.66 kV, tEI = 2.95 ms, tdelay = 1.21 ms US2 = - 289 V, US3 = - 210 V, Ifilament =

3 A, p3 = 4.9 x 10-4 mbar, p4 = 1.3 x 10-5 mbar. For the rf potentials Up-p see captions of

Figure 7.6.2. The metal capillary and tapered tube was heated up to 180 °C using a

self-made heating consisting of Constantan® heating wire that was wound around the

metal tube and embedded in ceramic for electrical insulation and for homogeneous

and efficient heat transfer.

Again, the capillary often clogged, the ion abundance was rather low (only about 80

mV in intensity; far-field ablation with 800 μm spot size), resolution was worse than

Figure 7.6.2: Oscilloscope screen-

shot of transients of laser ablated

anthracene using 75 μm capillary

for sampling: a) background, Up-p

= 370 V, no laser; b) Up-p = 370 V

with laser; c) Up-p = 675 V with

laser and d) Up-p = 675 V without

laser.

a)

b)

c)
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before and the pressure raised to levels unfavorable for TOF-MS. A comparison with

atmospheric pressure ablation and sampling methods in literature showed the appli-

cation of transfer capillaries with i.d. of usually 300 μm. Such large diameter capillar-

ies have flows beyond the pumping capacities of directly pumped vacuum systems.

Three important things had thus to be addressed:

• Plume expansion behavior under atmospheric conditions

• Sampling efficiency of a suction capillary

• Design of a differentially pumped sampling interface

7.6.2 Plume expansion behavior under atmospheric conditions

In contrast to unlimited plume expansion in vacuum, expansion of a plume at ele-

vated pressures up to atmospheric pressure has boundary conditions that force the

expanding plume to stop and even to collapse. The plume has to “work against” the

counteracting background pressure. This plume expansion stopping behavior at

raised pressures was previously found to depend on the background pressure, the

laser fluence applied, the laser pulse duration, the spot size and the type of sample

[41-43]. In summary, a laser generated ablation plume under ambient conditions

expands only fractions of a millimeter before it collapses again. The challenge there-

fore is to efficiently sample this tiny cloud of ablated material.

7.6.3 In-plume concentration of laser ablated material

We next give an estimate for the concentration of laser ablated material within this

plume. For the crater diameter we realistically take 1 μm. The penetration depth of a

pulsed laser in organic material is highly dependent on the laser fluence and the opti-

cal density of the material at the penetrating laser wavelength. For anthracene it is

chosen to be 50 nm. This results in a cylindrical volume of 3.93 x 10-20 m3. The shape

of the expanding plume can be approximated as ellipsoidal especially with small spot

sizes [44]. The plume stopping distance at 1 bar pressure has been determined to be

approximately 300 μm in length [45]. Thus one can estimate the volume as of a half-
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ellipsoid having 300 μm and twice 0.5 μm radii. Using these parameters we find an

expansion volume of 1.6 x 10-16 m3. The total mass of the ablated material is given by

the volume and the density of anthracene (1280 kg/m3) [46]. Since the ablation vol-

ume was 3.9 x 10-20 m3, a total mass of 5 x 10-17 kg is obtained. The molecular mass of

anthracene is 178 Da and the molar volume is 22.4 l/mol. Now we go for the vapor

density of anthracene after ablation and plume expansion. We get 3.2 x 10-1 kg/m3

which is equal to about 40 ppm. At a first glance, this concentration is unexpectedly

high. But one has to take into account that the volume of the plume is actually very

small due to the plume expansion stopping distance. Furthermore, the SNOM tip

being held in feedback, approximately 10 nm above the surface, presents another

unnatural barrier for the plume expansion. If we take these 10 nm as plume stopping

distance the concentration of vaporized anthracene underneath the SNOM tip even

reaches 1.2%! With that it’s quite obvious that a major part of the ablated material is

redeposited onto the SNOM tip, most probably onto its aperture. The overall chal-

lenge remains to sample the residual vaporized material as efficiently as possible. It is

tempting to already speculate about the feasibility of SNOM-MS, having this high

local plume density in mind. But one must also be careful because the time evolution

of plume expansion and collapse is on a nanosecond time scale. The average concen-

tration of vaporized material underneath the SNOM tip between laser pulses is much

lower.

7.6.4 Sampling efficiency and range of a suction capillary

The collection of gaseous material by a suction capillary is strongly limited by its

small dimensions. By physical definition suction is not an active process. There is no

force such as suction. Computer simulations by Vertes and coworkers [47] studying

sampling efficiency and range of capillaries came to the conclusion that suction is

actually limited to only about 2 - 3 times the o.d. of the suction capillary meaning an

effective suction range of approx. 400 - 600 μm in our experimental setup. To further

improve sampling range, the capillary’s i.d. simply has to be increased. In doing so

one must be aware of a simultaneously increased gas load for the vacuum system

since the gas flow through the capillary scales with the fourth power of the capillary’s

diameter [40]. A way to circumvent these restricted collection properties of small-

sized capillaries is to employ another capillary opposite the suction one (Figure 7.6.3).
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This second capillary constantly blows an auxiliary gas, directing the plume towards

the suction capillary. The type of auxiliary gas is not only important for sampling effi-

ciency. Moreover, it also determines transport as well as trapping properties. This will

be discussed later in more detail in this chapter. By applying this push-pull method

we hoped to significantly increase sampling efficiency.

7.6.5 Accurate positioning of the sampling capillary

One important thing is the accuracy of sampling in contrast to the lateral position of

the laser spot. It turned out that the distance between laser spot and sampling capil-

lary was indeed very crucial for the success of sampling laser ablated anthracene.

These experimental findings support the previous results of Vertes’ modelling con-

cerning sampling efficiency and range of a suction capillary. A CCD camera with tele-

scope optics and a microscope objective was issued in order to get better control over

the lateral position of the laser spot with respect to the suction capillary; see Figure

7.6.4. 

Figure 7.6.3: Our sampling method

showing the home-made “push-

pull” device. An auxiliary gas is

applied as “push-gas” originating

from the metal capillary (500 μm

i.d.) of the right side of the image.

The FS sampling capillary is on the

left side, enclosed by metal tubing

for efficient heat transfer.

Figure 7.6.4: CCD picture of a 320

μm sampling capillary (from diag-

onal top right, see white arrow)

and anthracene sample crystal. The

white spots in front and next to the

capillary are craters from laser

ablation. Capillary’s o.d. is 400 μm.
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The inlet end of the capillary had to be kept very close (on the μm range) to the impact

spot of the laser beam on the sample surface. The capillary was attached to a micro

manipulator device (Nikon Narishige MO-338). The sample was placed right in front

of the inlet capillary on a sample holder having an angle of incidence of 45° with

respect to both the laser beam and the inlet capillary. In case of SNOM-MS the lateral

position of the SNOM tip with respect to the suction capillary is of similar importance

and a comparative visualization of both should be done.

7.6.6 Design and construction of a pressure reducing sampling interface

Differentially pumped interfaces to sample ions and/or neutrals from ambient or

high pressure conditions have been developed and are successfully applied in mod-

ern GC-MS and LC-MS systems [48] known as jet separators. The common principle is

to pump away unwanted carrier gas (or vaporized liquid) to reduce overall flow into

vacuum environment while sampling as much of the analytes of interest. If analytes

were already ionized this can be easily done by focussing the ions into a small orifice

by static electrical fields. In case of neutral analytes, the carrier gas has to be separated

by using a nozzle-skimmer system [49-51]: The mixture expands from a higher pres-

sure region behind a narrow orifice (nozzle) into a lower pressure expansion chamber

where it forms a free jet which is then partly skimmed. Besides an overall reduction of

gas load; molecules in the free jet get cooled down, which can further decrease ion

fragmentation [52] in case ionization was done in advance.

The maximum distance between nozzle and skimmer, XM, for efficient skimming can

be estimated with the expression below [53]:

 (Eq 7.2)

XM  distance from nozzle to Mach disk

D  i.d. of nozzle

p0  pressure within nozzle

p1  pressure within expansion chamber

XM 0.67 D
p0
p1
-----⋅ ⋅=
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If the nozzle-skimmer distance is within the so-called zone of silence an enrichment of

higher mass gas molecules compared to lower mass gas molecules by diffusive sepa-

ration is also observed [54-56]. This is due to the fact that lighter gases diffuse much

faster and thus the heavier gas molecules, which tend to be enriched in the center of

the expanding beam jet. The lighter gases miss skimming orifice. The separating effect

is yet more pronounced if the difference in mass between carrier and analyte gas

increases [57]. Therefore a very light carrier gas such as helium is better than nitrogen

or argon. Apparently, the length of the free jet until the breakdown of molecular flow

conditions within the zone of silence (= Mach disk) depends on the aperture size of

the nozzle and the pressure ratio between nozzle and expansion chamber (Equation

7.2). Although it can be as large as several centimeters in pulsed-nozzle systems [58],

it is limited to a few mm in our system where a high gas load due to a continuous leak

source (= sampling capillary) is present. In considering these parameters we designed

a first pressure reducing interface consisting of a nozzle-skimmer system based on a

modified DN25 ISO-KF cross (Figure 7.6.5). A similar system has been successfully

used by another author [59]. The connections perpendicular to the transfer axis were

used to pump the expansion chamber via two mechanical pumps having a combined

pumping capacity of 14 l/s. The pressure was monitored with a Pirani pressure gauge

directly attached to one of the pumping connections. When using a 200 μm i.d. capil-

lary a pressure (p1) of approximately 9 x 10-2 mbar was reached in the interface and

gauge readings indicated p3 = 7 x 10-6 mbar for the main vacuum chamber and p4 = 3

x 10-7 mbar for the flight tube. The skimmer cone used had an orifice of 1 mm while

the nozzle was 600 μm in diameter. Using these values, Equation 4.2 results in a XM of

Figure 7.6.5: Schematic of a dou-

bly-pumped pressure reducing

interface used to transfer neutral

analytes from ambient to vacuum

conditions.
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approx. 1.4 mm. The bottleneck was the pumping capacity for the expansion cham-

ber. If pressure in the chamber would be significantly lower, a larger distance

between nozzle and skimmer could be tolerated. The skimmer itself was based on a

modified centering o-ring as depicted in Figure 7.6.6, while the nozzle was simply

attached onto the end of the 1/8-in.-o.d. transfer tubing. For skimmer details see

Appendix B.

The major advantage of this nozzle-skimmer design was its modularity. Several skim-

mers (and nozzles) of this kind but with different orifice sizes were machined and

could be easily exchanged due to the KF-typed flange system of the interface. The

pressure reducing cross also had a welded window flange on top which allowed for

visual control of the nozzle-skimmer distance (not shown in Figure 7.6.5).

Capillary and tubing for neutral gas sampling and transport

At the tip, a stainless-steel (SS) capillary, with 200 μm inner diameter and 4 cm length,

was used to draw the ablated material into the vacuum manifold at a flow rate of

about 7 cm3 s-1. The capillary can be exchanged with other capillaries having various

diameters ranging from 50 to 410 μm inner diameter. The capillary fitted snugly into a

1/8-in.-o.d. copper tube onto which a heating wire was tightly wound. In this way,

the temperature of this SS capillary was held at around 170 °C by a home made tem-

perature controller in order to minimize wall adsorption and also to avoid clogging of

the inlet capillary (see Figure 7.6.5). The SS capillary was attached to a SS quarter-turn

instrument plug valve such that the connecting transfer tube could be closed to avoid

Figure 7.6.6: Nozzle and centering

o-ring based conical skimmer as

used in the pressure reducing cross

interface.
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a high gas load while not in use. Attached to this valve was a 1/8-in.-o.d. and 0.085-

in.-i.d. SS tube whose inner walls are specially coated (AT™ steel, Alltech) to avoid

multiple adsorption and desorption processes to ensure efficient transportation of the

sample vapor. This AT™ steel tube was contained in a copper tube (3/16-in. o.d. and

0.03-in. i.d.), with the heating wire wound tightly around it. The transfer tube led

through a flange into the interfacing cross where it was also similarly heated. The

AT™ steel tube ended right before the skimmer, terminated with the nozzle. The noz-

zle-skimmer separation was approx. 1.5 mm, thus in good agreement with the predic-

tion of Equation 7.2.
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7.7 Quadrupole ion trap with asymptotic neutral sample introduc-

tion

7.7.1 Current setup

The CIT turned out not to be impedance matched with the ac rf power supply (D-

1203) and thus limiting its performance. It was therefore replaced by a commercial

quadrupole ion trap (QIT, C-1251, R.M. Jordan Company) again mounted via the

PEEK rod system onto the flight tube (Figure 7.7.1). The QIT was slightly modified -

instead of the original ceramic spacers, we used PEEK spacers with holes drilled into

them in order to enhance the pumping speed inside the ion trap. This was found to be

necessary because of the constant gas load resulting from the continuous sampling

leak.

Simultaneously, one of these modified spacers was used for sample introduction via a

8-cm-long AT™ steel tube that was directly backside-connected to the skimmer. This

last transfer tube also had a heated copper tube around it. The sample vapors enter

the ion trap through a tiny hole (1 mm) in the spacer (Figure 7.7.2). Again, the sample

vapor is transferred into the ion trap by virtue of the pressure difference between the

interfacing cross and the main vacuum chamber housing the ion trap.

Figure 7.7.1: Quadrupole ion trap time-of-flight instrument with asymptotic sample intro-

duction through a modified spacer. The ambient sampling interface was attached to the

main vacuum chamber where the transfer tubing is depicted.
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Since we are primarily interested in analyzing the large majority of neutral species

produced in a laser ablation event, an ionization step is necessary in order to accumu-

late ions and store them in the ion trap. In the instrument described here, this is done

either with electron impact or chemical ionization. Therefore, an EI ionization source

is directly attached to one end cap via the rod system, allowing the ionization to be

performed inside the trap. A rhenium/tungsten wire was used as filament material.

The filament was usually operated at Ubias = 130 eV and a current of 3 A was applied,

resulting in an electron current of about 10 μA through the end cap hole. In compari-

son to standard EI, this somewhat higher potential might be explained by the constan-

taneously running rf during electron injection. Thus, the electrons needed more initial

energy to overcome the oscillating potential within the ion trap. Experimentally, it

was found that no ions were produced when Ubias was lowered close to 70 eV. The

electron beam was directed and focused into the center of the ion trap via two elec-

trodes through a 2.4-mm-diam. hole in the end cap. The electrons can be gated by

applying a negative potential, usually significantly lower than 130 V, onto the elec-

trode facing the end cap. Alternatively, a reagent gas can be introduced into the ion

trap to perform CI directly in the storage region of the ion trap. One of the PEEK spac-

ers was fitted with 1/8-in. PEEK tubing to introduce reagent gas through a 0.5-mm

diam. hole. This tubing was connected to a pulsed in-line gas valve (General Valve)

mounted outside of the vacuum chamber and to a needle valve to control reagent gas

pressure before the pulsed valve. This setup allowed pulsed introduction of chemical

ionization gases such as methane and isobutane. In the current setup (Figure 7.7.1) the

distance between the extraction end cap and acceleration electrode was changed to 18

Figure 7.7.2: PEEK spacer with

hole for sample introduction
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mm in order to match the incoming AT™ steel tube with the spacer. The total flight

distance between the center of ion trap and MCP detector was now about 499 mm.

7.7.2 SIMION simulations - part II

In the meantime many modifications had been done on the ion trap as well as on the

time-of-flight mass spectrometer part. Thus, we simulated another SIMION experi-

ment in order to newly evaluate and understand the properties of ion extraction and

time-of-flight analysis with this new quadrupole ion trap and extended length TOF-

MS. The electrode geometry was still simple since it remained highly cylindrical. This

time a precise modelling of the real QIT/TOF-MS with 0.1 mm/grid density was

done (Figure 7.7.3).

One major outcome of this simulation was the fact that bipolar extraction and space

lag focussing are counteracting parameters and the lack of an einzel lens cannot be

compensated completely. When trying to focus the ion beam homogeneously onto the

detector, a loss in mass resolution was found and when the potentials were optimized

for space lag, fewer impacting ions on the detector had to be accepted. Ion trajectories

as shown in Figure 7.7.3 are therefore a compromise of both. A closer look onto the

new quadrupole ion trap as in Figure 7.7.4 illustrated the shape and density of the

electric equipotential field lines for both cases, trapping as well as ejection.

Figure 7.7.3: SIMION simulation snapshot of bipolar extraction behavior on the alignment

of the ion beam. Shown are ion trajectory studies of 10 ions of similar mass and charge

(anthracene, m/z = 178). Space lag focussing is simultaneously demonstrated in this simu-

lation as the erecting line of dots. Below, SIMION evaluated flight times for the simulated

ions are listed. These values are in good agreement with the experimental values found in

Figure 7.9.2 when parameters close to the simulated ones were employed. Simulation

parameters: Urep = + 300 V, Uextr = - 400 V, Uacc = - 2.7 kV.
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The acceleration electrode as depicted in Figure 7.7.4 was indeed electrically sepa-

rated from the flight tube potential, but usually, both electrodes were on the same

potential. The trapping of ions and their distribution within the ion trap is dynamic

rather than static as assumed for the starting position of the ion package. A modelling

attempt for this dynamic behavior of the ions will be addressed later.

7.7.3 Electron impact vs. chemical ionization

Introduction

Electron-impact ionization is a rather unfavorable ionization method due to a ioniza-

tion efficiency of only 0.1 - 1%. Additionally, the energy of the impacting electrons

(usually 70 eV) is much higher than the energy usually required to ionize organic

molecules (8 - 12 eV). As a consequence, the excess in energy imposed into these

organic molecules results in fragmentation. This yields the typical EI mass spectra

having strong fragmentation patterns. On one hand, fragmentation patterns are a

source of valuable structural information but on the other hand, fragmentation is

Figure 7.7.4: Magnified view of the

above SIMION simulation of bipo-

lar extraction depicting a) the qua-

drupolar trapping field during ion

trapping and b) the same section

when switched from trapping into

TOF mode with bipolar HV poten-

tials applied to the end caps. Due

to a fine grid on the right end cap

no disturbance of the acceleration

field is caused by the oscillating rf

field within the ion trap. The geo-

metric shape of the electrodes

causes inhomogeneities in the

static acceleration field that have a

major deflecting effect on the ion

trajectories. These images are mod-

elled with an accuracy of 0.1 mm/

grid units.

a)

b)
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often so prominent that no more molecular ions are present in the mass spectra. Due

to these reasons a softer and more efficient ionization method would be beneficial.

Chemical ionization, a soft ionization technique first described by Munson and Field

[60], has already been implemented in ion traps in 1972 by Bonner et al. [61] Although

pressure regimes in ion traps are significantly lower than in conventional CI sources,

usually 10-4 - 10-6 mbar, the longer residence time of ions in ion traps ensures a suffi-

cient number of collisions to generate abundant reagent ions by self-CI. The reagent

ions thus formed subsequently react with analyte molecules to produce analyte ions.

To operate in CI mode, a trapping mass window had to be chosen such that both

reagent ions as well as analyte ions are trapped simultaneously. Pulsed CI gas intro-

duction has been used before and is advantageous because of the reduced additional

gas load and the controllable timing of CI [62]. With proton transfer reactions as the

main ionization mechanism, CI has the advantage of transferring less energy to the

analyte molecule, resulting in less fragmentation and as a consequence increase in the

amount of information at higher masses such as the molecular ion of the analyte due

to higher abundance of these ions under CI conditions [63]. In contrast to EI, the dom-

inant molecular ion signal is shifted by one m/z unit due to the quasi molecular ion

[M+H]+.

7.7.4 Comparison of EI vs. CI

The CI source of the instrument allowed different reagent gases to be used. If methane

(CH4, m/z = 16, purity 99.9995%) is utilized as a reagent gas, new ion signals emerged

in the mass spectra at m/z = 17, 29, and 41 that can be assigned to CH5
+•, C2H5

+• and

C3H5
+•, respectively. These peaks are a consequence of the self-CI of methane [63-66].

A dominant peak at m/z = 57 is also present when using methane as CI gas (Figure

7.7.5). Presumably, it either originates from an impurity (isobutane?) [60] in the

reagent gas used or is formed by self-CI of CH4 via the bimolecular reaction C3H7
+• +

CH4 → C4H9
+• + H2. A control experiment done by GC-MS showed no significant

impurities of isobutane present in the methane used. We believe that the extraordi-

narily long reaction time of 250 ms, compared to the usual reaction conditions of a few

microseconds up to 1 ms in standard CI instrumentation (no ion trap), favors the for-

mation of such higher mass reagent ions by the proposed bimolecular reaction. 
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Early investigations demonstrated that the abundance of m/z = 57 depends on the

trapping time (data not shown). This indicates a chemical formation of the m/z = 57

ion by the proposed bimolecular reaction since the collision probability of such a reac-

tion depends not only on the concentration but also on the reaction time. During the

short period of pulsed reagent gas introduction the pressure inside the main rises up

to 10-4 mbar (gauge reading, p3). However, if peak signal intensities are compared,

the pressure inside the ion trap is estimated to be one order of magnitude higher [67].

In the case of isobutane (C4H10, m/z = 58) used as a reagent gas, prominent peaks arise

at m/z = 27, 29, 39 – 43, and 57 with increasing signal intensities correspondingly. 

In the experiment shown in Figure 7.7.6, the headspace of an aniline sample was con-

tinuously introduced (with a 150 μm i.d. SS capillary of 7 cm length) and the IT/TOF-

MS was operated in either (a) EI or (b) CI mode with pressures in the main and TOF-

MS chambers of p3 = 8 x 10-6 and p4 = 2 x 10-7 mbar, respectively. The pressure in the

interface stage remained at p2 = 2 x 10-2 mbar. The reagent gas methane was intro-

duced into the ion trap via the pulsed gas valve for 8 ms and ionized by EI. The CI gas

was trapped for several tens of milliseconds to react with and efficiently ionize the

sample vapor.

Figure 7.7.5: Self-CI spectrum of

methane with the typical CI mass

peaks except the one at m/z = 57.

See text for further details. Mea-

surement parameters: Up-p = 250

V, ttrap = 250 ms, Urepeller = + 230

V, Uextractor = - 710 V, Uaccelerator =

-2.7 kV, tEI = 1 ms, tdelay = 1.0 μs

US2 = - 80 V, US3 = - 50 V, UBias = -

91 V, Ifilament = 3 A, p3 = 8 x 10-6

mbar, p4 = 3 x 10-7 mbar.
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When CI was applied, the signal intensity of the m/z = 93 molecular ion is minimized

in favor of the quasi molecular ion with m/z = 94. Additionally, more fragments are

visible in the mass range of m/z = 60 – 65 Th. This is clear evidence that ionization

from a reagent gas via proton transfer has occurred. Also, as discussed before, new

ion signals show up at m/z being typical for the reagent gas used. A rather prominent

group of peaks arise at m/z = 53–57. The m/z = 57 signal has been discussed above, and

the two other signals possibly emerge from rearrangement reactions of the m/z = 57

ion. However, the peak at m/z = 93 is not disappearing completely. This can be

explained by the fact that aniline vapor is entering continuously, i.e., also during

reagent gas production by EI. Consequentially, aniline present in the ion trap during

this time period can also get ionized by EI, which leads to an ion signal at m/z = 93.

This is an artifact of the experimental setup. Yet it could be overcome if pulsed sample

sources would be used instead of continuous ones [67]. In comparison, CI is slightly

favored by an excess of 18% if relative intensities in terms of total ion abundance of EI

vs. CI is compared. With EI, on the other hand, a 29% higher abundance of the molec-

Figure 7.7.6: Mass spectra of aniline with different ionization methods. (a) electron-impact

ionization and (b) chemical ionization with methane as reagent gas. Reaction time was 80

ms. Both spectra are obtained at a rf amplitude of 300 Vp-p prior to ejection. Urep = 300 V,

Uextr = - 400 V, and Vacc = - 2.7 kV. The dashed line acts as a guide for the eye to draw the

reader’s attention to the mass shift by one m/z.
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ular ion is achieved. Interpretation of CI mass spectra in the lower mass region is

often omitted since below m/z = 50 the spectra are quite congested due to reagent ion

peaks. In order to get rid of these, the RF potential was then ramped to a value where

reagent ions were no longer trapped because they fall below the low-mass-cut-off

(LMCO) of the ion trap. Only the analyte ions are still stored inside the trap. This pro-

cedure avoids overfilling of the ion trap with ions which would eventually lead to

increased space-charge effects and loss in trapping efficiency.

When comparing ionization efficiencies of CI and EI one has to be aware of the con-

troversial discussions in literature. It seems that EI is favored with respect to sensitiv-

ity [64, 68], although some publications report differently [69]. Obviously, it strongly

depends on the nature of the analyte under investigation. However, chemical ioniza-

tion was successfully demonstrated with our ion trap time-of-flight mass spectrome-

try setup, however, the pressure within the ion trap was rather high and the TOF not

optimally tuned. 
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7.8 Tuning the mass resolution, buffer gas effect and evaluation of

sensitivity/detection limit

7.8.1 Mass resolution

The mass resolution is generally limited by mass-independent parameters including

stability of electronics, precision of circuit timing, or focussing of the ion pulse,

respectively [70]. Ions exhibit a certain distribution in space and kinetic energy while

being stored in an ion trap, which results in broadening of the peak widths of the

detected signals. An elongated trapping time usually slightly enhances the resolution

of IT/TOF-MS due to the fact that ion packages tend to accumulate in the centre of the

ion trap in time, i.e. being trapped with less spatial distribution [71, 72]. Additionally,

application of a buffer gas for collisional cooling is often used because of its positive

effect on the IT/TOF-MS resolution due to better confinement of the trapped ions [73,

74]. The resolution can be determined if calibration constants are known. Likewise, it

can be shown [70] that the resolving power is

When the instrument was tuned for optimum mass resolution, an excellent aniline

spectrum could be recorded (Figure 7.8.1). To do this, bipolar extraction and accelera-

tion potentials had to be adjusted and the sampling capillary had to be shrunk in

diameter from previously 150 to only 90 μm. That resulted in a pressure reduction in

the main vacuum chamber from p3 = 1 x 10-5 mbar down to 2 x 10-6 mbar at the

expense of sampling efficiency and range. In doing so a mass resolution of R = 236

was achieved. 

 (Eq 7.3)

R  Resolution

m  mass of ion

Δm  ion mass increment

t  ion time-of-flight

Δt  ion time-of-flight increment

R m
Δm
--------- t

2Δt
---------= =
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For further attempts of improving the mass resolution, a styrene sample (m/z = 104)

was used. The best achieved mass resolution of our IT/TOF MS is demonstrated in

Figure 7.8.2. Buffer gas was applied to further cool the ions in the trap and to increase

resolution. The peak width of m/z = 104 was 13.0 ns full width at half maximum, and

the time-of-flight for the m/z = 104 peak was measured to be 7.72325 μs. Thus, the

mass resolution was 297 for this mass-to-charge ratio. This resolving power is compa-

rable to similar linear ion-trap/time-of-flight mass spectrometers [76] and is quite

respectable for the short linear TOF instrument used. A short drift tube (42 cm) is

advantageous in terms of sensitivity and allows the instrument to be operated at

somewhat elevated pressures compared to standard TOF conditions.

Figure 7.8.1: (top) Aniline spectra

recorded with our setup after fur-

ther optimization. For comparison,

(bottom) aniline spectra from Spec-

tral Database for Organic Com-

pounds (SDBS) [75]. The

prominent peak at m/z 32, not

abundant in the reference spectra,

arises from oxygen since the sam-

pling capillary was constantly

exposed to ambient air. Measure-

ment parameters: Up-p = 300 V,

ttrap = 250 ms, Urep = + 180 V, Uextr

= - 80 V, Uacc = -2.7 kV, tEI = 3 ms,

tdelay = 3.0 μs, US2 = - 160 V, US3 = -

205 V, Ifilament = 3 A, p3= 2 x 10-6

mbar, p4 = 1.3 x 10-7 mbar, i.d.capil-

lary = 90 μm, SS. The mass resolu-

tion, m/Δm, was 236.
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7.8.2 Effect of buffer gas

Buffer gas (argon, helium) could be added via a leak valve attached to the main vac-

uum chamber to induce collisional cooling which has a tremendous effect on trapping

efficiency, range of trapping mass window and also on CI properties. If low mass CI

gases are applied in high abundance, a buffer gas effect can also be achieved. Usually,

helium is used as a buffer gas, but air or methane have similar effects and can in prin-

ciple as well be used as buffer gases [77-79]. Generally, the addition of buffer gas

increases the range of trapping mass window towards lower masses; see Figure 7.8.3.

While undergoing collisions with the ions under investigation, the buffer gas removes

excessive energy thereof and hence forces them to accumulate in the centre of the ion

trap. As a side effect the ions get thermally stabilized due to collisional cooling. This is

even more favorable in CI operating mode. In that, buffer gas softens the ionization

Figure 7.8.2: Resolution optimized styrene mass spectrum and magnified inset of styrene

molecular ion (m/z = 104) showing the isotopic distribution, peak shape and peak width.

Buffer gas (Ar) was applied to maximize the mass resolution. Measurement parameters:

Up-p = 500 V, ttrap = 250 ms, Urep = + 180 V, Uextr = - 80 V, Uacc = - 3 kV, tEI = 3 ms, tdelay =

1.9 μs, US2 = - 160 V, US3 = - 205 V, Ifilament = 2.5 A, p3 = 1.6 x 10-5 mbar (with buffer gas),

p4 = 1.4 x 10-7 mbar, i.d.capillary = 90 μm, SS. The mass resolution, m/Δm, was 297. 
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conditions that can lead to a reduction in fragmentations, resulting in higher abun-

dance of quasi-molecular ions [65]. It also favours the abundance of ions usually not

detected within harsher ionization conditions or in the absence of buffer gas. The

prominent peak at m/z = 47 in Figure 7.8.3 is thought to originate from doubly

charged, protonated molecular ions of aniline. These ions seem to exist only at quite

high pressures (10-4 mbar CH4). At these high vacuum levels the CI gas methane also

exhibits buffer gas properties that were not present in previous measurements of

aniline (Figure 7.7.6 and Figure 7.8.3). 

7.8.3 Sensitivity/Detection Limit

One of the key issues in evaluating an IT/TOF-MS device is its sensitivity/detection

limit, particularly when an atmospheric pressure sampling is employed. For its evalu-

ation, a series of gaseous mixtures exhibiting decreasing isobutane concentrations in

air matrix had been prepared in a 3 l two-neck round bottom flask by mixing the two

Figure 7.8.3: Influence of chemical

ionization gas (methane, simulta-

neously acting as buffer gas) on

trapping efficiency and mass win-

dow. The addition of CH4 (1 x 10-4

mbar) broadened the window of

successfully trapped ions signifi-

cantly. Masses down to m/z = 28

could then be detected at the

expense of resolution. Note also

the increment of one m/z for the

molecular ion of aniline (m/z = 93)

due to employed chemical ioniza-

tion. The prominent peak at m/z =

47 eventually originates from dou-

bly charged, protonated aniline.

The increase in fragment ion abun-

dance is not thought to be caused

by harsher ionization conditions

but on the contrary, by a buffer gas

effect of relatively high abundant

CI gas. 
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gases via flow meters accordingly. The outlet of the flask was directly connected with

the sampling interface and the gas mixtures were ionized, trapped and measured. The

abundance of the molecular ion of isobutane (m/z 57) was determined down to S/N = 3

and recorded against its concentration in air as depicted in Figure 7.8.4.

A detection limit of 52 ppmv was achieved, due to the presence of a relatively high

chemical background. The last point at the highest concentration was not used for the

linear regression; see Figure 7.8.4 captions. 52 ppmv seems a bit high in order to do

SNOM-MS. In principle, the IT/TOF instrument should be capable of reaching parts

per billion by volume (ppbv) level sensitivity. Losses during sample transfer, lack in

ionization efficiency, and a low duty cycle of 5% may explain the sensitivity to be

higher than that reported with other IT/TOF-MS devices [3, 80, 81]. However, for

these methods, ionization time was either ten times longer or even continuous. Taking

this into account, the achievable sensitivity of the instrument presented here is com-

parable with the reported value. Actually, newer sensitivity determinations resulted

in values of 9 ppmv or even in the higher ppbv level, if another sampling method (2nd

skimmer sampling, having less lossy transport properties) was used.

Figure 7.8.4: Response curve for

isobutane sampled with the capil-

lary interface, trapped and mass

analyzed with the IT/TOF-MS

instrument as of may 2006. The cir-

cles represent peak intensities of m/

z = 57. The deviation from linearity

originates from saturation of the

MCP detector at such high ion

abundances or overfilling of the

ion trap.
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7.9 Development of the ambient sampling interface - part II

A further reduction of the pressure within the mass spectrometer by decreasing capil-

lary diameter was mandatory to achieve spectra as good as shown in Figure 7.8.1.

This requirement is opposite to sampling efficiency of laser ablated solid samples,

which requires much larger capillary diameters. As a result a further redesign of the

interface was addressed. In order to fulfil both requirements, efficient sampling via

large diameter capillaries and maintenance of sufficiently low pressure, another dif-

ferential pumping stage was integrated. The basic features of this twofold differen-

tially pumped interface (Figure 7.9.1) remained the same as in Figure 7.6.5 and Figure

7.6.6. Now the transfer tube with the sampling capillary at its tip led through a flange

into a shortened T piece (5 cm in length, DN25 ISO-KF) which served as a first inter-

mediate vacuum stage of the transfer system. A vacuum was generated by a rough

pump with a pumping speed of 8 l/s, thus generating a pressure in the range of p1 =

0.5 - 2 mbar, depending on the tip’s capillary inner diameter.

A Pirani pressure gauge directly attached to this manifold was used to monitor the

vacuum level. The transfer tube ended with a 500 μm nozzle, approximately 2 mm in

front of a stainless-steel skimmer cone which connected the first T piece with a second

one. This skimmer cone had an 800 μm hole and was fitted with a 1 cm long AT™

steel tube, ending in a nozzle of 500 μm about 2 mm apart from a second skimmer

cone. This skimmer cone was mounted into a second modified T piece which itself

served as intermediate vacuum stage of the transfer system. The vacuum inside this

second vacuum stage was generated by a turbomolecular pump (Turbovac350, Ley-

Figure 7.9.1: Schematic of a two-

fold differentially pumped pres-

sure reducing interface used to

transfer neutral analytes from

ambient to vacuum conditions.
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bold) with a pumping speed of approximately 100 l/s, which maintained a pressure

in the range of p2 = 5 x 10-3 - 2 x 10-2 mbar depending on the pressure in the first inter-

mediate vacuum stage. The turbopump was backed with a 5 l/s rough pump. Again,

the pressure was monitored with a pressure gauge directly attached to the second

intermediate vacuum manifold. The second skimmer had a 600 μm hole and was fit-

ted with an 8-cm-long AT™ steel tube that led directly into one of the PEEK spacers of

the ion trap. This last transfer tube also had a heated copper tube around it. The sam-

ple vapors entered the ion trap through a tiny hole (1 mm) in the PEEK spacer. The

overall length of the transfer tubes was 30 cm. With this differentially pumped inter-

face, sampling capillaries up to 300 μm could be employed while still maintaining

high vacuum conditions for the IT/TOF-MS. 

7.9.1 Memory effects and background noise

When using SS capillaries, a memory effect could often be observed. The IT/TOF-MS

showed spectra of substances that were previously laser ablated and measured, some-

times up to minutes before. When the sample was removed, signals originating from

it maintained their abundance for several seconds. If the capillary was later heated

again, these signals showed up again. The tubing as depicted in Figure 7.9.1 did not

have heating within the interface and so it was assumed that the jet-cooled analytes

adsorbed to the skimmer and the subsequent tubing walls, where they slowly re-

vaporized and thus contributed to the memory effect. Additionally, the sampling cap-

illary was only heated at its very end (due to mechanical reasons of close capillary

positioning to the ablation spot) and laser ablated material tended to adsorb to and

clog the capillary at the apex. To partly circumvent this, deactivated fused silica capil-

laries (phenyl-methyl deactivation) were used for future experiments and the tubing

within the interface was equipped with a heating. An inherent background of our

setup are ions formed out of the vapor of pumping oil fluid. There is no way to get rid

of this background noise except if a cryostage upgrade of the diffusion pumps would

be employed. We consider the latter to be too expensive.
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7.9.2 Experiments

The following example (Figure 7.9.2) demonstrates far-field laser ablation of

anthracene successfully applying the push-pull sampling method and mass analysis

with the instrumental setup described.

A beam of nitrogen laser pulses [with 5–7 ns full width at half maximum (FWHM),

100 μJ/pulse at 337 nm, 20 Hz repetition rate] was focused close to the inlet capillary

and used to vaporize the sample. The anthracene crystal was mounted directly in

front of the aperture of the sampling capillary on a sample holder having an angle of

incidence of 45° with respect to both the laser beam and the inlet capillary. A certain

delay of the mass transients with respect to the applied laser pulses was observed

already hinting at the next challenge to be addressed. The performance of this modi-

fied setup was quite satisfying. Not only was the ion abundance increased by 700%

employing the push-pull sampling method, but the trapping mass window widened

also towards lower masses due to an enhanced buffer gas effect of the applied nitro-

gen. The use of a blowing gas caused the pressure to be slightly higher, p3 = 7 x 10-6

Figure 7.9.2: Mass spectra of far-

field laser ablated anthracene. (a)

with push-pull sampling method

using nitrogen and (b) without

push-pull sampling method. Note

the difference in ion abundance.

Measurement parameters: Up-p =

1050 V, ttrap = 100 ms, Urep = + 230

V, Uextr = - 710 V, Uacc = - 2.7 kV,

tEI = 10 ms, tdelay = 1.9 μs, US2 = -

80 V, US3 = - 50 V, UBias = - 91 V,

Ifilament = 3 A, p1 = 5 x 10-1 mbar, p2

= 2 x 10-2 mbar, p3 = 4 x 10-6 mbar,

p4 = 2 x 10-7 mbar, i.d.capillary = 250

μm, FS, 5 cm length. The mass res-

olution, m/Δm, was 154.
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mbar. In summary, higher signal abundances could be obtained with excellent signal-

to-noise ratios and with using a 250 μm i.d. capillary. Earlier memory effect had

almost vanished.

The improvement of the interface as well as the new radial neutral sample introduc-

tion into the ion trap through one of the PEEK spacers demanded a new TOF calibra-

tion, since the distance between ion trap and acceleration electrode had to be reduced

in order to match the incoming tubing with the spacer. Mass spectra of 28 different

calibration compounds were recorded, and the corresponding peaks were identified

with the help of references [14]. The recorded flight times of these ions were used to

determine the calibration constants (and using the equation m/z = α x t2 + β. Flight

times were plotted against m/z values, and a calibration curve was fitted through

these data points (Figure 7.9.3). The amplitude of the trapping rf, Up-p, was optimized

for each calibration compound while all other measurement parameters remained

constant. 

Figure 7.9.3: Time-of-flight calibration curve fitted through the measured flight times (at

the peak maxima). Measurement parameters: Up-p = variable, ttrap = 200 ms, Urepeller = +

230 V, Uextractor = - 710 V, Uaccelerator = -2.7 kV, tEI = 5 ms, tdelay = 1 μs, US2 = - 80 V, US3 =

- 50 V, UBias = - 91 V, Ifilament = 3 A, p1 = 5 x 10-1 mbar, p2 = 3 x 10-2 mbar, p3 = 7 x 10-6

mbar, p4 = 4 x 10-7 mbar, capillary i.d. 250 μm, 6 cm length.
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An excellent calibration ranging from 3 up to 17.5 μs corresponding to 18 - 502 Th

with an accuracy better than 0.01% can be obtained using this method [70].

7.9.3 Duty cycle

The duty cycle of the current setup (approx. 5%), given by of the duration of ioniza-

tion, accumulation, ion trapping and mass analysis is limited by the relatively long

transfer time of ablated material through the capillary, the nozzle-skimmer system

and the tubing as well as the ionization efficiency [82]. While the transfer time is on a

time scale of tens of milliseconds, the ionization efficiency of EI is inherently low and

time-limited to some milliseconds. Longer ionization times would be beneficial in

terms of duty cycle. However, if extended EI is applied, the ions already trapped

within the ion trap experience intense electron bombardment and thus show

enhanced fragmentation. The trapping time (200 ms) is mostly determined by the

transfer time and increased distribution of the material during transport. During

transport, the sample vapor inevitably spreads over a certain time range which is typ-

ically in the range of several tens of milliseconds due to continuous adsorption/des-

orption processes. The time the ablated material needed to pass the transfer interface

was estimated to be on the order of 100 ms according to measurements with an older

setup [29].
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7.10 Development of the ambient sampling interface - part III

We were investigating alternative ionization methods, i.e. generation of ions outside

the ion trap. The following sections show our efforts, nevertheless we finally stopped

these.

7.10.1 Alternative ionization methods

In order to increase the low duty cycle of the current setup a search for alternative ion-

ization methods was initiated and found first in glow discharge and later in photoion-

ization. The underlying idea for both ionization methods was to continuously

generate the ions outside the ion trap and to inject them into the ion trap for storage

and accumulation.

Therefore, a modified second pumping stage was machined (Figure 7.10.1) and

flanged in between the first pumping stage and the main vacuum chamber. In con-

trast to the previous skimming methods we now dealt with ions generated in front of

the second skimmer orifice. 

To apply a potential, the skimmer also had to be modified (Figure 7.10.2) in order to

be isolated from the rest of the conducting metal parts. With the help of this applied

electrical field we wanted to force the ions into the skimmer and to transport them

into the ion trap.

Figure 7.10.1: Schematic of the

modified second pumping stage

with the possibility to connect a

HV-needle for glow discharge ion-

ization or a VUV lamp for photo-

ionization (via the ISO-KF 40

connection at the left top). The top

of this modified stage was sealed

with a plexiglas window that

allowed for visual inspection.
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With theses modifications employed, the new ambient sampling interface as depicted

in Figure 7.10.3 was capable not only of maintaining similar pressure levels as the pre-

vious version, but also provided the possibility of different continuous external ion-

ization methods. 

Glow discharge

Glow discharge ionization is a technique frequently used as ion generation source in

either time-of-flight or ion trap mass spectrometry [83-86]. Ionization occurs, as with

conventional chemical ionization, primarily through ion-molecule reactions. The

glow discharge supplies the ionizing electrons, and compounds present in the sam-

pled gas mixture serve as reagent molecules. Often, argon is used as reagent gas, but

other reagent gases such as nitrogen, ammonia and even water vapor can also serve

Figure 7.10.2: Schematic of the

modified skimmer having a non-

conducting PEEK base simulta-

neously being the centering ring

holding a Viton® o-ring for vac-

uum sealing. This allowed the

application of a potential onto the

stainless steel skimmer cone as

well as the tubing. The 1/8 in. tub-

ing was attached to this skimmer

via a ferruled screw at the back

side.

Figure 7.10.3: Schematic of the

modified twofold differentially

pumped pressure reducing inter-

face giving the choice to transfer

neutral analytes from ambient to

vacuum conditions or to ionize

them at the 2nd pumping stage and

inject the ions subsequently into

the ion trap for storage, accumula-

tion and further TOF mass analy-

sis.
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the same purpose. This type of ion source has proven to be very sensitive for a variety

of heteroatom containing organic molecules. According to McLuckey and coworkers

[87], glow discharge has a number of features that make it useful as an ion source for

continuous monitoring of ambient air for trace organic contaminants, which is related

to what we intended to do. The alternative ion source in the setup as shown in Figure

7.10.4 is based on the establishment of a glow discharge in a region of reduced pres-

sure, at the 2nd skimmer stage, with ambient air, mainly nitrogen, as the discharge

support gas. Plasma formation, by the HV needle employed, has obviously taken

place as the violet-blue color indicated.

Photoionization

(Multi-)Photoionization (MPI) can be used to directly ionize neutral organic mole-

cules [88] and was demonstrated to be up to four to five orders of magnitude more

efficient compared to EI [89, 90]. If vacuum ultraviolet (VUV) light is used for single

photon ionization (SPI), e.g. using a Xe/Ar gas mixture for frequency tripling to 118

nm (10.5 eV), much softer ionization conditions with increased molecular ion yield

and less fragmentation are achieved compared to the 70 eV of EI [91]. Also, since no

intermediate resonant states are required, SPI is less selective than MPI and therefore

better suited as universal ionization source. As a positive side effect, the background

gas is not ionized anymore reducing its contributions to permanent noise on the MCP

Figure 7.10.4: Picture (courtesy of

T. Schmitz) showing the nozzle

and skimmer in the modified 2nd

pumping stage surrounded by a

violet-blue glow originating from

the emission of a nitrogen plasma

(from the air leaking in) ignited by

the HV needle entering from the

right. Also interesting: the bright

stream of ionized air exiting the

nozzle and circumfluenting the

skimmer orifice. Measurement

parameters: UHV, needle = - 12 kV,

p2 = 2 x 10-1 mbar.
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since the ionization potentials of N2, O2 and H20 are 15.58 eV, 12.07 eV and 12.62 eV

[92].

A Kr lamp (Cathodeon) emitting at 106.4 and 123.9 nm (10.6 and 10.0 eV) was used

with our setup. Providing this ionization energy, almost every organic compound can

be ionized. Though the output power of such a continuous wave (cw) lamp is rather

low (mW/cm2 regime) compared to pulsed lasers (106 - 109 W/cm2 regime), its cw

character is highly advantageous in terms of duty cycle, probably even overcoming

the drawbacks of lower output power. 

The application of alternative ionization methods in contrast to EI shows promise in

terms of ionization efficiency, softness and application conditions. While EI could not

be applied at the second pumping stage due to a elevated pressure in the mid 10-2

mbar regime what caused the filament to die down, glow discharge and photoioniza-

tion both principally work well under these conditions. However, several attempts to

do ionization within this 2nd pumping stage and to inject the ions into the trap, store

and to accumulate them therein remained unsuccessful, although as shown in Figure

7.10.4 ions were certainly generated. A review of the related literature hinted at the

underlying problem and its probable solution.

7.10.2 Trapping of externally generated ions

As in chapter 7.4, we were facing the challenge of external ion injection into an ion

trap. But this time, the direction of injection was different. Sample introduction was

still done via a small hole in the PEEK spacer between the ring electrode and an end

cap electrode. Since this setup was originally designed for neutral sample introduc-

tion and not for ion injection, this was one major cause for unsuccessful ion injection

experiments.

Review of related literature

Ion created externally can be injected into the ion trap through either the gap between

the ring and end cap electrode or an aperture on any of the electrode surfaces. The

former is called asymptotic [34] or gap injection [93]. Gap injection was found to be

worst in terms of trapping efficiency and it is even thought that ion trapping is impos-
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sible using this injection direction [94]. The ions are exposed to high electric field

strength as soon as they enter the space between ring electrode and end cap that cause

the ions to be quickly deflected to an electrode. Ion injection through holes in the end

cap is called axial injection. This is nowadays the method of choice to inject externally

generated ions. Finally, injection of ions through a hole on the ring electrode is called

radial injection and it was found to be most effective for successful ion trapping [34].

Once inside the trap the fate of the ions will be governed by the Mathieu equations,

subject to the appropriate initial conditions (ion energy [ion mass and velocity] and

incidence angle). When the trap is operated with trapping parameters a and q for the

ions of interest in the region of stability, one of the two conditions for stable ion

motion is fulfilled. The other condition is that the ion trajectories have a maximum

amplitude smaller than the dimensions of the trap. And, the amplitude of the oscilla-

tory ion motion is determined by the initial conditions. As externally injected ions

usually have larger amplitudes, their trajectories end up in one of the electrode sur-

faces where the ions are lost. Therefore, injected ion cannot be confined indefinitely.

However, it might still be possible to confine an ion for a time period long enough for

a particular experiment [94]. In principle, two different ion injection methods are pos-

sible: Gated injection where the rf is temporarily turned off for pulsed ion injection to

be turned on after a suitable delay and un-gated injection where the rf runs continu-

ously. 

The trapping efficiency of externally generated and subsequently injected ions has

been studied both experimentally [35, 36, 83, 95-98] and theoretically/by simulation

[34, 82, 93-95, 99-103], and was generally found to be inherently low, according to lit-

erature only 1 - 5%. Doroshenko and coworkers claimed a trapping efficiency of up to

15 - 20% when injecting ions into an active rf field with low Up-p and synchronized

gradual increase thereof to successful ion trapping levels [104]. Successful injection

and efficient trapping of ions has been demonstrated to be dependent on low kinetic

energy of the entering ions. It is common to necessarily remove excessive kinetic

energy collisional damping with a buffer gas (He) at pressures around 10-3 mbar [97].

Other important parameters for successful trapping are the phase of the rf frequency

[35, 105] and also the angle of incidence of the entering ions [94, 96].
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A general decision to be made: internal or external ion generation

The gated method could theoretically trap ions injected over a period of only a few

microseconds. Due to a large time-spread of the ablated and transported material as

present in our setup, un-gated ion injection was the chosen mode. Injection of low

energy ions over a relatively long period of time (several tens of microseconds) was

planed while relying on an a collisional gas rather than gated rf to permit the trapping

of ions. But since the trapping efficiency of externally generated ions is rather low, we

assumed that the advantage of having an alternative, more efficient ionization

method outside the trapping field is annihilated. Because of this, trapping of exter-

nally generated ions was abandoned.
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7.11 Transfer properties of the ambient sampling interface

For the experiments described in this section, either the instrumental setup described

in section 7.13 was used unless indicated differently. 

7.11.1 Evaluation of enrichment factors

The nozzle-skimmer stages are not only used to reduce pressure from ambient to

mass spectrometry conditions but also to enrich the heavier analyte gases in contrast

to lighter carrier gas. To further test this and to evaluate enrichment factors, a mixture

of two gases (CH4 and SF6) was either sampled via the differentially pumped inter-

face passing twice a nozzle-skimmer system or via the CI gas line directly inserted

into the ion trap. This gas mixture was generated by mixing SF6 (149 cm3/min) and

CH4 (1084 cm3/min) using gas flow control units. This, to simulate a mixture of a

light carrier gas, containing gaseous analyte in lower concentration. The mixture was

then ionized by EI, trapped for 10 milliseconds and finally mass analyzed. Special

care was taken to guarantee similar conditions such as ratio of gas mixture, pressure

in the main vacuum chamber, trapping conditions and TOF potentials applied. The

trapping window was set for efficient CH4 or SF6 trapping by switching the trapping

potential Up-p from 240 to 700 V. Peaks in the resulting mass spectra were then identi-

fied and the corresponding ion abundances determined by integration of the peak

areas. Since an enrichment of the heavier compound (SF6) to the lighter carrier gas

(CH4) was expected, the ratios of both were compared for final enrichment factor

determination. Because of the enrichment pressure dependence the total flow of gas

mixture was adjusted for three different pressures in the main vacuum chamber. 

Pressure [x 10-5 mbar] Enrichment factor

1 174
0.5 108
0.3 12

Table 7.1: Enrichment factors for methane/sulfur hexafluoride

gas mixture when passing twice a nozzle-skimmer system.
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Surprisingly, the enhancement factors decrease analog with decreasing pressure

within the main chamber. A lower pressure in the main chamber basically originates

from a reduced gas flow through the interface; thus the gas load is reduced. This is the

main reason for enhanced gas molecule separation in the jet. Remember Equation 7.2.

This time, a higher source pressure (p0) dominates over reduced jet-expansion cham-

ber pressure (p1). We were astonished that a change in source pressure influences the

enrichment factor by one order of magnitude. An enrichment factor of approxi-

mately 108 for a main vacuum pressure of p3 = 5 x 10-6 mbar was found. At this vac-

uum level the ion trap/TOF instrument was known to work robustly and reliably.

Nevertheless, we would expect an even higher enrichment factor if a lighter carrier

gas such as He would be used. Studies concerning this separation effect indeed

showed an increase in separation efficiency, if differences in mass between carrier gas

and analyte were more pronounced [54]. Unfortunately, we were not able to repro-

duce this experiment, since at that time we were not able to trap and analyze He.

7.11.2 Evaluation of the total and partial flow rates

In order to estimate flow rates passing the ambient sampling interface with different

sampling capillaries, gas flow measurements were done and compared for both sam-

pling methods, direct insertion (via the CI gas line directly inserted into the ion trap) or

inlet insertion (via the differentially pumped interface passing twice a nozzle-skimmer

system). The underlying assumption was to postulate the same gas load to enter the

vacuum compartment independently of the sampling method, if the pressure sensor

of the main vacuum chamber showed the same vacuum levels, provided that pump-

ing was constant. Thus, it makes no difference whether the gas is dosed via direct or

inlet insertion. As for pressure regimes of 10-4 mbar and higher, air was dosed and the

gas flow measured with a Gilibrator air flow calibrator (Gilian) and recorded against

the pressure monitored with the cold cathode. Unfortunately, the Gilibrator didn’t

allow for flow measurements below 4 cm3/min (p3 = 4 x 10-4 mbar). To circumvent

this limitation and to protrude into vacuum levels of interest, a home-made flow

meter was constructed (Figure 7.11.1). A long pipette (0.4 ml calibrated volume) was

connected via teflon tubing to the CI gas line of the ion trap. Soap bubbles were

drawn into this pipette and used to measure the flow rates. Since the volume of such
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pipettes are exactly known one only had to measure the time interval the bubble

needed to pass a certain volume indicated on the pipette. By using this type of flow

meter gas flow measurements could be extended down to 0.13 cm3/min flow rates (p3

= 7 x 10-6 mbar). This was, however, still too high in gas flow since the background

pressure of the closed main chamber read p3 = 2 x 10-7 mbar. This value was therefore

taken as a lower boundary for 0 cm3/min flow rate. With the previous measurements

and this zero flow rate value a graphic extrapolation (Figure 7.11.2) could be made to

estimate flow rates below the detection limit of the available flow meters.

Due to reasons of presentation, this zero flow value was set artificially to the very low

flow rate of 10-3 cm3/min. Though mathematically incorrect, this can be reasonably

done since the measured data points roughly indicate a decrease in pressure of one

order of magnitude when the flow rate is decreased by a factor of ten until a plateau

of p3 = 2 x 10-7 mbar is reached for zero flow rate. The sigmoid shape of the curve

qualitatively matches the measured data point distribution and thus can be used for a

rough estimation of flow rates not accessible with the flow rate meters. Since the flow

rate evaluation was done using inlet and direct sampling methods the above graph is

valid when comparing flow rates entering the main vacuum chamber. Thus, the fitted

curve can be used to estimate gas flow through the second skimmer only. The main

gas load is already reduced by differential pumping when applying inlet sampling.

.

Figure 7.11.1: Home-made gas

flow meter consisting of a long

pipette, foam of a soap solution

and a stopwatch.
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Apart of the inner diameter of the sampling capillaries, flow rates are also influenced

by capillary lengths as shown below. The choice of capillary in terms of length and

inner diameter strongly influences the gas load entering the main vacuum chamber.

By altering nozzle-skimmer dimensions as well as nozzle-skimmer separation dis-

tance, the gas load can be partly compensated, at the cost of enrichment and sensitiv-

ity. 

Figure 7.11.2:  Double exponential fitting curve of log-log plotted experimental data. This

graph was made to estimate flow rates through the ambient sampling interface having

front sampling capillaries of various lengths and inner diameters. 

capillary i.d. [μm] (10 cm in length) gas flow [cm3/min]
250 110
260 146
300 261
320 284
410 702

Table 7.2: Flow rate of sampling capillaries having various inner diameters.
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7.11.3 Determination of dead- and transit times of pulsed gaseous analytes

Already during the very first experiments with the instrumental setup as of summer

1999, see Figure 7.3.1, a prominent temporal spread of laser ablated volatilized mate-

rial was noticed after transport through the suction tube. At that time, the length of

the transient signal varied from approximately 100 ms for the pentazadien polymer

sample up to several hundred ms for the anthracene sample. One of the prerequisites

for successfully doing SNOM-MS was the idea to ionize, store and accumulate during

these periods of time. We did not want to miss the major quantity of incoming neutral

volatile analyte. In the mean time, the kind of sampling interface varied drastically

from a simple suction tube to more sophisticated, differentially pumped, jet-separat-

ing nozzle-skimmer stages. 

Thus it can be reasonably assumed that the transport properties changed accordingly.

Therefore, the new transport properties had to be investigated in detail.

capillary i.d. [μm] (length in cm) gas flow [cm3/min]
250 (3.5) 210
250 (10) 110
320 (5) 390
320 (10) 284

Table 7.3: Flow rate of sampling capillaries at various lengths.

Figure 7.11.3: Illustration of a typi-

cal transient to explain the main

characteristics of the behavior of

laser ablated (or gas dosed) mate-

rial after transport through an

ambient sampling interface. The

ionization was limited in duration

to a base width at which yet 10% of

the original peak intensity was

present.
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General instrumentation

To study the transfer properties of the new ambient sampling interface major modifi-

cations in the experimental setup had to be done. The ion trap as well as the time-of-

flight were disassembled. Instead, a quadrupole mass spectrometer (QMS, m/z range:

1 - 300 Da, LEDA Mass Ldt.) was assembled in-axis with the incoming AT™ steel tub-

ing onto the main vacuum chamber. The AT™ steel tubing ended right in front of the

ionization source of the QMS. A schematic of the QMS setup is depicted in Figure

7.11.4. 

Sampling methods

Three different sampling methods were applied, namely inlet, 2nd skimmer, and

direct sampling. For visualization reasons, a thick red line is drawn representing the

sampling capillary.

•direct sampling: 

Figure 7.11.4: Schematic of the

QMS setup used to study and eval-

uate the transfer properties of the

ambient sampling interface. The

QMS replaced the ion trap. The

time-of-flight mass spectrometer

was of no use for these experi-

ments. Actually, the stainless steel

cylinder with the orifice had to be

disassembled in order to install the

QMS.

Figure 7.11.5: direct sampling:

Gaseous analyte is usually sam-

pled with a 34 cm long capil-

lary (75 μm i.d.) which ends

right in front of the EI source of

the QMS thus bypassing the

both nozzle skimmer stages.

direct sampling
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•2nd skimmer sampling: This kind of capillary-based supersonic jet inlet system was

successfully used by Hafner et al. [106] to monitor environmental pollution. 

•inlet sampling:

By using these three different sampling methods transfer properties of the sampling

interface as a function of transfer temperature and length, gas-pulse duration and

sample properties could be studied. As a result, we obtained several transit times

including the one from the 2nd skimmer to the QMS. This was especially interesting

since in combination with the partial flow rate evaluation in chapter 7.11.2, it was then

possible to draw comparisons in flow velocities and thus to estimate the kinetic

energy of the entering gas flow. This was of further interest in studying th ion abun-

dance vs. pressure in the main vacuum chamber.

Figure 7.11.6: 2nd skimmer sam-

pling: Gaseous analyte is usu-

ally sampled with a 24 cm long

capillary (250 μm i.d.) which

ends right in front of the 2nd

skimmer (at the nozzle aper-

ture) thus bypassing the first

nozzle skimmer stage and act-

ing itself as nozzle. 

Figure 7.11.7: inlet sampling: Gas-

eous analyte is usually sampled

with a 5 - 10 cm long capillary (320

μm i.d.) and passed over both noz-

zle-skimmer stages.

2nd skimmer sampling

inlet sampling



202

Instrumentation for pulsed analyte dosage

To evaluate dead- and transit times of several gaseous analytes a dosage setup was

designed and assembled that could simulate a pulsed analyte source as it is present

when laser desorption of a solid is performed. Therefore, the port of a high speed

series 9 pulsed valve (General Valve) having 80 μs minimum gate-time was modified

to allow attachment of a small-sized copper tube that could be imposed on the differ-

ent sampling capillaries. The pulsed valve was fed with different types of sample gas

(He, SF6, N2) provided by a teflon tubing gas line. Additionally, a sample vessel for

for acetone, bromobenzene, FC-43 or anthracene was constructed (Figure 7.11.8).

A 1/8-in. swagelock t-piece with a short sealed copper tube was integrated between

the gas line and valve. The whole assembly was wrapped in heating tape while the

copper tube used the same heating principle as the AT™ steel transfer tubing on the

ambient sampling interface. The liquid and solid samples were heated to improve

their vapor pressures in order to increase gas-phase concentrations. Triggering of the

valve was controlled with a user-written LabView© program and synchronized with

an oscilloscope (LeCroy, LC584A) which was used for transient recording. The QMS

was operated in fast scan mode using single ion monitoring with secondary electron

multiplier (SEM) detection yielding high sensitivity and fast measuring rates. The

mass scan ranges were adjusted to the sample under investigation. 

Figure 7.11.8: Photograph of the

pulsed valve sampling system as

used for dead- and transit time

evaluation. The T-piece with sam-

ple vessel was used as reservoir for

liquid or solid sampling. On the

inset a modified copper tube with a

drilled hole is shown. This tube

was used for laser ablation studies,

irradiating anthracene within the

tube through the hole
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Transit time vs. transfer tube temperature

As far as temperature is concerned He showed a typical behavior

in a general decrease in signal intensity with increasing tempera-

ture. This due to a reduced flow because of a slightly decreased capillary i.d. (and

thus reduced pressures as indicated in Figure 7.11.9) when the capillary is heated.

Due to a reduced gas flow with increasing temperature, quite a pronounced delay is

displayed between room temperature and the measurement at 170°C, see inset in Fig-

ure 7.11.9. This is clearly not a chromatographic effect but rather a direct implication

of reduced gas flow. For a FS capillary length of 35 cm, 75 μm i.d., the decay is signifi-

cantly fast.

Here it must be admitted that the author was a victim of the famous Thomas theorem

[107] saying: “If men define situations as real, they are real in their consequences“. From the

data of earlier experiments [6, 29] it was known that the transients displayed a behav-

ior as illustrated in Figure 7.11.3. At the beginning of this new measurement series we

never questioned whether the long tailing decay really was a consequence of the

transport properties or whether it was of different origin. It was simply taken to be

true and thus became a self-fulfilling prophecy.1 Only later it was found that the

decaying behavior was not the one from the transfer tubing. If a critical reader is now

tempted to argue about naivety he is kindly referred to the picture below (Figure

7.11.10):

Figure 7.11.9: Transients of the

transit times of He vs. temperature

of the transfer tubing using the

direct sampling method. For these

transients a slightly varied sam-

pling method was applied. See text

for more information.

1. The self-fulfilling prophecy is, in the beginning, a false definition of the situation evoking a 
new behavior which makes the original false conception come true [108].
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Indeed, it turned out that the copper tube used to connect the pulsed valve and the

sampling capillary got also heated up since it was in physical contact with a heated SS

capillary. The liberated gas pulse consisting samples was distributed within this cop-

per tube and part of it got directly sampled while the rest stayed volatile or got

adsorbed by the tube walls and was then consequently re-vaporized according to the

actual temperature of the tube. This especially explains the behavior of bromoben-

zene. The higher the temperature, the faster the decay of the transient signal. As for

the transient signals in Figure 7.11.9, sampling without the copper tube was done,

sampling right at the port of the valve. This had the effect of rapid He gas volatiliza-

tion into the ambient environment thus quite a fast decay was recorded. A read in the

dead time of about 100 ms was found (Figure 7.11.11).

This can be explained by the longer distance from the valve port to the sampling cap-

illary. Generally it must be concluded that most of the evaluated dead times shown

herein were slightly too long. Thus, it must be noticed that the application of the cop-

Figure 7.11.10: An excellent dem-

onstration what happens if you are

exposed to a prejudice - when

knowledge and vision do not coin-

cide. How many legs does an

elephant have? Well - have a

second look... 

Figure 7.11.11: 

Transients of the transit times of

He vs. temperature of the transfer

tubing using the direct sampling

method (with copper tube). Dead

time for He (170°C) was found to

be 352 ms.
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per tube affects the duration of the dead time to some extent but has a tremendous

impact on the decay of the transients.

Due to comparability, further experiments were still performed with the copper tube

sampling method, while bearing the above conclusions in mind. Only in cases were

the true dead time had to be evaluated, e.g., for calculations, dead time determination

was done without the copper tube method.

Total sampling time (ionization and accumulation, from Figure 7.11.11) would then

be approximately 62 ms (170°C). Since He is a light gas and is not thought to be chem-

ically interacting with wall material of the transfer tubing it was handled as carrier

gas and used to evaluate the dead times of the different sampling methods. The dead

time (always measured at half maximum at 170°C) was found to be 352 ms resulting

in a calculated v(gas)measured of 0.99 m/s. From Figure 7.11.2 one can estimate a flow

of 0.09 cm3/min at p3 = 5.3 x 10-6 mbar pressure. This translates into a v(gas)estimated

of 0.35 m/s, which differs only by a factor of 2.8 from the measured. In the reverse,

when calculating the true flow through this long and thin capillary taking 0.99 m/s as

velocity, a flow rate of 0.25 cm3/min is found, again being a factor of 2.8 to the value

yielded by using the flow estimation chart in Figure 7.11.2. The accuracy of the flow

estimation chart is reasonable and gives confidence for its further use.

For acetone and SF6, rather long decay times of several seconds were found. Dead

times were within several hundreds of ms, expectedly longer that for He. Ion abun-

dance was usually also high with the exception of acetone. It might be possible that

most of the sample already evaporated within the heated vessel and got therefore lost

before gas dosed with the pulsed valve. Out of the other samples, bromobenzene and

anthracene (Figure 7.11.12) displayed some major differences. First of all, the signal

intensity gradient for bromobenzene was inverted if compared with the other gaseous

or liquid samples. Highest signal intensities were achieved for the highest transfer

tubing temperature. The right bottom graph in Figure 7.11.12 reveals a remarkable

and increased tailing when temperature was reduced from 200°C to 50°C. It’s true ori-

gin was already discussed. Another remarkable property of bromobenzene is its

delay in signal detection when temperature is reduced. What is demonstrated here
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seems to be a chromatographic effect of adsorption and desorption during transport.

The distribution between liquid and gas-phase is highly related to the temperature,

mostly in favored of gas-phase at elevated temperatures. At elevated temperatures,

bromobenzene tends to exist preferably in the gas phase and hence, the shorter was

the time needed to pass the transfer tubing. 

As for the anthracene sample the situation was rather different. Due to its solid state

character it had to be volatilized before sampling. The transients show a narrow peak

width (Figure 7.11.13). Unfortunately, their dead times vary from experiment to

experiment. In the discussions about transient signal lengths one important thing was

Figure 7.11.12: Transients of the transit times vs. temperature of trans-

fer tubing using the 2nd skimmer sampling method. At the top (left)

bromobenzene is depicted and the inset shows normalized transients

revealing delayed signal detection and decay. For comparison, tran-

sients measured without the copper tube are depicted at the right. This even more unravels the

true character of the transport properties. At the bottom (left), SF6 and acetone (right). Pressure

readings always indicate cold cathode gauge (p3). Note the usually slightly increased pressure

when He was used as test gas.
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so far left aside. Because of the inherent duration of pulsed gas dosing (80 μs in mini-

mum) it is obvious that the length of the transients must be on the order of several

hundreds of milliseconds up to seconds. Now for a real laser ablation event, the pulse

width is on the order of 5 - 7 ns. This huge difference is naturally mapped into the

transient signal duration which will be displayed for all three sampling methods to be

much shorter, on the order of several tens of millisecond only.

The shorter dead times can be explained by a slightly different sampling method

using the copper tube with hole, thus the sampling place was closer to the sampling

capillary and gate time of the pulsed valve must also be taken into account.

Transit time vs. transfer tube temperature

For the 2nd skimmer sampling method the behavior of He was

similar to the direct sampling method (Figure 7.11.14). A general

decrease in signal intensity with decreasing temperatures was noticed. This was also

true for SF6. When comparing the two gases it looks as if He exhibits a much slower

decay. This is misleading since it can be explained by the lower pumping efficiency of

He due to its very high mean gas velocity of 1200 m/s [46]. Dead time of He (170°C)

was determined as 37 ms whereas the one for SF6 was found to be 48 ms. Transient

signal duration for He was 279 ms while for SF6 it was 138 ms.

The true dead time was determined for later use (Figure 7.11.15). Only 15 ms dead

time was found when the copper tube method was not applied.

Figure 7.11.13: 

Three individual transients of the

transit times of anthracene vs. tem-

perature of transfer tubing using

the 2nd skimmer sampling method.
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Now the flow through this 24 cm capillary with 250 μm i.d. was measured as 59

cm3/min resulting in a v(gas)calculated of 20 m/s. Thus it takes the carrier gas about 12

ms to pass the capillary. From Figure 7.11.15 we know the true dead time being 16 ms.

Only 4 ms of the total dead time are then left for the carrier gas to go from the 2nd

pumping stage into the QMS. This is less than the measured 6 ms; see the next para-

graph (Transit time vs. origin of gas pulse). However, from Figure 7.11.2 one can con-

clude that the 2nd skimmer flow at p3 = 6.6 x 10-6 mbar is about 0.12 cm3/min. This

also agrees well with measured data points close by. If we now compare the mea-

sured flow at the inlet with the estimated flow through the 2nd skimmer we get a flow

reduction factor of about 492. This is the reduction in flow if the 2nd skimmer sam-

pling method is used.

Figure 7.11.14: Transients of the transit times of acetone (left) and bro-

mobenzene (right) vs. temperature of transfer tubing using the 2nd skim-

mer sampling method. Pressure readings always indicate cold cathode

gauge (p3).

Figure 7.11.15: 

Transients of the true transit time

of He at 170°C of transfer tubing

using the 2nd skimmer sampling

method
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Acetone and bromobenzene displayed the usual behavior. Higher signal intensities

were found in analogy to raised temperature, although the gas flow was also reduced

(as indicated in the pressure readings in Figure 7.11.16). 

In the case of an anthracene sample the situation was again different. Single, 10 and 50

laser pulses were applied at 2 kHz repetition rate to vaporize the solid anthracene

sample which was sampled directly front of the sampling capillary. Again, reproduc-

ibility of signal intensity from pulse trail to pulse trail was not good (see Figure

7.11.17). Dead times (now determined at the rising flank of the anthracene peaks)

were rather short, sometimes less than 10 ms. But due to the temporal spread of 50

laser pulses (25 ms irradiation envelope) and the partially unsuccessful single pulses

within the envelope, transients displayed a certain duration of several tens of millisec-

onds and a sometimes frayed shape. When single laser pulses were applied sharp-

peaked transients resulted having dead times of 13 ms and peak widths (FWHM) of

only 22 ms. 

Figure 7.11.16: Transients of the transit times of acetone (left) and bro-

mobenzene (right) vs. temperature of transfer tubing using the 2nd skim-

mer sampling method. Pressure readings always indicate cold cathode

gauge (p3).
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Transit time vs. origin of gas pulse (2nd skimmer sampling, variation)

The pulsed valve was attached to the DN-40 ISO KF connector of the 2nd pumping

stage (see Figure 7.10.1) and gas pulses were introduced perpendicular to the nozzle-

skimmer axis.

This experiment was mainly done to measure the transit time between the 2nd skim-

mer and the QMS. The distance was approximately 13 cm. He and SF6 were pulsed

Figure 7.11.17: A selection of several transients of the transit times

of anthracene with 50, 10 and single of laser pulses applied using

the 2nd skimmer sampling method is shown here. 

Figure 7.11.18: 

Transients of the transit times of

He and SF6 of heated transfer tub-

ing (170°C) using the modified 2nd

skimmer sampling method having

the pulsed valve directly attached

to the 2nd pumping stage.
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and the dead times were found to be 6 and 16 ms, respectively (Figure 7.11.18). This

converts to a velocity v(gas) of about 20 m/s (He) and 6 m/s (SF6). These values have

to be taken with care since the port of the pulsed valve was not placed directly in font

of the skimmer-nozzle and also off-axis tilted by 90°. A rather shorter dead time and

thus lower velocities might be more accurate. Later, these values were taken to evalu-

ate the energy of neutrals entering the ion trap and compared to the virtual trapping

potential. If we add these 6 ms to the 12 ms of transit time of the capillary in the 2nd

skimmer sampling we end up with 18 ms instead of the measured 16 ms.

Transit time vs. transfer tube temperature

With the inlet sampling method higher signal intensities for He

were again found at lower temperatures. This in good agreement

with the findings of the direct and 2nd skimmer sampling method of He. The two

types of samples that differ quite a bit in their behavior are representatively depicted

in Figure 7.11.19. In contrast to He, bromobenzene again displays a different behavior.

Higher signal intensities were found in analogy to raised temperature, although the

gas flow was reduced (Figure 7.11.19, right bottom). The length of the transients is

also different. For He it lasts for about 400 ms whereas for bromobenzene it is a least

twice as long, 800 ms. Although these values cannot be taken as true they clearly

show a general tendency. The true dead time for He was found to be 28 ms and the

one for bromobenzene 62 ms.

For the inlet sampling method the carrier gas velocity having 28 ms dead time could

then be determined. Pressure gauge readings indicated a vacuum level of (p3) about 1

x 10-6 mbar during these measurements. Since the flow through this capillary was

measured 258 cm3/min (= 4.3 x 10-6 m3s-1), the mean velocity of gas through this cap-

illary, v(gas)calculated was calculated to be 53 m/s. The length of the capillary was 7 cm

which is equal to about 1.3 ms transfer time. But the remaining 30 cm distance to the

QMS was made of 1/8-in. AT™ steel tubing with 2mm i.d. A slow-down of the gas is

expected if tubing diameter is increased [40]. With the remaining 26.7 ms flight time

for the 30 cm length, v(gas) 1/8” estimated results in about 11 m/s while the averaged

carrier gas velocity, v(gas)estimated (0.37 m total length in 28 ms) was only 13 m/s.

Care must be taken in interpreting these values, though the estimations are all aver-

inlet sampling
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aged and based on uniform capillary diameters. Gas velocity increase in the nozzle-

skimmer jets is completely neglected. However, the 13 m/s and the 11 m/s (for 1/8

in. transit velocity) do agree very well while the calculated velocity within the capil-

lary, 45 m/s is rather high. From Figure 7.11.2 one can conclude that the 2nd skimmer

flow at p3 = 1 x 10-6 mbar is about 0.015 cm3/min. If we now compare the measured

flow at the inlet (258 cm3/min) with the estimated flow through the 2nd skimmer we

get a flow reduction factor of about 17200. This is the reduction in flow if the inlet

sampling method is used.

For anthracene, pulsed gas dosing of volatilized anthracene (He as carrier gas) from

the heated vessel was attempted. But pulse to pulse stability of the signal was bad and

much longer gas pulses had to be applied in order to yield transients as shown in Fig-

ure 7.11.20. 

Figure 7.11.19: Transients of the transit times of He (left) and bromoben-

zene (right) vs. temperature of transfer tubing using the inlet sampling

method. Ion abundance as a function of temperature (top) and normal-

ized ion abundances revealing transfer delays (bottom) are shown.
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While some of the transients displayed similarities in their signal rise behavior (and

dead times, 50 ms) their falling edges varied tremendously. One transient displayed a

shoulder raising 90 ms after the first peak and lasting until about 600 ms before it

slowly decayed within 2 seconds. This shoulder can be explained by a re-vaporization

of a chunk of material originating from the ablation event when it gets into contact

with the heated transfer tubing. Another transient exhibited a rather exotic behavior:

it was delayed by 290 ms with respect to the other transients. Also, the peak is broader

and decays much slower. Again, this delayed transient must be explained by a re-

vaporization of chunks of material. However, these measurements clearly demon-

strate the challenges if the analyte is not gaseous or highly volatile.

For further experiments laser ablation was again applied to provide volatile

anthracene, since this previously gave promising results.

Single or 5 laser pulses were applied at 2 kHz repetition rate to vaporize the solid

anthracene sample which was this time directly sampled in front of the sampling cap-

illary. Again and slightly worse as with the 2nd skimmer sampling method, signal

intensity from pulse trail to pulse trail was not really reproducible as shown in Figure

7.11.21. Dead times were rather short, between 14 - 24 ms for single pulses and 20 - 40

ms for the pulse train. Also, a broadening of the anthracene transients (4 - 30 ms,

FWHM) is observed when several laser pulses are applied. Sharp transients were

obtained, when single laser pulses were applied. The former had widths (FWHM) of

only 3 - 6 ms.

Figure 7.11.20: 

A selection of transients of the

transit times of anthracene vs. tem-

perature of the transfer tubing

using the inlet sampling method.

Anthracene was delivered from the

sample vessel.
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7.11.4 A comprehensive look on transfer properties (synopsis)

Generally, volatile and solid samples could be sampled and transported efficiently

with all three methods. Surprisingly, direct sampling did not show the highest signal

intensities although no losses due to skimming were expected. On the other hand

sampling efficiency is estimated to be worst for smallest capillaries since only very

thin capillaries with i.d. < 80 μm are compatible with the vacuum requirements of IT/

TOF-MS. Yet this inability to effectively collect vaporized sample even close to the

capillary’s orifice could be the reason for the unexpectedly low signal intensities

recorded. Additionally, the chance of clogging the sampling capillary with small i.d.

is rather high. No other options exist to control the vacuum within the main chamber.

Due to these reasons, direct sampling was abandoned. An overview on transport

properties is given in Table 7.4:

Figure 7.11.21: A selection of transients of the transit times of

anthracene with single or 5 laser pulses applied using the inlet

sampling method is shown here.
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As for the inlet and 2nd skimmer sampling method, both allow further control of the

vacuum levels via turbo molecular pumping of the second pumping stage and in case

of the 2nd skimmer method via control of the nozzle (= end of sampling capillary) -

skimmer distance. Capillary i.d.s varied up to 410 μm for inlet sampling while 300 μm

is a reasonable upper limit for 2nd skimmer sampling. This favors inlet sampling in

terms of sampling efficiency. High losses of sampled material by a flow reduction fac-

tor of about 17200 due to tandem skimming is compensated by a much better trans-

port efficiency of 2nd skimmer sampling, by a flow reduction factor of about 492. A

counterbalance to losses due to skimming are the enrichment factors. For the inlet

sampling method at acceptable vacuum conditions (p3 = 5 x 10-6 mbar), enrichment

was determined to be 108. No enrichment factors have been determined for the 2nd

skimmer sampling method. As a reasonable value the square root of the inlet sam-

pling factor was taken, 10.4, since 2nd skimmer sampling applied only one nozzle-

skimmer stage and the enrichment factor is thought to be the product of the number

of skimming steps. So the overall loss factor of inlet sampling is estimated by the

enrichment factor divided by the flow reduction factor, yielding 6.3 x 10-3. The same

estimation for 2nd skimmer sampling results in 2.12 x 10-2. The ratio of these two sam-

Sampling 
method

pressure ranges 
as a function of 
capillary i.d.

control of main vacuum 
pressure

Signal inten-
sity yielded

Enhancement 
factors and 
overall trans-
port losses

inlet: 0.9 - 5 x 10-6 mbar

300 - 410 μm

by capillary i.d. and length
additionally, by turbopumping 
of the 2nd stage

medium 108

6.3 x 10-3

2nd skimmer: 4 - 9 x 10-6 mbar

250 μm

by capillary i.d. and length
also by change of the capil-
lary exit-skimmer distance
additionally by turbopumping 
of the 2nd stage

highest 10.4a

2.12 x 10-2

direct: 5 x 10-6 mbar

75 μm

only by capillary i.d. medium none, at least 
not due to differ-
ential pumping

Table 7.4: Summary of properties of the evaluated sampling methods. a an estimate, using the square

root of the inlet sampling enrichment factor. 
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pling methods, 2nd skimmer/inlet, is 3.4. This is thought to be the gain in signal inten-

sity when 2nd skimmer and inlet sampling are compared. Now let’s do another

estimation. Since the enrichment factor of 2nd skimmer was taken as the square root of

the inlet sampling method’s value, a direct comparison of both flow rates seems also

reasonable. To do this, the square root of the inlet flow reduction factor (17200) was

calculated and found to be 131. This value can now be compared to the one for 2nd

skimmer sampling, which was 492. Mathematically spoken, we compare now both

flow reduction factors as if only once skimming was done. Not surprisingly, when

flow rates are directly compared, the ratio of 2nd skimmer and inlet sampling resulted

in 3.8. This is in good agreement with the estimation above. A gain of approximately

3.6 was yielded when sampling and transport efficiency of 2nd skimmer sampling and

inlet sampling method are compared. Indeed, when the intensities of He at 170°C are

compared, a factor of about 4 in favor of 2nd skimmer sampling is observed. For bro-

mobenzene, the gain is even 20. Care must be taken when comparing intensities mea-

sured with the QMS since not all measurements were performed with the same SEM

detector settings. For anthracene, measurement parameters disagreed and do there-

fore prevent direct comparisons. However, all these evaluations indicate that the 2nd

skimmer sampling method is probably the most promising for further experiments en

route to SNOM-MS.
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7.12 Feasibility studies for future SNOM-MS experiments

The following experiments were performed with the instrumental setup as of Figure

7.7.1 on page 171 with the goal to increase knowledge of fundamental instrumental

properties. Finally, we do an evaluation on feasibility of SNOM-MS while using that

setup.

7.12.1 Determination of maximum ion abundance vs. pressure

For a long time, a dependence of ion abundance vs. pressure was noticed. This is not

surprising because a higher pressure automatically means an increased flow into the

ion trap and thus into the main vacuum chamber. An increase in gas flow results in an

increase in sample collection, so more analyte is introduced and ionized. 

Figure 7.12.1: Series of mass spectra of argon, methane, nitrogen and sulfur hexafluoride at vari-

ous pressures (gas flows) to test for maximum ion abundance. Spectra are shifted in time and

abundance for illustration reasons. Measurement parameters were: Up-p = var. V, ttrap = 10 ms,

Urep = + 230 V, Uextr = - 710 V, Uacc = -2.7 kV, tEI = 5 ms, tdelay = 1.0 μs, UBias = - 130 V, US2 = - 139

V, US3 = - 190 V, Ifilament = 3 A, p3 = var. mbar, UMCP = - 2.7 kV.
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As a first approximation, higher flow rates can be expected to result in increased ion

signals. This was not the case due to the vacuum requirements of an IT/TOF not to

exceed p3 = 5 x 10-5 mbar. To test this, a series of mass spectra of Ar, N2, CH4 and SF6

were recorded (Figure 7.12.1) with an increment in pressure ranging from p3 = 2 x 10-

7 to 2 x 10-5 mbar. The flow of sampled analyte was adjusted according to the pres-

sure monitored. For true pressures, gauge correction factors were taken into account

to correct for the gauge sensitivity of the gas under investigation. Experimentally, it

was found that for all of the four analytes, peak maxima can be found around p3 = 1 x

10-6 mbar. This was much lower than expected. Other causes apart from high vacuum

levels (mean-free-path) must thus be responsible for the general and prominent drop

in ion abundance.

To visualize this behavior more clearly, peaks in the above spectra were integrated

and plotted against the sensitivity corrected pressures to yield the four graphs as

shown in Figure 7.12.2.

Figure 7.12.2: Summary of the integrated peaks of the series of mass spectra of argon,

methane, nitrogen and sulfur hexafluoride as a function of the pressure. A general maxi-

mum is visible around a pressure of p3 = 1 x 10-6 mbar.
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Decreasing signal intensities towards lower pressures can be explained due to a

decreased gas flow. The drop for increased gas flows seems to be caused by another

phenomenon. One suggestion is that the ionizing electrons entering the ion trap

through the hole at one end cap do no longer efficiently penetrate into the center of

the ion trap. With the new setup of radial sample introduction, the ion trap presented

a closed configuration. The PEEK spacers between ring and end cap electrode did no

longer have “windows“ for pumping purposes. This could be done since the flow

through the 2nd skimmer was rather low, about 0.09 cm3/min (at p3 = 5 x 10-6 mbar).

Therefore, the trap is pumped solely through the end cap holes and the exiting gas

from within the trap interacts with the incoming electrons. Another suggestion is that

too many ions were generated in the trap and thus the trapping capacity was reached.

This seemed to be rather unlikely since no peak broadening because of increased ion

cloud size due to ion repullsion had been noticed. A last possibility is that the entering

gas flow destabilizes the already trapped ions. This possibility is discussed in more

detail in the next section. In summary, it can be concluded that a reduction in pressure

and, concurrently, a reduction in analyte gas flow to levels close to p3 = 1 x 10-6 mbar,

can result in an increase in signal intensity by one order of magnitude. This vacuum

level exhibits a maximum in detectable ion abundances due to yet not fully under-

stood.

7.12.2 Virtual trapping potential vs. Ekin of entering gas

To test the last hypothesis a calculation of the virtual trapping potential was done.

The trapping potential Dz can be calculated according to Equation 7.4

 (Eq 7.4)

Dz  virtual pseudo potential well depth (in eV)

Up-p  amplitude of the trapping rf

qz  stability parameter

Dz
qz Up p–⋅

8
------------------------=
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For the calculation of the virtual trapping potential the mathematica worksheet as of

section 7.4.3 was used. Thee ion stabilities as a function of ion trap dimensions (radius

and z-length) and rf parameters (frequency and amplitude) were obtained. For the

complete Mathematica worksheet see Appendix C. The resulting virtual trapping

potentials are summarized in the table below:

All calculated pseudo potentials were well above 10 eV in depth. This was taken as a

lower limit for the energy calculation of molecules entrained in the entering gas

stream. To destabilize previously trapped ions or even to eject them, colliding gas

molecules must thus have at least 10 eV in kinetic energy. Applying simple physics

one can now calculate the velocity of such molecules. For the model molecule a mass

of 100 Da was chosen. This is in fact lower than the SF6 mass (146 Da) but the usually

applied carrier gases He (Da) and air (28 and 32 Da) have much lower masses. From

the gas velocity estimations in section 7.11.3, we estimated a value of about 20 m/s for

the gas passing from the 2nd skimmer to the QMS. In using these parameters one gets

a kinetic energy of 8.03 x 10-24 J (5 x 10-5 eV) per molecule. This is by far not enough to

collisionally eject a trapped ion. On the other hand, these 20 m/s were a very rough

guess neglecting the jet effect formed by a nozzle-skimmer system. From literature we

know that gas jets can reach high mach numbers during the expansion from the high

pressure source into vacuum environment, sometimes up to mach 12 or higher [50,

58]. However, our nozzle skimmer system hardly is as efficient as the pulsed nozzle-

skimmer systems described in the literature. To be on the safe side, we simply esti-

mate a mach number of 6 (= 2000 m/s) as maximum gas velocity. With that we get a

kinetic energy of 3.32 x 10-19 J (2 eV). Again this is quite below the calculated pseudo

trapping potential. We thus conclude that detrapping of already trapped ions by colli-

sions with entering gas molecules is rather unlikely.

type of gas m/z [Da] Up-p [V] Dz [eV]

nitrogen 28 320 11.6
argon 40 400 12.7
methane 16 240 11.4

sulphur hexafluoride 127 (SF5
+) 700 12.2

Table 7.5: Pseudo trapping potential well depths as well as trapping parameters of the

gases used for the maximal ion abundance vs. pressure study.
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7.12.3 Evaluation of the smallest detectable number of ions by the MCP

The next step was to evaluate the total number of ions trapped (and subsequently

mass analyzed) within the ion trap. Several methods have been reported using either

fluorescence detection [109], or more often, an additional rf frequency was applied to

measure the rf resonance absorption of already trapped ions to finally determine the

number of trapped ions [110-112]. However, none of these methods were feasible

with our setup, and thus we investigated the signal output of the MCP caused by ion

impact instead. With that, we then tried to evaluate the smallest number of ions that

could still be detected with the MCP detector of the time-of-flight mass spectrometer

having S/N = 20 (and when inverting the process of MCP ion-to-signal conversion,

also the number of ion being trapped). For every ion impact onto the MCP, electrons

get released who are then multiplied within the multichannels before they are acceler-

ated again for another injection and multiplication cycle on the second MCP. This

results in a final current over the conical anode which gets converted into a potential

with a preamplifier following Ohm’s law, Uout = R * I, while R is the resistance (= 50

Ω). So each injected ion yields an amplified number of electrons, nmeasured, whose

numbers are determined by the ion-to-electron conversion efficiency ε, thus nimpacted

= nmeasured/ε. The total charge Q is then the measured number of electrons times the

charge of an electron, Q = nmeasured * e-. Also, the total charge is given by the relation

Q = t * I or I = Q/t. The ion signal of m/z = 57 recorded with the oscilloscope has a time

(s) vs intensity (volts) behavior. As shown above, the intensity is proportional to the

current I. If we now integrate the peak area (I vs t) this results directly in the total cur-

rent I, and the charge can be calculated:

A mass spectrum of the calibration experiments with the i-butane/air mixture of sec-

tion 7.8.3 was taken and the peak at m/z = 57 was integrated resulting in 2.81 x 10-10

V*s. Divided by the resistance of 50 Ω yields 5.62 x 10-12 C, according to Equation 7.5.

 (Eq 7.5)

Q  total charge [C]

R  resistance, 50 Ω

Q
U td∫
R

------------=
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In order to get the number of electrons one had simply to divide this charge by the

charge of an electron, 1.602 x 10-19 C resulting in 3.5 x 107. This is the number of elec-

trons after amplification with the preamplifier (gain: 40 dB = 100x). Thus, 3.5 x 105

electrons were created at the exit of the MCP. As for the gain of an MCP detector in a

chevron assembly a value of 104 -107 was found in literature [39]. Because of the age of

our detector (the first MCP in particular showed coloring [deterioration] when visu-

ally inspected due to the many impacted ions during its long term use) and because

only 900 V potential was applied per plate, a value of 5 x 104 was taken. Thus, only 7

electrons remain. The conversion efficiency ε of MCPs seems to be highly dependent

on the impact energy of the ions, more precisely proportional to mass x velocity [113].

It was found to be 30 - 50% for low mass, low velocity ions [114]. Since our ions had a

rather low impact energy, = 2.2 keV, again the lower value of 30% can reasonably be

taken. Finally, to get the number of impacted ions the 7 electrons had to be divided by

the conversion efficiency resulting in only 21 ions. Taking the rather bad ionization

efficiency of 1 - 10‰ for EI, approximately 2100 - 21000 neutral i-butane molecules

were present in the ion trap (assuming all trapped ions to be detected by the TOF).

With most of the necessary parameters evaluated what is the overall efficiency of our

IT/TOF with the ambient sampling interface as present? We start with the 106 mole-

cules volatilized by laser ablation. Sampling efficiency is optimistically estimated to

be 10%. The flow reduction factor (2nd skimmer sampling method) was found to be

492. The enhancement factor of 10.4 was evaluated resulting in an effective transport

loss of factor of 0.021. With a rather optimistic ionization efficiency of only 1% due to

several ms of ionization and accumulation we compensate for a trapping and detec-

tion efficiency of 50% each. This finally results in 5 successfully trapped and detected

ions. With the former evaluation of 21 ions necessary to yield a S/N of 20 we can esti-

mate a S/N of 4 for these 5 ions. Since the number of ions (charges) is proportional to

the area of the peak simply the square root of S/N = 20 (a height measure) was taken

to get an assumption for the S/N of 5 ions. Thus, the overall efficiency is 5 x 10-6. 

One million molecules of anthracene from a laser ablation event having a cone-

shaped crater depth of 50 nm would mean a crater diameter of 140 nm only. This is

definitely a lowest boundary of SNOM-MS, also due to limited tip aperture fabrica-
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tion. We rather expect a 300 - 1000 nm spot size and rather multiple laser events than

single shots each time liberating between 5 x106 and 5 x 107 molecules. These numbers

would yield in 26 and 297 successfully trapped ions, respectively. Conclusion:

According to these assumptions, SNOM-IT/TOF-MS seems to be feasible using the

present setup with the properties evaluated.

7.12.4 Downscale of signal intensity from far-field to near-field ablation

The above estimations were only vague in terms of accuracy due to many assump-

tions made although both of them come to an agreement in feasibility of a SNOM-MS

experiment. Another, more experimental approach is presented here. A mass spec-

trum (Figure 7.12.3) showing a QMS transient of far-field laser ablated anthracene

was taken and the anthracene peak integrated.

This resulted in a peak area of 0.045 V*s. The peak base was about 35 ms in width.

This is equal to the total number of charges, and thus proportional to the total number

of ions measured. When compared with a transient derived from time-of-flight mass

spectrometry, the width of such a QMS peak is rather broad since it reflects the tem-

poral distribution of neutrals entering the ionization region (the ion trap for IT/TOF-

MS or the EI source for QMS). Let’s take these 0.045 V*s as the total amount of ions

produced and present for mass analysis. This is reasonable since the ions are gener-

ated by EI for both MS methods. What would be the intensity of a TOF signal then? (a

simple area transformation will be done) From the anthracene TOF-MS spectra of Fig-

ure 7.9.2 we get a peak width of 0.2 μs. If we now mathematically translate these 0.045

Figure 7.12.3: Two anthracene tran-

sients from QMS measurements

with 2nd skimmer sampling

method are shown. This was

achieved by sampling of laser abla-

tion anthracene plume with either

10 (top) or single (bottom) laser

pulses at 2 kHz repetition fre-

quency. The flat top profile at the

peak top is due to saturation of the

preamplifier.
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V*s having 35 ms peak base width into a peak base width of 0.2 μs, a calculated peak

height of 7875 Volts would be obtained. The spot size of far-field laser ablation (using

thermal paper) was determined under a light microscope to be 450 μm. If we now

consider to have a SNOM laser ablation spot size of 1 μm this would indicate a reduc-

tion in size by a factor of 50640. Or even by a factor of 202500 if ablated volumes are

compared (with same cater depths). This would finally and theoretically yield in a

signal intensity of 39 mV for SNOM-MS having 10 laser pulses at 1 μm spot size

applied, or signal intensity of 12 mV for SNOM-MS having single laser pulses

applied, respectively. Both assumptions give rise to increased hope that SNOM-MS

indeed is feasible. However, all the above estimations are based on QMS measure-

ments and they are only reasonable if the gain of the QMS secondary-electron multi-

plier and the one of the MCP’s are comparable. If this was true, the above

assumptions were then really significant in judging feasibility of SNOM-MS. 
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7.13 Quadrupole ion trap with radial neutral sample introduction

Modifications in the sampling interface as well as different kinds of sample (neutrals

or ions) demanded another slight redesign of the current instrumental setup. For suc-

cessful injection of ions from the 2nd skimmer stage, the ions had to be shielded from

the oscillating electromagnetic field due to the continuous rf potential applied on the

ring electrode. Otherwise, the ions would simply get deflected and/or would hit the

ring electrode. Therefore, a modified ring electrode (Figure 7.13.1) was machined hav-

ing a hole drilled through its torus that was then equipped with a PEEK tube (0.04-in.-

i.d.) which itself acted as feed through for the 1/16-in.-o.d. (0.04 in. i.d.) AT™ steel

tubing.

7.13.1 Current setup

With this modification, a potential could be applied onto the tubing and skimmer and

the tubing was isolated from the rf potential applied onto the ring electrode. The new

AT™ steel tubing being feed through the PEEK isolation is 110.5 mm long. It points

about 1 mm into the trapping space. Switching the sample inlet from asymptotic to

radial caused again a shift of the ion trap towards the acceleration electrode, thus

slightly shortening the flight distance. In the current setup (Figure 7.13.2) the distance

between the extraction end cap and acceleration electrode was reduced to only 16

mm. The distance between center of ion trap and MCP detector was now reduced to

about 490 mm.

Figure 7.13.1: Modified QIT ring

electrode with radial sample inlet

(from left) and additional inlet for

CI gas (from top).
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Also, the old MCPs were replaced by new ones having a 60:1 aspect ratio (L/D) which

allowed up to 1200 V potential applied per plate to achieve maximum gain. This

should additionally boost sensitivity of detection.

Experimental

With first measuring attempts after setup modification, the signal intensity was low

and unstable in terms of intensity. 

The cause for this was found in the new AT™ steel tubing entering the ion trap

through the ring electrode. Obviously, the tube itself was on a floating potential that

Figure 7.13.2: Quadrupole ion trap time-of-flight instrument with radial sample introduc-

tion through the ring electrode. The latest ambient sampling interface was attached to the

main vacuum chamber where the AT™ steel tubing is depicted. The second circle (off-

center) in the ring electrode is the inlet for reagent or buffer gas.

Figure 7.13.3: Capacitive coupling

of the rf with the AT™ steel tubing.

Trace 4 (red) depicts the rf of the

ring electrode while trace 3 (blue)

is the AT™ steel tubing transient.

Notice the slight drift of trace 3.

Trace 1 (green) is the transient of

the MCP.
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in addition showed a potential drift with time. Additionally, the rf of the ring elec-

trode coupled capacitively with the steel tubing. This could be demonstrated as

depicted in Figure 7.13.3.

As soon as the origin of the drift was recognized and the BNC connector for potential

application on the AT™ steel tubing and skimmer cone was set to ground potential, a

stable ion signal could be achieved with the standard sample aniline; see Figure

7.13.4. Note the high ion signal abundance of 3 V for m/z = 93 as a consequence of the

new MCP plates. 

After having obtained the nice mass spectrum of aniline, some more fundamental

studies of trapping duration, delayed extraction, tubing potential, buffer gas applica-

tion and ionization duration were performed.

7.13.2 Influence of AT™ steel tubing potential on ion abundance

Since the potentials applied on the skimmer cone and steel tubing were demonstrated

to have an impact on ion signal stability and intensity, radial sample introduction

added a significant new parameter to the list of putative influences. Thus, a series of

new studies concerning the AT™ steel tubing potential was initiated (Figure 7.13.5). 

DC potentials of both polarities were applied and the corresponding ion abundances

was recorded. Bromobenzene was used for this study that showed a remarkable effect

of AT™ steel tubing potential especially when negative polarity was applied. Already

Figure 7.13.4: Aniline spectra

recorded with the current setup

and inlet sampling method. Mea-

surement parameters: Up-p = 414

V, ttrap = 80 ms, Urep = + 420 V,

Uextr = -350 V, Uacc = -2.7 kV, tEI =

8 ms, tdelay = 1.0 μs, US2 = - 135 V,

US3 = - 190 V, UBias = - 134 V, Ifila-

ment = 3 A, p3= 1.0 x 10-6 mbar, i.d.

capillary = 320 μm. The mass reso-

lution was 217.
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at a potential of - 20 V the bromobenzene molecular ion peak at m/z = 157 disappeared

completely though the other prominent peak originating from the phenyl fragment

(m/z = 77) was still strong but slightly decreasing. For positive polarity, the effect was

long but as prominent as for negative polarity. There seems to be a maximum in ion

abundance for the bromobenzene molecular ion peak at + 15 V applied. The phenyl

fragment remained more or less at the same level for all potentials applied. For com-

parison the mass transient for bromobenzene with floating BNC connection is also

displayed. There, signal intensities for both, molecular ion and phenyl fragment are

apparently weaker. We think that this behavior has to do with the tubing potential

not being on the same potential as the oscillating rf potential of the ring electrode. To

further test this hypothesis SIMION simulations were again performed (see section

7.13.8 on page 237).

Figure 7.13.5: Series of mass transients of bromobenzene at various tubing potentials in

positive (right) and negative (left) polarity to test for maximum ion abundance. Spectra

are shifted in time and abundance for illustrations reasons. Measurement parameters: Up-

p = 700 V, Urep = + 420 V, Uextr = - 350 V, Uacc = -2.7 kV, tEI = 10 ms, ttrap = 20 ms, tdelay =

1.0 μs, UBias = - 132 V, US2 = - 132 V, US3 = - 190 V, Ifilament = 2.5 A, p3 = 1 x 10-6 mbar,

UMCP = - 2.25 kV, Ttube = 120 °C.
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7.13.3 Influence of trapping duration on ion abundance and resolution

Bromobenzene (m/z = 157) was taken (with the inlet sampling method) for all the fol-

lowing evaluations since it was easy to handle, gave reproducible results and was

comparable in mass to anthracene (m/z = 178).

With these trapping duration findings, the measuring parameters of the instrumental

setup were then optimized for later anthracene laser ablation experiments

From the measurements of section 7.11.3 we can estimate a time window of approxi-

mately 20 - 30 ms in duration for the temporal distribution of neutral material caused

by transport when laser ablation of anthracene was applied. So it is necessary to ion-

ize during at least this period of time. First, we tested the effect of trapping duration

on the ion abundance and on resolution (Figure 7.13.6). For these measurements the

Figure 7.13.6: Series of mass transients of bromobenzene at various trapping durations

without (left) and with He buffer gas (right) to test against maximum ion abundance.

Spectra are shifted in time and abundance for illustrations reasons. Measurement parame-

ters: Up-p = 700 V, Urep = + 420 V, Uextr = - 350 V, Uacc = -2.7 kV, tEI = 5 ms, ttrap = var. ms,

tdelay = 1.0 μs, UBias = - 132 V, US2 = - 132 V, US3 = - 190 V, Ifilament = 2.5 A, p3 = 1 x 10-6

mbar, UMCP = - 2.25 kV, Ttube = 120 °C.
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ionization duration was kept constant (5 ms). As for the ion abundance (left graph) an

increase in signal intensity for m/z = 157 could be detected reaching a plateau after 30

ms that stayed at constant height up to a trapping time of 300 ms. The intensities of

the major fragments of bromobenzene, m/z = 77 and m/z = 41, displayed a maximum

at 20 - 30 ms before they slowly decreased again. This is clearly not due to the chosen

parameters of the trapping window which was set for masses around m/z = 90. An

impressive difference is noticed when buffer gas (right graph) was added (1 x 10-6

mbar). Signals became much more intense, sometimes even a 6-fold intensity increase

was recorded. The molecular ion peak (m/z = 157) was mostly affected by the buffer

gas, displaying from the beginning constant high signal intensities (with a maximum

at 30 - 40 ms) though at the expense of resolution. This is considered to be due to

space-charge effects within the ion trap. Interestingly, the isotopic pattern (due to the

bromide) altered during increased trapping duration. The appearance of a peak at m/z

= 143 at longer trapping durations proved that fragmentation was an ongoing process

during trapping.

The resolution as a function of the trapping duration (Figure 7.13.7) showed a ten-

dency in favour of longer trapping times though there was not much change if the

Figure 7.13.7: Series of mass tran-

sients of bromobenzene at various

trapping durations vs. flight times

showing magnifications around

the molecular ion signal in order to

evaluate changes in resolution

and/or intensities. Measurement

parameters: Up-p = 700 V, Urep = +

420 V, Uextr = - 350 V, Uacc = -2.7

kV, tEI = 10 ms, ttrap = var. ms, tde-

lay = 1.0 μs, UBias = - 132 V, US2 = -

132 V, US3 = - 190 V, Ifilament = 2.5

A, p3 = 1 x 10-6 mbar, UMCP = - 2.25

kV, Ttube = 120 °C.
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trapping was extended over 30 ms. After 80 ms, a nicely resolved isotopic pattern is

observed showing three separated peaks. The one at 9.50 μs flight time changed most

if compared to 1 ms trapping duration. If buffer gas had been applied, a shift towards

shorter trapping duration would have been expected before all three peaks were

nicely resolved. In summary, a trapping duration of about 40 - 60 ms seems to be most

promising in terms of ion abundance and resolution, if a temporal distribution of

transported material of about 20 - 30 ms is to be expected.

7.13.4 Influence of ionization duration on ion abundance

The length of ionization is a a key parameter within this study. It should, naturally,

match again the temporal distribution of transported material. The start of the ioniza-

tion must be triggered a bit before the end of the dead time and its duration has to

exceed the falling edge of incoming neutral material up to a time that most of the

material can be ionized. We defined the stopping time of ionization to be at a base

width where the peak has decayed to 10% of its original value. That ensured a not too

long ionization duration (fragmentation!) but also allowed to ionize most of the

incoming neutrals.

The results shown in Figure 7.13.8 are misleading since during ionization, fresh sam-

ple was permanently entering the ion trap, even if EI duration was set as long as 100

ms. In other words, we used constant and not pulsed sampling. For the data shown

below, however, a constant trapping duration of 20 ms was kept constant. While the

peak at m/z = 77 reached a plateau after 25 ms of ionization, the one at m/z = 157 dis-

Figure 7.13.8: Series of mass tran-

sients of bromobenzene at various

EI ionization durations vs. flight

times. Measurement parameters:

Up-p = 700 V, Urep = + 420 V, Uextr

= - 350 V, Uacc = -2.7 kV, tEI = var.

ms, ttrap = 20 ms, tdelay = 1.0 μs,

UBias = - 132 V, US2 = - 132 V, US3 =

- 190 V, Ifilament = 2.5 A, p3 = 1 x 10-

6 mbar, UMCP = - 2.25 kV, Ttube =

120 °C.
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played a slow but constant increase. Here, clearly the effects of amplified fragmenta-

tions of m/z = 157 are depicted. The peak intensity at m/z = 77 soon reached a value

where preamplifier saturation happened, thus the true behavior of that signal remains

hidden. But a second look at the series of spectra also reveals new and small peaks

emerging around m/z = 77. These are also clear indications of an increased fragmenta-

tion. If a pulsed source were applied, it may be reasonably expected that the intensity

of m/z = 157 would very soon drop down to levels below detection limits. An over-

expanded ionization duration was thus to be avoided. Keeping the value for the tem-

poral distribution of transported material of about 20 - 30 ms in mind, a total ioniza-

tion duration of similar length or even slightly shorter should be reasonable.

The influence of a buffer gas on the ion abundance as a function of ionization duration

and rf amplitude is shown in Figure 7.13.9. In the upper graph, 700 Vp-p trapping

potential was applied as in all experiments presented before in this section. While the

signal at m/z = 77 increased constantly, the signal at m/z = 157 peaked at 20 ms ioniza-

tion duration. A different picture was obtained when 1100 Vp-p trapping potential

was applied (lower graph). Already after 5 ms EI the m/z = 157 signal was so high that

Figure 7.13.9: Series of mass tran-

sients of bromobenzene at various

EI ionization durations vs. flight

times. This time with the addition

of He buffer gas (1 x 10-6 mbar).

Trapping amplitude varied also,

Up-p = 700 V (top graph) and Up-p

= 1100 V (bottom graph) Measure-

ment parameters: Urep = + 420 V,

Uextr = - 350 V, Uacc = -2.7 kV, tEI =

var. ms, ttrap = 20 ms, tdelay = 1.5

μs, UBias = - 132 V, US2 = - 132 V,

US3 = - 190 V, Ifilament = 2.5 A, p3 =

1 x 10-6 mbar, UMCP = - 2.25 kV,

Ttube = 120 °C.
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preamplifier saturation was reached. This got even worse when longer ionization was

done. The signal of m/z = 157 transformed to almost rectangular shape. On the other

hand, the signal of m/z = 77 increased only slightly and never reached preamplifier

saturation. This is now clearly an effect of trapping window. With the raise from 700

Vp-p to 1100 Vp-p trapping potential the trapping was shifted in favour of higher

masses. The bromobenzene molecular ion was now efficiently trapped now while its

major fragment was close to the low-mass cut-off and thus was not efficiently

trapped. Again, the buffer gas He demonstrated superior effects on trapping effi-

ciency.

7.13.5 Influence of extraction delay on ion abundance and resolution

In past experiments, we found that the delay between rf clamp-down and HV-extrac-

tion of the previously trapped ion packages significantly affected the mass resolution

as well as the ion signal intensity. For the series of bromobenzene transients shown in

Figure 7.13.10, trapping (60 ms) and ionization duration (10 ms) was kept constant.

Best results in terms of resolution and intensity were achieved with a delay of 1.0 μs.

As will be seen in Figure 7.13.11, best values for intensity and resolution are reached

Figure 7.13.10: Series of mass tran-

sients of bromobenzene, m/z = 157,

at various extraction delays vs.

flight times showing magnifica-

tions around the molecular ion sig-

nal in order to illustrate minute

shifts in flight times. Measurement

parameters: Up-p = 700 V, Urep = +

420 V, Uextr = - 350 V, Uacc = -2.7

kV, tEI = 10 ms, ttrap = 60 ms, tdelay

= var. μs, UBias = - 132 V, US2 = -

132 V, US3 = - 190 V, Ifilament = 2.5

A, p3 = 1 x 10-6 mbar, UMCP = - 2.25

kV, Ttube = 120 °C.
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having a delay of 1.4 - 1.5 μs. To find an explanation for this behavior one must be

aware that turning off the rf generator is not an abrupt process. Rather, the rf decays

within 1 - 2 oscillation cycles. Depending on the phase of rf turn off, the trapped ions

experience either an acceleration or deceleration from the remaining oscillating field.

While an acceleration usually results in a wider spatial distribution (= decreased reso-

lution and intensity), the deceleration yields a further concentration of the ion cloud

(= increased resolution and intensity).

7.13.6 Influence of rf amplitude on the trapping window

In order to trap a specific m/z most efficiently the rf amplitude has to be set accord-

ingly. Since anthracene (m/z = 178) is the analyte we selected for future laser ablation

experiments for both far-field and near-field experiments, trapping parameters had to

be found for this mass-to-charge ratio. 

Again, bromobenzene was used due to its advantageous handling and sampling

properties (in contrast to anthracene) as well as due to its mass which is close to that

of anthracene. The series of bromobenzene transients in Figure 7.13.12 show a maxi-

mum intensity for a trapping potential Up-p of 900 - 1000 V, so we expect an even

higher potential for anthracene. At potentials well above these settings the molecular

ion is still well trapped but the LMCO prevents recording of fragmentation patterns at

lower masses, thus chemical information is lost for structural determination if

unknown samples are measured.

Figure 7.13.11: Series of mass tran-

sients of bromobenzene at various

extraction delays vs. flight times.

Measurement parameters: Up-p =

1100 V, Urep = + 420 V, Uextr = - 350

V, Uacc = -2.7 kV, tEI = 10 ms, ttrap =

60 ms, tdelay = var. μs, UBias = - 132

V, US2 = - 132 V, US3 = - 190 V, Ifila-

ment = 2.5 A, p3 = 1 x 10-6 mbar,

UMCP = - 2.25 kV, Ttube = 120 °C.
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In the previous spectra, He buffer gas was added via the CI gas line directly fitted to

the ion trap. It affected the trapping behavior of analyte ions but did not have any

effects on transport through the ambient sampling interface. To test this more thor-

oughly, the bromobenzene vessel was cautiously flushed with He gas and the bro-

mobenzene-He gaseous mixture was sampled. For comparison, a similar experiment

was done with nitrogen instead of He. Both mass spectra obtained with this method

are shown in Figure 7.13.13.

An immense increase in ion abundance of almost a factor of five is noticed when peak

areas are compared. Once again, He demonstrated its outstanding behavior as carrier

and buffer gas. Nevertheless, one constraint exists. It was observed in earlier head-

space sampling experiments that the distance between analyte (if liquid) and the sam-

Figure 7.13.12: Series of mass tran-

sients of bromobenzene at various

rf potentials vs. flight times. A shift

in the mass trapping window is

displayed. Measurement parame-

ters: Up-p = var., Urep = + 420 V,

Uextr = - 350 V, Uacc = -2.7 kV, tEI =

10 ms, ttrap = 20 ms, tdelay = 1.0 μs,

UBias = - 132 V, US2 = - 132 V, US3 =

- 190 V, Ifilament = 2.5 A, p3 = 1 x 10-

6 mbar, UMCP = - 2.25 kV, Ttube =

120 °C.

Figure 7.13.13: Comparison of the

molecular ion abundance of bro-

mobenzene if measured with (top)

and without He carrier gas (bot-

tom). Measurement parameters:

Up-p = 1300 V, Urep = + 420 V, Uextr

= - 350 V, Uacc = -2.7 kV, tEI = 10

ms, ttrap = 60 ms, tdelay = 1.5 μs,

UBias = - 132 V, US2 = - 132 V, US3 =

- 190 V, Ifilament = 2.5 A, p3 = 1 x 10-

6 mbar, UMCP = - 2.25 kV, Ttube =

120 °C.
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pling capillary had an effect on measured ion abundance. The vapor phase

concentration was not constant within the sample vessel. Although the flow of both

flushing gases was controlled with a mass flow meter, minor differences in sampling

distance could not be ruled out as a source of measurement errors. However, the use

of a carrier gas different from ambient air, He, is clearly advantageous. As a by-prod-

uct of this experiment a successful attempt of ionization, accumulation and mass mea-

surement of He as analyte gas could be done as depicted in Figure 7.13.14. This is the

final proof that the ion trap is capable of measuring the full mass-to-charge range of 4

- 640 Th. The trick was to lower the trapping rf accordingly and, more importantly, to

reduce trapping duration down to a few hundreds of microseconds only.

7.13.7 Laser ablation of anthracene

In order to yield optimum signal intensity for laser ablation sampling of anthracene,

we switched to the 2nd skimmer sampling method. Since we often faced saturation of

the preamplifier in the experiments shown, we decided to abandon the preamplifier

for this experiment while accepting a loss in signal gain by a factor of 100 (40 dB).

Only then we were capable of directly comparing the signal height of laser ablated

anthracene with and without the application of He gas for the push-pull sampling

method (see Figure 7.13.15).

In contrast to all measurements done before, the triggering and timing scheme was

altered as well. The usual cycle time of 400 ms was reduced to only 80 ms (20 ms EI

and 50 ms trapping duration and additional 10 ms for the recovery of the rf amplitude

after rf turn-on). This increased the HV pulse rate and thus the transient sampling rate

by a factor of five. As a consequence, the overall cycle timing would then become 25%

Figure 7.13.14: Successful attempt

of ionizing and trapping He. Mea-

surement parameters: Up-p = 78 V,

Urep = + 420 V, Uextr = - 350 V, Uacc

= -2.7 kV, tEI = 3 ms, ttrap = 100 μs,

tdelay = 1.0 μs, UBias = - 132 V, US2

= - 132 V, US3 = - 190 V, Ifilament =

2.5 A, p3 = 7.4 x 10-6 mbar, UMCP =

- 2.25 kV.
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instead of 5% in earlier experiments. If peak areas are compared, the ion abundance

(10.15 μs = m/z 178) with He push gas is about three times higher than in the spectra

recorded without He push gas. The intensity of fragment ion peaks is much higher in

the spectra with He push gas. Again, this is due to the buffer gas effect of He. The

intensity of the m/z = 178 peak was measured to be 58 mV (without preamplifier)

while the S/N was determined to be 96.

7.13.8 SIMION simulations - part III

The unsuccessful attempt of injecting externally formed ions as well as the unex-

plained behavior of ion signal intensity vs. potential applied onto skimmer and AT™

steel tubing asked for SIMION simulations in greater detail. To simulate the current

setup with radial ion/neutral introduction, SIMION geometry files had to be created

in 3D geometry build-up language, since the tubing entering the ion trap through the

Figure 7.13.15: Showing two laser ablated anthracene spectra from IT/TOF-MS measure-

ments with inlet sampling method (average of 5 single transients) after application of 5

laser pulses at 2 kHz repetition frequency. a) with application of He gas in push-pull sam-

pling method. b) without He. No preamplifier was used for these measurements! Mea-

surement parameters: Up-p = 1400 V, Urep = + 420 V, Uextr = - 350 V, Uacc = -2.7 kV, tEI = 20

ms, ttrap = 50 ms, tdelay = 1.4 μs, UBias = - 122 V, US2 = - 132 V, US3 = - 190 V, Ifilament = 2.5

A, p2 = 4.4 x 10-1 mbar, p3 = 5.7 x 10-6 mbar, UMCP = - 2.25 kV, Ttube = 170 °C, FS capillary,

24 cm, 250 μm i.d.
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ring electrode caused a reduction of the former highly cylindrical symmetry. This

complicated the geometry build-up, and slowed down the simulations remarkably.

See Appendix A.

It is clear and impressively demonstrated in Figure 7.13.16 that a metal tube piercing

the ring electrode (and not being on the same rf oscillating but rather at some static

potential) introduces a reduction in the symmetry of the quadrupolar trapping field

within the quadrupole ion trap. This break in symmetry is the true reason why the

signal intensities in Figure 7.13.5 depend on the various potentials applied onto the

tubing. With a negative potential ion abundance detected on the MCPs dropped fast

to lower levels if not vanished completely. The simulation of electron introduction

into an ion trap revealed an electron velocity of approximately 6600 mm/μs. Thus, an

electron needs about 1.5 x 10-3 μs to pass the z-length of the trap. Thus, for the elec-

tron, the oscillating rf (1 MHz) seems to be static rather than dynamic during this

Figure 7.13.16: Break of the qua-

drupolar trapping field symmetry

by the tubing entering through the

ring electrode. This symmetry

reduction can have a remarkable

effect on ion signal abundance

measured with the time-of-flight

mass spectrometer. The top graph

demonstrates the disturbance by

the ring electrode piercing inlet

tubing. Note the small shift of the

quadrupolar field towards the

tube. The black line is only a guide

to the eyes. The bottom graph

depicts the delayed extraction situ-

ation when rf has been turned off

and only the static inlet tubing

potential is present. Simulation

was performed with 0.1 mm/grid

unit density.
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short period of time. Due to that fact, a static rf potential was employed for simulation

and the ring electrode potential effect on electrons was studied, as shown in Figure

7.13.17. An attraction or repulsion effect on the electrons by the polarity and potential

applied of the inlet tubing was estimated but no indication found by simulation.

By simulation it was found that electrons got repelled by the negative rf field if the

amplitude was more then -260 V. If compared with the bromobenzene experiment of

AT™ steel tubing potential effect on ion abundance, Up-p = 700 V, all electrons during

an rf cycle at a phase angle of 213 - 327° were blocked as shown in Figure 7.13.17. In

other words, 32% of the ionization duration is ineffective for EI for this Up-p. When

the rf amplitude is increased for higher mass trapping this loss increases even more.

As for anthracene, Up-p = 1200 V, the ineffective EI duration is already 39% of total EI

duration. This behavior might partially explain why we had to apply a higher EI

potential, ≈ 135 eV instead of the usual 70 eV.

This still not explains the drop in ion abundance when higher potentials of both polar-

ities were applied onto the AT™ steel tube. To account for this yet unexplained

behavior, ion trapping was modelled for this ion trap geometry with inlet tubing

including collisional cooling effect of a buffer gas. Modelling of ion trapping using

SIMION at non-ideal vacuum conditions has been addressed by several simulation

Figure 7.13.17: SIMION simulation of electron introduction for EI. (left) positive rf amplitude allowing

the electrons to enter the ion trap and (right) negative rf amplitude blocking the incoming electrons.

The red lines indicate equipotentials of the electric field. Their curvature predict the deflections the

electrons will experience while their density indicates field strength. Measurement parameters: Up-p =

200 V (right) and Up-p = - 700 V (left), UBias = - 135 V, US2 = - 130 V, US3 = 0 V (gate).
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studies [72, 95, 115-118]. Accounting for the buffer gas effect (reduction of ion energy

by collisions with a light gas) was done by many methods, starting from a simple vis-

cous effect (dampening of ion motion), to models using static buffer gas behavior with

hard sphere collisions, to dynamic buffer gas behavior (statistical diffusion simula-

tion) and a hard sphere elastic ion-neutral collision model by Manura. Among these,

the static buffer gas model of hard sphere collisions with probability according to

mean-free-path [95] was taken and modified to fit for our ion trap geometry. 

The reason for the inlet tubing potential dependence on ion abundance measured

with TOF-MS is apparent when taking a closer look on the results of a simulation as

depicted in Figure 7.13.19: 

The slight shift in quadrupolar trapping field is mirrored by the ion cloud (in red)

which is also shifted a bit out of the center of the ion trap, away from the inlet tubing

that was held at a potential of + 70 V. The ion cloud in Figure 7.13.19 represents the

ion trajectories of the last 10 μs of the 10 ms during simulation. And this cloud is defi-

nitely off-axis. Though the off-centering might not be drastic, part of the ion cloud

Figure 7.13.18: SIMION simulation 3D represen-

tations of electron introduction for EI. The red

lines indicate equipotentials of the electric field.

(top) Section through the EI source and quadru-

pole ion trap showing the beam of electrons

being focussed though the orifices in the EI

source plates and passing the ion trap to be

intersected with neutrals entering through the

inlet tubing piercing the ring electrode.Up-p = +

100 V, UBias = - 135 V, US2 = - 130 V, US3 = 0 V.

(bottom) Potential energy surface of SIMION

demonstrating the electrons being accelerated in

the EI source and then being decelerated and

finally repelled by the negative potential within

the ion trap. Up-p = -260 V, UBias = - 135 V, US2 =

- 130 V, US3 = 0 V. 
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will obviously miss the MCP detector, when ejected for TOF-MS analysis. Thus, a less

intense ion signal is recorded or alternatively the off-centered ions may miss the

extraction aperture in the end cap and die gracefully on the extraction end cap when

the IT/TOF-MS instrument is switched from trapping to TOF mode. For the negative

polarity of the inlet tubing (data not shown), a similar behavior of the stored ion cloud

was found with a slight shift towards the inlet capillary due to its negative potential.

If we now have a second look at Figures 7.13.5 and 7.13.16, it becomes obvious why

highest ion abundance was found at an inlet tubing potential of about + 15 V. Figure

7.13.16 demonstrates a slight shift of the quadrupolar trapping field towards the inlet

tubing and Figure 7.13.5 shows a shift of the ion cloud away from the inlet tubing (at

+ 70 V potential). Thus, the + 15 V must be exactly the “right“ potential at which both

effects are compensated; there, the ion cloud oscillates in the center of the ion trap.

The situation during the delay between rf turn-off and HV pulsing was not investi-

gated in these simulations, but it is safe to expect a further contribution.

In order to simulate whole cycles of ion trapping and ejection of trapped ions with

delayed extractions (tdelay, time between rf turn off and HV turn on), a further modifi-

Figure 7.13.19: SIMION simulation of the trapping behavior of an ion cloud of bromoben-

zene ions (m/z = 157) after 5 ms trapping duration with collisional cooling effect simulated

by hard sphere model and collision probability accounted for by mean-free-path at 10-5

mbar. The top view is through the right end cap hole (extractor) while at the bottom, a sec-

tion through the ion trap is shown from above the same end cap. Simulation parameters:

Up-p = 700 V, Urep = 0 V, Uextr = 0 V, Utube = + 70 V, ttrap = 10 ms.
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cation of the trapping program had to be done. Additionally, the simulation of colli-

sional cooling (buffer gas effect) reducing energy of the ions stored in the trap was

also included in the simulation. This buffer gas effect was compared to another pro-

gram, ITSIM [119], specialized on ion trapping simulation. To the best of our knowl-

edge, SIMION simulations of ion trapping, including buffer gas effect, combined with

time-of-flight mass spectrometry have not yet been published. As the only publication

found, Wilhelm and coworkers addressed in 1996 TOF ejection of ion packages after

trapping in a quadrupole ion trap. He claimed a low resolution yielded, although a

reflectron was included in the simulations. This, because of the high initial energies of

the trapped ions, since no buffer effect gas was simulated [120]. To fill this gap, we

here present a study of ions stored for several ms within a quadrupolar field, colli-

sionally cooled by a buffer gas and delayed extracted into a time-of-flight mass spec-

trometer. In all IT-TOF-MS simulations shown so far, the trapping of ions was

neglected and a rather artificial static ion distribution was chosen. But in real, the ions

have different starting positions and acceleration vectors. Thus, the ion distribution

was simulated by trapping simulation and ion extraction was now done out of an ion

trap that was running until HV potentials were applied (with a short break in

between to account for the delayed HV pulsing). So time- and space-lag were now

also included into the TOF-MS trajectory simulation.

In contrast to the real experiment, trapping time was chosen as 5 or 10 ms only and

extraction was delayed by 1.4 ms after the rf was turned of. To compensate for the

short trapping time, the buffer gas influence was slightly raised (lower mean-free-

path (mfp), 6.5 x 102 mm as for a pressure of 10-4 mbar). This pressure is actually rea-

sonable if not even an underestimate for the buffer gas effect, since buffer gas pres-

sures in ion traps are usually 1 mtorr (≈ 1 x 10-3 mbar) [121]. We found best ion

abundance at pressures close to 10-6 mbar, but the true pressure within the ion trap

must be taken into account and this is estimated to be 10 to 50 times higher than indi-

cated by the cold cathode. So we end up at 10-5 - 10-4 mbar as real pressure in the ion

trap. This is rather close to the value we used for simulations. Employing these con-

siderations, ion trajectories and flight times could be simulated in combination with a

more realistic ion cloud distribution as starting conditions for TOF-MS. The results

are shown in Figure 7.13.20. 
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Not unexpected, the ion trajectories were not as well focussed onto the detector as

when we used a static initial ion distribution for simulation. Some of the ions even hit

the extractor end cap electrode and those surviving ejection seemed to be much less

compact. Thus, the resolution became much worse than predicted by simulations

with a static ion distribution. On the other hand, the experiments are compatible with

a rather narrow ion distribution as starting conditions and so it must be concluded

that the collisional cooling models employed did not accurately match reality. This

was especially true for the one with static buffer gas collisional cooling accounting for

the mean-free-path. The simpler damping model predicted a much denser ion cloud

and thus, resulted in a better focussed ion beam. Note that trapping duration was

shortened in contrast to the real experiment what partially could explain the low

accuracy of the collisional model. The damping model simply overestimated the

buffer gas effect. However, a certain buffer gas effect could be simulated since the ion

Figure 7.13.20: SIMION simulations of whole IT-TOF-MS cycles. Trapping behavior of an

ion cloud consisting of 50 anthracene ions (m/z = 178) was simulated for 5 and 10 ms trap-

ping duration with collisional cooling effect by a hard sphere model with collision proba-

bility accounted for by mean-free-path at 10-4 mbar (first two) and for the much simpler

drag model using a damping mechanism to simulate buffer gas cooling (10 ms). The bot-

tom graph shows again the damping simulation but dots instead of trajectories were

drawn to illustrate the ions distribution and spread during TOF. Simulation parameters:

ttrap = 5 or 10 ms, Up-p = 1200 V, Urep = + 420 V, Uextr = - 350 V, UTOF = -2.7 kV, pbuffer gas

= 1 x 10-4 mbar or a mean-free-path of 6.5 x 102 mm, respectively.
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cloud at the very beginning of simulations was much more spacious. Use of a more

sophisticated model for collisional cooling might be more accurate, but for sure even

more demanding in terms of computation power.

Comparing the ion distribution of the ion cloud with more sophisticated ITSIM soft-

ware, which is limited to ion trap simulations only, it was found that the SIMION sim-

ulations with the somewhat less realistic hard-sphere collisional cooling model and

the damping model agreed reasonably well. For demonstrations, ion cloud distribu-

tions after 0.5 and 20 ms simulation duration with ITSIM are presented in Figure

7.13.21 and Figure 7.13.22.

A similar picture of ion dislocation and kinetic energy compared to trapping duration

of 0.5 and 20 ms, respectively, is observed in Figure 7.13.23.

Note the different size of the ion clouds when stored for 0.5 or 20 ms, respectively.

This is not only true for the ion distribution in the x-z plane but also in the x-y plane. It

is apparent that ions ejected into the TOF after 20 ms trapping duration will have

Figure 7.13.21: ITSIM simulation of the trapping behavior of an ion cloud of anthracene

ions (m/z = 178) after 0.5 ms trapping duration with collisional cooling effect simulated by

hard sphere model and collision probability accounted for by mean-free-path at 10-4 mbar.
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much less spread on the detector, as demonstrated with the combined IT-TOF-MS

simulations in Figure 7.13.20. The same conclusions can be drawn when analyzing the

graphs in Figure 7.13.23..

Figure 7.13.22: ITSIM simulation of the trapping behavior of an ion cloud of anthracene ions (m/z = 178)

after 20 ms trapping duration with collisional cooling effect simulated by hard sphere model and colli-

sion probability accounted for by mean-free-path at 10-4 mbar.

Figure 7.13.23: ITSIM simulation of the properties (x, z positions, kinetic energy) of 100 anthracene ions

after 0.5 ms (left) and 20 ms (right) trapping duration with collisional cooling effect simulated by hard

sphere model and collision probability accounted for by mean-free-path at 10-4 mbar.
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At the beginning of trapping, the kinetic energy (KE) of the ions is rather high (ini-

tially, 1 eV was taken as starting value for the ion energy) but after 20 ms trapping

and cooling, the ion’s kinetic energy was clearly reduced as well as the amplitudes of

the x,y,z displacements as well.

An interesting side effect was noticed and was confirmed when the oscillations of the

ion cloud were compared with SIMION (in the potential energy surface view). The

cloud oscillates according to the oscillating rf field and this oscillation is illustrated

best in ITSIM’s z position trace. The trick is now to extract the ions at the very moment

when they are mostly compressed. This is accounted for in the experiment by phase-

adjusted extraction and the short delay time. Unfortunately, ITSIM does not allow to

extract ion parameters for further use in a TOF-MS experiment. This would result in

an accurate IT-TOF-MS simulation. Nevertheless, if simulations of ion traps combined

with time-of-flight mass spectrometers are desired, SIMION is the only alternative.

Though time consuming both to learn and to do, SIMION simulations have become a

versatile tool to predict ion trajectories and to reveal and help explaining traps and

stumbling blocks hidden within the vacuum enclosure of an ion trap/time-of-flight

mass spectrometer.
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7.14 Summary

During the course of our work, significant changes of the instruments’ setup were

necessary. In order to summarize them comprehensively, we have created a story

board table (see table 7.6). it shortly describes the stepwise optimization of the ambi-

ent sampling interface, and the feasibility studies for later SNOM-MS experiments.

Type of mass 
spectrometer

Type of ambient sampling 
interface

Major achievements

QMS

02/2000

Suction tube Recording of the evolution of single mass tran-
sients of nitrogen (m/z = 28) upon individual
near-field laser ablation events with 200 nm
spot size.
Basic SIMION simulations, bipolar extraction
and ion beam focussing studies.

break break break

CIT-TOF-MS,

02/2004

Suction tube with in-line sam-
ple introduction through end
cap.

Time-of-flight mass transients of SF6, methane
and nitrogen and its fragmentation patterns.
Resolution R = 51.

CIT-TOF-MS

06/2004

Suction tube with radial sam-
ple introduction through cylin-
drical ring electrode.

Ion trap and TOF in separate vacuum compart-
ments.
Time-of-flight mass transients of bromoben-
zene, toluene and FC-43.
Trapping up to m/z = 502 Th. First TOF calibra-
tion. Resolution R = 186.

QIT-TOF-MS

03/2005

Doubly pumped, single noz-
zle-skimmer stage pressure
reducing cross.
Asymptotic sample introduc-
tion, through spacer.

Self-CI mass spectrum of methane. EI/CI mass
spectra of aniline with resolution R = 165.
Optimization of resolution with styrene (m/z =
104). Resolution of R = 297.
Buffer gas effect (methane) on mass trapping
window with aniline demonstrated, sensitivity/
detection limit determined to be 52 ppmv.

QIT-TOF-MS

08/2005

Twofold differentially pumped
pressure reducing interface
using two nozzle-skimmer
stages.
Asymptotic sample introduc-
tion.

Mass spectra of far-field laser ablated anthra-
cene with resolution of R = 154 performed.
Enhanced accuracy TOF calibration.
Memory effect repaired.

QIT-TOF-MS

01/2006

Modified twofold differentially
pumped pressure reducing
interface for external ion gen-
eration.
Asymptotic sample introduc-
tion.

Alternative ionization methods unsuccessfully
tested.
Alternative sampling devices constructed and
unsuccessfully tested.
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As the table impressively shows, the major challenge was the development of a sam-

pling that fulfills two requirements: effective sampling and transport of ablated mate-

rial while simultaneously obtaining a reduction in pressure from atmospheric down

to high vacuum conditions of a TOF mass analyzer.

QIT-TOF-MS

02/2006

Modified twofold differentially
pumped pressure reducing
interface for external ion gen-
eration.
Asymptotic sample introduc-
tion.

Evaluation of flow through 2nd skimmer orifice
and enrichment factors of one/two nozzle-skim-
mer stages determined.
Feasibility of SNOM-MS evaluated.

QMS

03/2006

3 different sampling meth-
ods: Inlet, 2nd skimmer and
direct sampling.
Asymptotic sample introduc-
tion.

Determination of dead- and transit times of
pulsed source gaseous analytes as well as of
far-field laser ablated anthracene.
2nd skimmer sampling seems to be most prom-
ising.
Spread of transported material is only a few
tens of milliseconds.

QIT-TOF-MS

04/2006

Modified twofold differentially
pumped pressure reducing
interface for external ion gen-
eration.
Asymptotic sample introduc-
tion.

Evaluation of ion abundances vs. pressure in
the IT-TOF-MS.
Feasibility studies for later SNOM-MS via evalu-
ation of ion signal intensities on MCP detector.
Found was a minimum of ≈ 5 successfully
trapped and detected ions to be necessarily
remaining (out of 106 ablated, sampled, trans-
ported and EI ionized).
Evaluation of ion signal intensities for later
SNOM-MS experiments by extrapolating experi-
mental data, also accounting for losses during
transport and ionization. Prediction of ≈ 12 mV
ion signal for single shot laser ablation in the
near-field.
Enhanced sensitivity/detection limit determined
to be < 9 ppmv using 2nd skimmer sampling
method.

QIT-TOF-MS

05/2006

Modified twofold differentially
pumped pressure reducing
interface for external ion gen-
eration.
Radial sample introduction,
through ring electrode.

Evaluation of trapping and ionization duration,
extraction delay and rf amplitude as well as
helium buffer gas effect on the ion abundance
and on the resolution.
SIMION and ITSIM simulations on ion storage,
ejection and TOF-MS of previously buffer gas
cooled and trapped ions.
Far-field laser ablation of anthracene with highly
enhanced signal intensity due to parameter
optimization according to the former evalua-
tions.

Table 7.6: Summary of the stepwise instrument development and optimization of the ambient sam-

pling interface.

Type of mass 
spectrometer

Type of ambient sampling 
interface

Major achievements
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The present chapter starts with our final experiments on near-field laser ablation: the

SNOM tip not only acts as probe to get topological information, but also laterally con-

fines the laser source. We then combine our results with the ambient mass spectrome-

ter whose development has been previously described. The mass spectrometer, a

combination of ion trap and time-of-flight mass analyzer is used to store, accumulate

and analyze the material formerly ejected by the ambient pulsed laser irradiation and

then transported through the interface into vacuum environment.

This finally leads to “mass spectra per image pixel”, thus showing the proof of princi-

ple for our combination of high lateral imaging resolution with chemical information,

i.e., SNOM-IT/TOF-MS.

Partially adapted from:

R. Zenobi, T. Schmitz, P. D. Setz, US Patent Application, 28 Feb. 2005
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8.1 SNOM measurements and near-field laser ablation

For our SNOM experiments, we employed tapered and metallized optical silica fibers

as light-guiding probes. In principle, the use of such probes not only allows to gain

topographical but also chemical informations, e.g. via Raman spectroscopy. For the

ambient SNOM-MS project, these fiber tips are used as highly confined pulsed laser

light sources having aperture dimensions down to 100-150 nm [1]. This can be

regarded as a lower boundary for the lateral resolution in SNOM-MS. 

8.1.1 SNOM probe fabrication for ambient SNOM-MS

Taper Formation: Tube-Etching

To produce SNOM probes with such small aperture dimensions that still exhibit max-

imum optical intensity at the tip apex a highly reproducible and efficient fabrication

method called “tube-etching” has been developed and intensively studied in our labs

giving access to excellent tip quality in terms of taper angle and smoothness of the

etched glass. The results of these studies are summarized elsewhere [2]. The forma-

tion of tapered tips is based on the chemical etching of single-mode silica fibers within

its polymer coating as depicted in Figure 8.1.1. 

In short summary, a batch consisting of 8 silica fibers (fiberguide, SFS50/125Y) were

usually dipped for 120 min. into 40% hydrofluoric acid. An organic overlayer (e.g. iso-

octane) was used to protect the fiber mounts from the corrosive HF vapor. The poly-

mer coatings at the tapered region of the SNOM tips were no longer of use after termi-

nation of etching and thus were removed by exposing the fibers to hot (120°C - 140°C)

concentrated sulfuric acid for 15 minutes. After thoroughly washing in H2O and

Figure 8.1.1: Schematic of “tube-

etching“, the method used for

taper formation. Adapted from [2]
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EtOH to remove residual traces of pyrolyzed coatings and H2SO4, the tips were

finally dried over night in a desiccator prior to metallization. 

Metallization & Aperture Formation

To prevent the light from leaking through the tapered sidewalls of the tip as well as to

create a well defined aperture a metal coating was applied. To achieve this, a so-called

adhesion-layer coating method was used. A first layer of 5 - 10 nm of Cr was depos-

ited on the bare tapered glass to increase the stability of the overall metal coating.

Consecutively, a metallization consisting of altering layers of Al and Cr with approxi-

mately 50 nm and 10 nm thickness, respectively, was sputtered onto the tapered tips

up to a total thickness of approximately 160 nm. 

The fiber batch holder was mounted in a sputter instrument in such a way that the

tips were elongated in a slightly upwards position with 25° and constantly rotated

during metal evaporation thus yielding a homogeneous metallization of the tapered

region while at the very end the tip remains uncoated because of a shadowing effect

due to the tilt. By using this method, SNOM tips can be produced. To check for qual-

ity of etching and metallization a HeNe-laser was coupled into the cleaved end of the

fibers and the tapered end of the tips was then inspected with an optical light micro-

Figure 8.1.2: Scanning electron microscopy picture of a tube-etched and metallized tip.

The left image depicts the smooth- and sharpness of the tapering while in the right image

the tips is shown from top in order to investigate the size and shape of the aperture. Note

the scale bars at the bottoms of each image.
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scope for shape and opacity. Only homogeneously coated tips that did not leak light,

except at their apex, were then further investigated by scanning electron microscopy.

Once the properties of the tapered and metallized tips were known, the tip could be

used for SNOM measurement. Therefore, the tips were glued onto the tuning forks

that were previously soldered to the circuit boards. The metallized fiber tips were

attached to a x,y,z-stage while the tuning fork (6 x 0.3 x 1.45 mm (L x W x H), 4065-

32K768, Farnell, 32.768 kHz resonance frequency) was placed under a light micro-

scope as schematized in Figure 8.1.3.

This setup allowed for micrometer precision positioning of the fiber tip with respect

to the tuning fork leg (6 x 0.3 mm). After drying overnight, the tuning forks with

SNOM tips attached were tested for their resonance frequency, amplitude and Q-fac-

tor. Only those probes with sufficient properties were then used for SNOM and near-

field laser ablation measurements.

8.1.2 SNOM measurements

In order to visualize SNOM probe generated ablation craters with submicron dimen-

sions there is a strong need for flat samples that have topographic features smaller

than the estimated spot size, i.e., smaller than the tip’s aperture. Therefore, single crys-

tals of anthracene and 2,5-dihydroxybenzoic acid (DHB) were grown by slow evapo-

ration of saturated solutions of ethanol-water (v/v 1:5) for DHB and tetrahydrofuran-

carbon tetrachloride (v/v 1:4) for anthracene. This gave crystals as large as 2 x 2 x 1

mm (DHB) and 3 x 8 x 0.2 mm (anthracene). These crystals were then glued onto

Figure 8.1.3: Micro positioning of

the SNOM fiber onto the tuning

fork. The fiber was then attached,

usually by 2 drops of fast harden-

ing glue at the base and at the leg’s

end of the fork. This ensured the

tuning fork still to vibrate at reso-

nance frequencies around 32 kHz

having sufficient high amplitude

for the feedback control.

x

y

z
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microscope slides. The crystals exhibited remarkably flat surfaces, as depicted in Fig-

ure 8.1.4  and Figure 8.1.6.

The surface flatness measured as height difference over the 1 x 1 μm scan range was

only 9 nm. This excellent smoothness of the anthracene crystals is important. A tiny

laser ablation crater of some hundreds of nm can easily be spotted and is not hidden

between hills and valleys. The ripples present in the image seem to be originated from

a vibration source with regular frequency. To test whether these ripples originated

from the sample or rather from an external vibration source, a cleaved mica sheet was

scanned for comparison. Mica, a mineral consisting of silicate layers can be easily

cleaved along such a layer. The surface of such a layer should, in principle be atomi-

cally flat. Thus, an undisturbed SNOM scan should result in a very flat surface topol-

ogy. Indeed, we received quite a flat image of that surface, but the ripples were again

present as depicted in Figure 8.1.5. 

This was the proof that the ripples were caused by artificial vibrations. It is thought

that we here see residual vibrations of the rough pumps conducted via the pumping

hoses onto the SNOM instrument. However, these ripples can probably be eliminated

using some of the imaging software features. As for the DHB sample, the image

looked a bit different. Larger structures of bumps are displayed (overlaid by the

smaller ripples also present). But again, surface roughness was low, only 26 nm in 2.5

Figure 8.1.4: SNOM topography image of an anthracene crystal. Scanning range was 1 x1

μm. Over this range a height difference of only 9 nm could be sensed.
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x 2.5 μm scan range. Both samples, the anthracene and DHB crystals are thus good

candidates for laser ablation studies with SNOM tips. 

8.1.3 Near-field laser ablation experiments

Pulsed laser ablation experiments in the near-field using SNOM tips have been per-

formed earlier in our group proving the feasibility of SNOM probe based laser abla-

tion/desorption [3, 4]. Already in 2000 Kossakovski and coworkers [5] investigated

the possibility of laser-induced breakdown spectroscopy (LIBS) applying SNOM

probes as highly confined laser sources. Later, Hergenröder [6] demonstrated the fea-

sibility of LIBS on a brass sample. Nano-structuring via apertureless SPM probe laser

ablation of metals has already been demonstrated in 2003 by the group of Grigor-

Figure 8.1.5: SNOM topography image of a cleaved mica sheet. crystal. Scanning range

was 1 x1 μm. Over this range a height differences of only 5 nm could be sensed.

Figure 8.1.6: SNOM topography image of a DHB crystal. Scanning range was 2.5 x2.5 μm.

Over this range a height differences of only 26 nm could be sensed
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opoulos [7] and, more recently, similar experiments via laser ablation through SNOM

fibers was demonstrated on thin metal films [8].

Instrumentation

A commercial scanning near-field optical microscope (Lumina, Veeco) was used as a

scanning platform. The light of either a nitrogen laser (337 nm, 20 Hz, 5 -7 ns pulse

width) or a DPSS Nd:YAG laser (355 nm, 2kHz, Triton, Spectra-Physics) was attenu-

ated and focussed onto a freshly cleaved fiber. This fiber was then coupled via a fiber

splicer (CamSplice assembly tool from Siecor) to the near-field optical probe. A neu-

tral-density filter (for the nitrogen laser) or direct power control via software (for the

DPSS Nd:YAG laser) allowed to control the pulse energy, approximately 100 μJ/

pulse, coupled into the fiber. Part of the light reflected by a microscopy glass slide

onto a photo diode was recorded with the oscilloscope (LC584A, LeCroy) and used as

trigger. Fibers fabricated as described in 8.1.1 have been shown to withstand up to 250

μJ/pulse of incoupled laser light [9] and to emit up to 0.1 - 1% of the incoupled light

[4]. Thus, a pulse energy of ≈ 300 nJ can be estimated to exit the aperture of a SNOM

probe. Scanning can be done either by sample or by tip scan. Due to effective sam-

pling and precise position requirements, sample scans were usually performed.

Results

For SNOM laser ablation experiments, the surface of interest was scanned first to get a

topology image before any laser was acted upon. Then, the SNOM tip was manually

set to a point were laser ablation should be performed later. This is indicated in Figure

8.1.7, where a black cross is set into the middle of a previously scanned area.

After SNOM laser ablation, the effect of laser irradiation on the surface was probed by

another scan of the same area in order to compare and analyze the topology and to

find out if SNOM laser ablation was successful. An example of such a SNOM laser

ablation is demonstrated in Figure 8.1.8.

Laser irradiation could have a huge impact on surface morphology as is demon-

strated in Figure 8.1.8. Before laser application the surface was flat and smooth but

after laser irradiation it appeared bumpy and rough. Also, a large crater was formed.
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For this experiment a broken SNOM tip having an aperture of about 4 μm was used

for a first test to prove principle of SNOM laser ablation with the nitrogen laser.

Figure 8.1.7: Screenshot of SPMLab showing positioning of the SNOM probe to the loca-

tion indicated by the black cross.

Figure 8.1.8: SNOM topography image of an anthracene sample before (top) and after

(bottom) laser ablation with 10 single laser pulses. Scan range was 10 x 10 μm.
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The next experiment was again done on anthracene. SNOM laser ablation applying 3

single laser pulses only resulted in a smooth crater with ≈ 1.3 μm diameter (FWHM)

and approximately 160 nm depth as shown in Figure 8.1.9.

The rim protrudes from otherwise smooth surface, see Figure 8.1.10.

For DHB, the ablation properties were different. As previously discussed on page 145

DHB is much less volatile compared to anthracene and thus a redepositing of ablated

material around the ablation crater is expected. This behavior could indeed be

observed as shown in Figure 8.1.11. The untreated surface has a distinctive feature, a

valley. This was taken as reference to demonstrate that the images taken before and

after laser ablation were from the same scanning area. It is interesting to see how

much debris was deposited by the ablation event. The formerly “clean“ surface was

Figure 8.1.9: SNOM topography image of an anthracene sample after SNOM laser ablation with 5 sin-

gle laser pulses applied and the results of the line measurement. Crater diameter and depth were ≈ 1.4

μm and ≈ 160 nm, respectively.

Figure 8.1.10: SNOM topography

3D image of an anthracene sample

after SNOM laser ablation with 5

single laser pulses applied. Again,

the anthracene crystal was very flat

pointed out by this image.
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now partly covered with redeposited material originating from the laser ablation.

Interestingly, the debris is not distributed homogeneously but rather to the left side.

This was due to the fact that the sample was actually tilted by about 20° towards to

left side.

The transportation of laser ablated material lasted for about 4 μm (from debris crater

diameter), thus within this distance the sampling capillary should be capable of sam-

pling. 

Figure 8.1.11: SNOM topography

image of a DHB sample before

(top) and after SNOM laser abla-

tion (bottom) with 2 single laser

pulses applied only. Scanning

range was 10 x 10 μm.

Figure 8.1.12: SNOM topography image of a DHB sample after SNOM laser ablation with 5 single laser

pulses applied and the results of the line measurement. Crater diameter and depth were ≈ 1.18 μm and

≈ 300 nm, respectively.
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Another property of DHB is demonstrated in Figure 8.1.12. DHB shows sometimes a

swelling of the surface around of the ablation crater that results in a prominent rim. It

is thought that the laser energy applied on the sample was not high enough to induce

vaporization but melted the sample instead. The rim in Figure 8.1.12 looks as if a

stone was thrown into a highly viscous liquid and the resulting shock wave was

instantaneously frozen. 

The protruding rim is displayed again in Figure 8.1.13. In this illustration, the rim

sharp edges to its left side are clearly visible. Such a structure is definitely not yielded

by debris but more likely by the melting process discussed above. 

Apart of the rim, the surrounding area is undisturbed, except for the usually present

ripples. The complete structure has a dimension of about 7 μm in diameter.

The SNOM laser ablation craters shown so far are all on the order of 1 -2 μm in diam-

eter. This was thought to be a good starting point for later SNOM-MS experiments.

Smaller crater diameter were also achieved as demonstrated in the Figure 8.1.14.  

The ablation crater was quite narrow in width and also showed a small rim like the

DHB sample before (Figure 8.1.15). 

All these images demonstrate the possibility of SNOM laser ablation. As estimated in

the feasibility calculations, the craters have conical shapes rather than cylindrical

ones. Nevertheless, the challenge is now to combine both techniques in order to per-

form a real SNOM-MS experiment; doing SNOM laser ablation, sampling the plume

Figure 8.1.13: SNOM topography

3D image of a DHB sample after

SNOM laser ablation with 5 single

laser pulses applied.
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material, transport, ionize and accumulate efficiently to finally do TOF-MS. This

proof-of-principle is shown in the next section. 

8.1.4 A successful SNOM-MS experiment

Only recently, a successful SNOM laser ablation experiment in combination with IT-

TOF-MS was demonstrated in our group, see Figure 8.1.16.

To successfully perform these measurements, the 2nd skimmer sampling method was

employed since it exhibited highest signal intensities in preliminary studies. For the

experiment, an anthracene single crystal was used as sample and topographically

scanned, before SNOM-MS was performed. Figure 8.1.17. shows the characteristic flat

crystal surface. 

Figure 8.1.14: SNOM topography image of an anthracene sample after SNOM laser ablation with 5 sin-

gle laser pulses applied and the results of the line measurement. Crater diameter and depth were ≈ 630

nm and ≈ 130 nm, respectively.

Figure 8.1.15: SNOM topography

3D image of an anthracene sample

after SNOM laser ablation with 5

single laser pulses applied. Again,

the anthracene crystal was very flat

pointed out by this image.
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The fiber tip’s characteristics (coating quality and aperture size) were previously

determined by scanning electron microscopy. An aperture of about 1.5 μm was found.

Though not one of the best tips, it was a reasonable choice for a SNOM-MS attempt.

Unfortunately, the tip did not survive the laser ablation even and thus, no image scan

could be taken after successful laser ablation. However, with the probe’s aperture

known, we can guess a laser crater diameter of about 2 μm. This is not below the dif-

fraction limit, but is a good start for future SNOM-MS experiments. Efficient sampling

was crucial and for this experiment presented here, the images of two CCD cameras

Figure 8.1.16: First experimental proof of SNOM-MS. The mass spectra shown (courtesy of

T. Schmitz) are averages of 10 transients taken with bursts of 20 laser shots at 2 kHz repe-

tition rate. Measurement parameters: Up-p = 1410 V, Urep = + 420 V, Uextr = - 350 V, Uacc =

- 2.69 kV, tEI = 20 ms, ttrap = 20 ms, tdelay = 1.4 μs, UBias = - 131.5 V, US2 = - 135 V, US3 = -

190 V, Ifilament = 2.492 A, p2 = 7 x 10-2 mbar, p3 = 4.9 x 10-6 mbar, UMCP = - 2.25 kV, Ttube =

170 °C, 75% laser power.

Figure 8.1.17: SNOM topography

3D image of an anthracene sample

before SNOM laser ablation. See

text for an explanation of the very

structured and rough surface. Scan

range was 5 x 5 μm.
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(one from the Lumina instrument to observe the tuning fork and tip-sample distance

and the other one for positioning the sampling capillary in axis with the tuning fork)

were used (Figure 8.1.18).

As is apparent from the images above, the sampling capillary touched the sample and

this was actually the reason for major vibrations that were transmitted via the capil-

lary onto the scanning table. The capillary vibrated back and forth and this was finally

reflected in a very rough and wave-like structured sample surface. In reality, as

shown above, the surface is rather smooth. Even minute movements in the lab caused

major vibrations of the capillary that could also be observed on the CCD camera

screens. Such vibrations and the constant vibrations from the rough pumps heavily

affected SNOM measurements. This vibration transmittance by the capillary is yet an

unsolved problem. A mechanical stabilization of the capillary might be of some help.

Sometimes, the capillary even touched the tip and tuning fork and this is thought to

have happened after successful SNOM laser ablation. Therefore, the feedback of the

SNOM tip crashed the tip, which prevented a post laser ablation scan.

Figure 8.1.18: CCD images of the

tuning fork with attached SNOM

tip and the sampling capillary

(courtesy of T. Schmitz). The upper

picture shows a side view in order

to control sampling capillary and

SNOM tip distance. Note that the

sampling capillary has an o.d. of

350 μm. Thus, the distance

between capillary and tip is only

about 100 μm. With a capillary i.d.

of 250 μm, effective sampling

should be active as discussed

before. The lower picture shows

the image of the second CCD cam-

era (along the capillary, from

behind).
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Nevertheless, mass spectra of SNOM laser ablated anthracene could be achieved with

an anthracene signal height of approximately 65 mV and a S/N ≈ 8. This is close to the

value of 39 mV with only 10 laser shots (remember our estimation done in section

7.12.4). No push-pull method or He carrier and buffer gas was applied. A cycle time

of 400 ms was applied instead of the 80 ms. Thus, a higher scan rate could probably be

employed resulting in an increased S/N. With all these improvements it is expected to

achieve higher signal intensity and better S/N. Other prominent peaks present in the

background spectra originate from diffusion pump oil. These peaks were always

present if the oscilloscope recording channel was amplified up to mV sensitivity.

With this first demonstration of SNOM-IT-TOF-MS, we have started an optimization

process that hopefully leads in near future to first applications in combination of topo-

graphic sensing and chemical analysis with lateral resolution on the scale of a few

hundreds of nanometer only.



272

8.2 How we currently continue

In this last section, some possibilities for further instrumental improvements are pre-

sented. These ideas exist only as lab journal’s drafts; some show promising results,

other remained unsuccessful.

Detection efficiency improvements

As for the detection efficiency, the new MCPs are driven by a potential efficiency of

900 V per plate only. But these types of MCPs can be operated up to 1200 V per plate.

This should result in a further gain of signal intensity by a factor of maybe 10 - 50 [10].

Additionally, the ion-to-electron conversion efficiency influences the ion abundance,

too. This is highly dependent on the impact energy of the ions (and thus the reason

why MCPs exhibit loss in sensitivity and gain towards higher ion masses). The ion

packages in the setup presented here have an energy of about 2.6 kV only, compared

to values of 20 kV in standard TOF instruments [11]. Therefore, a lower conversion

efficiency is to be expected, or, comparatively, higher signal intensities will be yielded

if the ions are higher accelerated. This was actually done in a preliminary experiment

depicted in Figure 8.2.1 According to literature [12, 13], an increase of about 10% can

be expected when the acceleration potential is increased from - 2.7 to - 4 kV.

Anthracene was sampled out of a heated vessel in order to ensure constant sample

concentration. As for the experiments shown in Figure 7.13.15, the master clock was

reduced to 80 ms repetition rate in order to speed up transient averaging. Two mass

spectra of anthracene were taken by averaging 20 transients each but for the second

spectrum the acceleration potential was increased to - 4 kV. The mass spectrum a) in

Figure 8.2.1 was recorded with increased acceleration potential while spectrum b) was

recorded with the standard potential of -2.7 kV. It is obviously from the data, that

spectrum a) is shifted towards shorter flight times but also displays higher signal

intensities for both prominent peaks, m/z = 152 and 178. The increase in signal height

was determined to be a factor of 2. We thus expect even higher signal intensities when

the acceleration potential will be further increased. However, the high pressure in the

main vacuum chamber probably does not allow for acceleration potentials as high as

20 kV (arcing might be the result).
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Ionization efficiency improvements

The ionization efficiency of EI is inherently low, and, due to ionization during a run-

ning rf, even more reduced, since at rf phases with amplitudes lower than - 260 V, the

electrons get completely repelled. Several attempts to generate ion outside the ions

trap and to inject them upon generation were so far unsuccessful. However, ion gen-

eration in the second skimmer stage by glow discharge or by photoionization are

thought to be successful, if appropriate potentials are applied onto the inlet tubing

and a not yet existing repeller electrode positioned at the nozzle (a cylindrical elec-

trode). Preliminary SIMION simulations demonstrated the feasibility of such a setup.

Nevertheless, trapping of externally generated ions was shown to be rather inefficient

(1- 5% only), thus another idea was drafted and is presented in Figure 8.2.2. A VUV

lamp could be assembled off-axis with its focus close to the inlet tubing. All incoming

neutrals would pass the focal point and get ionized (except molecules having ioniza-

tion potentials above 10.6 eV, i.e., O2, N2, CO2). Additionally, this ionization source is

not gated but continuous, thus exhibiting a much better duty cycle. Furthermore, the

VUV irradiation does not experience any influence by the running rf, as has been

shown to be happening with EI electron injection. Also, already trapped ions

Figure 8.2.1: Showing two laser

ablated anthracene spectra from

IT/TOF-MS measurements. a) at

higher acceleration potential of 4

kV. b) at normal acceleration

potential of 2.7 kV. Measurement

parameters: Up-p = 1400 V, Urep = +

420 V, Uextr = - 350 V, Uacc = -2.7 or

- 4 kV, tEI = 20 ms, ttrap = 50 ms, tde-

lay = 1.4 μs, UBias = - 122 V, US2 = -

132 V, US3 = - 190 V, Ifilament = 2.5

A, p3 = 5.7 x 10-6 mbar, UMCP = -

2.25 kV, Ttube = 170 °C, FS capil-

lary, 24 cm, 250 μm i.d., 5 laser

pulses at 2 kHz repetition fre-

quency.
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would not be additionally excited, since the focal spot is off-axis. Therefore, ions

being trapped should exhibit less fragmentations. An EI source still could be assem-

bled on-axis to induce fragmentation by electron bombardment for structural analysis

informations in the mass spectra. With this kind of ionization an increase of ionization

efficiency of up to five orders magnitude is expected as has been previously discussed

in section 7.10.1.

Sampling efficiency improvements

Efficient sampling of the laser ablated plume material is most crucial. As we have

shown before, the sampling efficiency can be improved if a “push-pull” method is

employed in which another capillary opposite to the sampling capillary is used to

provide a constant blow of an auxiliary gas, directing the plume towards the sam-

pling capillary. The “push-pull” device as shown in Figure 7.8.3 turned out to be too

rigid and too sterically demanding for SNOM-MS applications. Thus, a series of alter-

native sampling devices have been fabricated and tested. A selection of such sampling

devices is shown in Figure 8.2.3. In graph a), a first concept of a “push-pull” device is

presented consisting of two opposite capillaries glued onto a microscope slide with an

anthracene crystal in between. This rather rigid method was soon abandoned since it

did not allow for a change of sampling spot. An ideal “push-pull” device should

always follow the scanning SNOM tip in order to ensure constant sampling efficiency.

In an ideal setup, sampling and SNOM tip were both controlled via the same piezo

transducer elements. We therefore fabricated another sampling device having the

sampling capillary parallel aligned with the SNOM tip, graph b). Graph c) shows a

microscopic top view of the same device including a SNOM fiber tip attached to the

Figure 8.2.2: Idea of a future

method to ionize incoming neu-

trals by VUV single photon ioniza-

tion. Note: the focus of the VUV

lamp is close to the inlet tubing of

the pierced ring electrode.
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tuning fork. The sampling capillary is terminated close to the tapered aperture in

order to sample laser ablated products that are generally directed perpendicular to

the sample surface. Unfortunately, this setup was so rigid that the vibrational excita-

tion of the tuning fork was highly dampened and no more feedback could be

achieved. Also, the distance between sampling capillary and SNOM tip was not small

enough and finally limited by half the SNOM tip’s and the capillary’s outer diameter,

approximately 300 μm. In order to come closer to the ablation event with the sam-

pling capillary, another approach was pursued. The sampling capillary should enter

the place of laser ablation more “from the side” in order to profit from plume expan-

sion direction as well as more effective sampling due to a decreased distance between

capillary and SNOM tip. These requirements were fulfilled as shown in Figure 8.2.4.

In graph a) a front view of this sampling device is shown. The sampling capillary is

enclosed in a metal capillary for mechanical stability and positioning reasons. This

metal capillary was attached to the board on which the tuning fork was attached as

well. Thus, the sampling capillary was controlled by the same piezo transducers and

therefore always kept its position with respect to the SNOM tip. This device allowed

Figure 8.2.3: Selection of sampling devices fabri-

cated and tested: a) a very first “push-pull”

device consisting of two opposite FS capillaries

with an anthracene crystal in between b) Capil-

lary glued directly onto the tuning fork, right

next to the SNOM fiber tip, and c), microscopi-

cally magnified top view of the same device as

in b), but this time with a SNOM tip attached to

the tuning fork. Note: the tuning fork is 400 μm

in width.

a)

b)

c)
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for much larger sampling capillaries (= improved efficient suction range) as depicted

in graph b), showing a microscopic image from top of the same device including a

SNOM fiber tip. The capillary had an i.d. of 320 μm. With this kind of device, the tun-

ing fork’s vibration was unhindered.

A last development of these so-called on-board sampling devices also included

“push-pull” sampling methods. A sampling capillary was fixed on-board, as was a

“push-gas” capillary attached opposite to the sampling capillary. Additionally, the

sampling tube could be heated to suppress clogging and long-term adsorption of

ablated and sampled material on the capillary walls. All this is presented in Figure

8.2.5. Graph a) shows a front view of this all-on-board sandwich sampling device

while graph b) depicts a magnified microscopic top view of the same device. The sam-

pling as well as the push-gas capillary are both in close proximity to the SNOM tip.

Again, the complete “push-pull” sampling device was controlled by the same piezo

transducers and therefore always kept its position with respect to the SNOM tip.

Unfortunately, this rather advanced “push-pull” setup resulted in a sterically

demanding device that did no longer fit underneath the SNOM head, it was simply

too bulky.

Figure 8.2.4: Selection of next generation sampling devices fabricated and tested: a) front

view of sampling device with side-on sampling capillary from the left side, and b), micro-

scopically magnified top view of the same device, but this time with a SNOM tip attached

to the tuning fork. Note: the sampling capillary was 405 μm in width.

a) b)
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However, further efforts in construction and fabrication should result in an all-on-

board sampling device that fits under the SNOM head. This would then be expected

to boost sampling efficiency.

Figure 8.2.5: Selection of new sam-

pling device with the “push-pull“

sampling method all-on-board. a)

front view of the sampling device

with side-on sampling capillary

from left and push-gas capillary

from the right side. b) microscopi-

cally magnified top view of the

same sampling device. The white,

thick coating on the metal capillary

containing the sampling capillary

originates from the ceramic in

which the heating wire is imple-

mented. The sampling capillary

itself is of deactivated fused silica

type with 180 mm i.d. Note: the

tuning fork is 400 μm in width.

a)

b)
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8.3 Summary and Outlook

In the past four years we have developed a an prototype of ambient SNOM-MS con-

sisting of a commercial SNOM instrument in combination with a home-built atmo-

spheric sampling interface. We couple SNOM with a home-made ion trap/time-of-

flight mass spectrometer in order to simultaneously profit from the ease of sample

handling at atmospheric pressure, from the storage and accumulation capabilities of

an ion trap, and from the acquisition speed and sensitivity of a time-of-flight mass

spectrometer. This prototype allows for laser ablation with spot sizes beyond the dif-

fraction limit and mass analysis of the ablation products by state-of-the-art mass spec-

trometry. The SNOM instrument was demonstrated to be capable of high resolution

surface analysis down to a few tens of nanometers in x and y, and even less in z scan

direction. Laser ablation spot sizes are mainly determined by the aperture of the

SNOM probe, 50 nm as lowest limit. To provide enough plume material for mass

analysis, a spot size of about 200 nm seems to be reasonable. Neutral analyte mole-

cules are sampled because they are the major species in the ablation plume. The major

challenge was the development of a sampling that fulfils both requirements, an effec-

tive sampling and transport of ablated material while simultaneously obtaining a

reduction in pressure from atmospheric down to high vacuum conditions of a time-

of-flight mass spectrometer. This was achieved after several attempts of intermediate

steps in a combination of capillary sampling and skimming over several stages. The

influence of helium as push, carrier and buffer gas was investigated and found to

increase overall sampling, transport and trapping properties by at least one order of

magnitude. Among the many sampling methods tested, 2nd skimmer sampling was

used to sample and transport plume material. In our version, we used a with 250 μm

fused silica capillary, heated to 170°C. Pressure reduction was then obtained by one

skimmer stage before the rarefied and analyte enriched gas mixture was guided into

an ion trap where it was subsequently ionized by electron impact or chemical ioniza-

tion. The latter turned out to be softer but not more efficient. However, the sampling

interface is probably still the weak point of the present setup. Ion trap and time-of-

flight mass spectrometer, previously optimized for best performance by experiments

and computer simulations, were then used for storage, accumulation and final mass

analysis of the analyte of interest. Ion accumulation was performed with an rf-only
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quadrupole ion trap with ground potential on the end caps during storage. For mass

analysis, the trap’s electrodes served as a pulsed ion source for the attached linear

time-of-flight mass spectrometer. Successful operation was shown by analyzing vola-

tile substances such as aniline, bromobenzene, styrene, and perfluorotributylamine,

as well as laser-desorbed anthracene. A sensitivity of 9 ppmv for gases in air, a resolv-

ing power of 300 and a mass spectrum of laser-desorbed anthracene with a signal-to-

noise ratio of 270 was demonstrated. Alternative ionization methods were investi-

gated in order to substitute the ineffective electron impact but those attempts

remained unsuccessful. Finally, the combination of SNOM laser ablation with ion

trap/time-of-flight mass analysis was successfully demonstrated.

As far as applications are concerned, the competition of mass spectrometry imaging

(MALDI imaging) might be a field where this instrument can play a major role.

Although its scanning speed is rater limited, this could be compensated by high lat-

eral resolution and even more by the fact that the scanning is performed at ambient

conditions. This would, in principle, allow for study of non vacuum stable species

such as biological samples, i.e. cells. Cryosections of cells could be investigated to

image distribution of small molecules within the different cell compartments either

with the aid of a MALDI matrix, or directly if an IR laser is used for desorption/abla-

Type of mass 
spectrometer

Type of ambient sampling 
interface

Major achievements

none

11/2005

none Laser ablation on anthracene and DHB single
crystals through a SNOM tip.
Crater sizes of typically 1 - 2 μm yielded, 150 -
200 nm in depth, but smaller spot sizes shown
to be achievable (630 nm).
Differences in ablation behavior (debris, rim) of
DHB and anthracene demonstrated.

SNOM-IT/TOF-
MS

06/2006

Modified twofold differentially
pumped pressure reducing
interface for external ion gen-
eration.
Radial sample introduction
with 2nd skimmer sampling
method.

Proof-of-principle:
Demonstration and record of a first successful
SNOM-IT/TOF-MS experiment. Laser ablation
through a SNOM tip using 20 laser shots at 2
kHz repetition rate on an anthracene sample
resulting in a spot size of 1 - 2 μm and subse-
quent mass analysis of the ablated material
yielding 65 mV ion signal intensity.

Table 8.1: Summary of the major steps of the development of scanning near-field optical microscopy

coupled with ion-trap/time-of-flight mass spectrometry, SNOM-IT/TOF-MS.
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tion. Thus, fluorescent staining could be circumvented. Since the Lumina SNOM

instrument rests on an inverted microscope, spectroscopic measurements could be

performed simultaneously. The sample could be exposed to cw laser irradiation for

fluorescent, Raman or IR spectroscopy before the pulsed laser is applied for mass

analysis. If higher energy densities were applied, even laser-induced breakdown

spectroscopy (LIBS) can be performed. Another possible application is the investiga-

tion of environmental samples, i.e. aerosol particles. The composition of individual

aerosol particles might be within reach, since they are known to consist of small, mod-

erate volatile organic molecules and the size of such particles is between several hun-

dred nanometers up to a few micrometers. Trapped on a filter, they could be

topographically scanned and laser desorbed in order to do mass analysis. Rubber

composites (car tyre thin sections) could be investigated to distinguish and determine

the individual phases they consists of (rubber, sulfur, carbon, fill material). So far,

tyres are typically scanned by AFM (phase contrast), however, chemical information

still needs to be obtained separately. A more inorganic application could be elemental

analysis on the nanometer scale. Laser ablation of inorganic materials for structuring

reasons has been demonstrated thus its more a question of effective ionization and

cluster-particle breakup. For these applications, a picosecond or femtosecond laser

might be useful in combination with apertureless SNOM in order to obtain a high

power density underneath the tip to facilitate ablation.

From a technical point of view, one might think of using cantilever-based SNOM

instrumentation, instead of a glass fiber setup. This would not only circumvent the

mechanical instability of the fibers, but it would also give more free space for modi-

fied capillary setups as presented before. Recently, the use of apertureless probes

became popular. In that, the tip itself is side-illuminated with a laser resulting in an

enhancement of the electromagnetic field in the confinement between the tip and the

sample. Although this method is nowadays widely used for scanning probe spectros-

copy experiments only, (Raman, IR, Fluorescence) nothing speaks against its use in

near-field ablation and sampling experiments.

Finally, with some minor modifications, coupling of chromatographic methods such

as gas chromatography and high-performance liquid chromatography with the sam-
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pling interface and ion trap/time-of-flight instrument presented here should also be

possible.
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SUMMARY AND OUTLOOK
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"So eine Arbeit wird eigentlich nie fertig", Johann Wolfgang von Goethe 1786

In all the previous chapters, we have discussed our work on laser spectroscopy and

instrument development: we started with fundamental mechanistic insights into

matrix-assisted laser desorption, continued with work on energy pooling phenomena,

and ended with laser ablation through a SNOM tip. In parallel, we developed and

repeatedly redesigned our ion trap TOF mass spectrometer in order to successfully

operate it at ambient pressure. Finally, we combined both techniques, and thus have a

new SNOM-IT/TOF-MS tool on hand.

The present chapter summarizes some of our findings. At the end, a perspective is

provided to propose future experiments that could be related to our work. For the

author, this is the end of his thesis; for the topic, it may be only the very beginning.
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9.1 Summary and Outlook on MALDI experiments

We have investigated mechanistic aspects of ion generation in MALDI with emphasis

on the primary ionization processes: direct multiphoton ionization and energy pool-

ing. Both are thought to be the origin of overcoming the ionization potential of DHB.

We have investigated this by preparing gas-phase clusters of model-compounds type

(proline)nDHB which were probed by one- and two-color two photon ionization and

subsequent mass analysis.

For the (pro)1DHB cluster the modest IE reduction is primarily the result of spin delo-

calization in the carboxylic bridged (pro)1DHB cluster radical cation. In contrast, for

the (pro)2DHB and (pro)4DHB clusters both the experimental and computational

studies confirm that IE reductions of over 1 eV occur. The interactions in the

(pro)2DHB and (pro)4DHB clusters are undoubtedly not unique to these clusters and

may be expected to occur upon the interaction of DHB with other polypeptides and

proteins. Indeed, the (pro)4DHB cluster is likely more representative of the complex

interactions that might be expected to occur between a matrix and a larger peptide or

protein. It was recently reported on the apparent substantial reduction in DHB IE in

molecular clusters with the tripeptide VPL [1]. These studies suggest that clustering of

DHB with two VPLs leads to a reduction in the DHB IE of similar magnitude to that

observed for the (pro)4DHB cluster. In addition, a partial search of the potential

energy surface of the tripeptide GPG with DHB was performed and a calculated IE of

7.34 eV for this complex was found, corresponding to an IE lowering of 0.71 eV rela-

tive to free DHB. This result is particularly interesting, since only one proton (on the

5-OH group) is involved in hydrogen bonding to a nitrogen (on G). This finding dem-

onstrates that neither a large number of hydrogen bonds to an electron-rich atom such

as nitrogen, nor a particularly basic nitrogen as found in proline, are necessary for sig-

nificant IE reductions. The influence of specific matrix-analyte interactions on matrix

IEs clearly needs to be studied more extensively.

It can be safely assumed that the interaction of amino acids with matrix molecules do

alter the ionization energies of the latter to some extent, either by stabilizing the ion

state or by destabilizing the ground state of the matrix molecules. In the experiment
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presented here, those clusters having even numbers of proline bound to the matrix

DHB were most intense in signal measured with the mass spectrometry. But care

must be taken when comparing signal intensities and doing predictions for real

MALDI measurements. First of all, the experimental setup was not standard MALDI.

These clusters usually are not stable enough to make it to the detector. And second,

the intensity as recorded might not mirror the true cluster ion abundance as present at

the very beginning of the evolving plume due to secondary ionization processes hap-

pening within the plume and determining the ion abundance as detected. It is also

possible that the odd numbered (pro)nDHB clusters were in excess right after forma-

tion but were then reduced in favor of the even numbered (pro)nDHB clusters which

seem to be more stable in terms of thermodynamics. There is a strong need for experi-

ments evaluating the primary ionization step in order to understand MALDI ioniza-

tion from the very beginning on. As far as matrix-analyte and matrix-matrix

clustering as ion precursors is concerned, this is of scientific interest only, unless one

is able to consciously control the outcome of in-plume reactions. However, direct pho-

toionization of matrix-analyte clusters, even with a 2-photon ionization potential, is

not likely to make a large contribution, except at high analyte concentrations.

Our experiments on energy pooling processes probed energy transfer mechanisms by

excitation energy migration within DHB. Long range energy transfer via exciton hop-

ping could be demonstrated while Förster transfer mechanism could confidently be

ruled out. Our experiments give strong indication for an exciton pooling mechanism

and the modeling applied was in good agreement with experimental data. Interest-

ingly and only recently, two papers have been published in which the authors claim a

signal enhancement in MALDI-TOF MS of a factor ranging from 5-fold up to 40-fold,

if the peptides used in that study were labelled with commercially available fluores-

cent derivatives of coumarin [2, 3]. The authors assumed that the hydrophilic pep-

tides, when fluorescently tagged with relatively hydrophobic molecules of the

coumarin dye group, were better incorporated into hydrophobic matrices such as

CHCA and 2,5-DHAP. It is tempting to suppose that energy transfer within the

matrix is also active when using coumarin derivatives as tags (especially since we

could show that energy transfer also works with coumarin 153). Yet coumarin might

play a similar role as DCM in our system. In strong contrast, labelling the analytes
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with fluorescent traps increased the ion yield except when DHB was used as matrix.

Only in that case no signal enhancement was detected. Even more, a decrease in ion

yield was observed. This is in good agreement with our study. It would be interesting

to investigate the incorporation behavior of these tagged peptides with confocal laser

scanning microscopy. Does the incorporation behavior change if the peptides were

labelled with more hydrophilic fluorescent dyes? If so, what is the corresponding

effect on signal enhancement?

Apparently, quenching of excitation energy by the coumarin tags is not dominant in

the matrices used (with the exception of DHB). A glimpse on the emission spectra of

the "successfully" signal-enhancing matrices gives a first hint. They all have batho-

chromic emission maxima compared to DHB while the emission maxima of the cou-

marin tags were in the range of 420 - 460 nm. Thus, the trap depth is shallower. But

this only explains the implausible depletion of excitation energy by coumarin tags

and not the signal enhancement. Possibly, the different incorporation behavior of the

labelled peptides indeed is the reason of signal enhancement. It is a known feature

that MALDI matrices exhibit anisotropy in ion yield when different crystal faces are

irradiated by the laser [4]. And it is likely that the labelled peptides are preferably

embedded on other sites of the matrix crystal when tagged. But the real cause of

enhancement might also be a π-stacking of the coumarin tag in the host matrix and

thus an strong interaction with excited matrix molecules. Without the knowledge of

the X-ray crystal structures of these matrices and the incorporation mechanisms of the

labelled peptides, this question remains unanswered. The coumarin tags, though too

shallow to successfully trap and deplete excitons, might act as an exciton sink. In that

way, they attract excitation energy but cannot annihilate it and as a consequence, pri-

mary ion formation at or close to these coumarin tags is favored. Tagging analytes

with fluorescent labels is an interesting and obviously successful way to enhance sen-

sitivity of MALDI-MS. However, the labelling process itself is time consuming and

enhancement is also limited to certain matrices. Additionally, undesired derivatiza-

tion of the ε-amino group also occurs in addition to the N-terminal derivatization.

As far as exciton pooling is concerned, there are still a few questions not accounted

for. Excitons having pooled their energy end up either in the ground state or in a
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higher excited singlet state (S2). While the energetic level of the S1 state was spectro-

scopically determined to be located 3.45 eV (358 nm) above the ground state, [5] no lit-

erature value is known for the S2 state. Thus, it was estimated from the lower lying

absorption band in the UV-VIS to be 5.04 eV (246 nm) above the origin. In principle, it

should be possible to probe these S2 excitons with exactly the same methods of trap-

ping and fluorescence detection. Although fluorescence from higher excited states is

too short in lifetime to be detected, some exceptions of this rule are known. The most

familiar is azulene and its derivatives [6, 7]. If hydrophilic azulene derivatives could

be embedded in the DHB matrix they should be capable to trap higher energy exci-

tons and make them accessible for fluorescence detection. However, one must be care-

ful in choosing the excitation wavelength, since azulene strongly absorbs below 350

nm. Also the emission shows a Stokes shift of only 30 nm. Thus, the main emission

band of azulene overlaps with the absorption and emission bands of DHB, probably

results in quite congested spectra.

Another method to investigate and also influence the behavior of excitons in the DHB

matrix would be the implementation of perturbation with a strong external magnetic

field inducing singlet-triplet conversion [8]. This would not only have an effect on the

fluorescence lifetime (delayed fluorescence) and exciton annihilation rate, but maybe

also on the pooling rate and probability due to the increased lifetime of the excitons.

As a consequence, an enhancement of primary ion yield could be the final outcome.

The exciton pooling mechanism as a pathway to primary ions in UV MALDI is cer-

tainly not the only process taking place during MALDI ionization. Other mechanisms

such as the cluster ionization model have been proposed and seem to qualitatively

explain features of MALDI ionization [9-11]. However, cluster ionization does not

explain the abundance of some of the matrix ions usually present in the mass spectra

and is only qualitative, while the pooling mechanisms of Knochenmuss is able to

quantitatively predict the MALDI process [12-14]. On the other hand, Knochenmuss'

MALDI model only has successfully been applied to DHB as matrix, and, it is ques-

tionable if it can be generalized to all kinds of matrices, although the predicted phe-

nomena are very common. This could only be done if the basic physical properties of

other matrices become known, pointing the way for future research.
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9.2 Summary and Outlook on SNOM-IT/TOF-MS experiments

We have developed a an prototype of ambient SNOM-MS consisting of a commercial

SNOM instrument in combination with a home-built atmospheric sampling interface.

We couple SNOM with ion trap/time-of-flight mass spectrometry in order to simulta-

neously profit from the ease of sample handling at atmospheric pressure, from the

storage and accumulation capabilities of an ion trap, and from the acquisition speed

and sensitivity of a time-of-flight mass spectrometer. This prototype allows for laser

ablation with spot sizes beyond the diffraction limit and mass analysis of the ablation

products by state-of-the-art mass spectrometry. The SNOM instrument was demon-

strated to be capable of high resolution surface analysis down to a few tens of nanom-

eters in x and y, and even less in z scan direction. Laser ablation spot sizes are mainly

determined by the aperture of the SNOM probe, 50 nm as lowest limit. To provide

enough plume material for mass analysis, a spot size of about 200 nm seems to be rea-

sonable. Neutral analyte molecules are sampled because they are the major species in

the ablation plume. The major challenge was the development of a sampling that ful-

fils both requirements, an effective sampling and transport of ablated material while

simultaneously obtaining a reduction in pressure from atmospheric down to high

vacuum conditions of a time-of-flight mass spectrometer. This was achieved after sev-

eral attempts of intermediate steps in a combination of capillary sampling and skim-

ming over several stages. The influence of helium as push, carrier and buffer gas was

investigated and found to increase overall sampling, transport and trapping proper-

ties by at least one order of magnitude. Among the many sampling methods tested,

2nd skimmer sampling was used to sample and transport plume material. In our ver-

sion, we used a with 250 μm fused silica capillary, heated to 170°C. Pressure reduction

was then obtained by one skimmer stage before the rarefied and analyte enriched gas

mixture was guided into an ion trap where it was subsequently ionized by electron

impact or chemical ionization. The latter turned out to be softer but not more efficient.

However, the sampling interface is probably still the weak point of the present setup.

Ion trap and time-of-flight mass spectrometer, previously optimized for best perfor-

mance by experiments and computer simulations, were then used for storage, accu-

mulation and final mass analysis of the analyte of interest. Ion accumulation was

performed with an rf-only quadrupole ion trap with ground potential on the end caps
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during storage. For mass analysis, the trap’s electrodes served as a pulsed ion source

for the attached linear time-of-flight mass spectrometer. Successful operation was

shown by analyzing volatile substances such as aniline, bromobenzene, styrene, and

perfluorotributylamine, as well as laser-desorbed anthracene. A sensitivity of 9 ppmv

for gases in air, a resolving power of 300 and a mass spectrum of laser-desorbed

anthracene with a signal-to-noise ratio of 270 was demonstrated. Alternative ioniza-

tion methods were investigated in order to substitute the ineffective electron impact

but those attempts remained unsuccessful. Finally, the combination of SNOM laser

ablation with ion trap/time-of-flight mass analysis was successfully demonstrated.

As far as applications are concerned, the competition of mass spectrometry imaging

(MALDI imaging) might be a field where this instrument can play a major role.

Although its scanning speed is rater limited, this could be compensated by high lat-

eral resolution and even more by the fact that the scanning is performed at ambient

conditions. This would, in principle, allow for study of non vacuum stable species

such as biological samples, i.e. cells. Cryosections of cells could be investigated to

image distribution of small molecules within the different cell compartments either

with the aid of a MALDI matrix, or directly if an IR laser is used for desorption/abla-

tion. Thus, fluorescent staining could be circumvented. Since the Lumina SNOM

instrument rests on an inverted microscope, spectroscopic measurements could be

performed simultaneously. The sample could be exposed to cw laser irradiation for

fluorescent, Raman or IR spectroscopy before the pulsed laser is applied for mass

analysis. If higher energy densities were applied, even laser-induced breakdown

spectroscopy (LIBS) can be performed. Another possible application is the investiga-

tion of environmental samples, i.e. aerosol particles. The composition of individual

aerosol particles might be within reach, since they are known to consist of small, mod-

erate volatile organic molecules and the size of such particles is between several hun-

dred nanometers up to a few micrometers. Trapped on a filter, they could be

topographically scanned and laser desorbed in order to do mass analysis. Rubber

composites (car tyre thin sections) could be investigated to distinguish and determine

the individual phases they consists of (rubber, sulfur, carbon, fill material). So far,

tyres are typically scanned by AFM (phase contrast), however, chemical information

still needs to be obtained separately. A more inorganic application could be elemental
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analysis on the nanometer scale. Laser ablation of inorganic materials for structuring

reasons has been demonstrated thus its more a question of effective ionization and

cluster-particle breakup. For these applications, a picosecond or femtosecond laser

might be useful in combination with apertureless SNOM in order to obtain a high

power density underneath the tip to facilitate ablation.

From a technical point of view, one might think of using cantilever-based SNOM

instrumentation, instead of a glass fiber setup. This would not only circumvent the

mechanical instability of the fibers, but it would also give more free space for modi-

fied capillary setups as presented before. Recently, the use of apertureless probes

became popular. In that, the tip itself is side-illuminated with a laser resulting in an

enhancement of the electromagnetic field in the confinement between the tip and the

sample. Although this method is nowadays widely used for scanning probe spectros-

copy experiments only, (Raman, IR, Fluorescence) nothing speaks against its use in

near-field ablation and sampling experiments.

Finally, with some minor modifications, coupling of chromatographic methods such

as gas chromatography and high-performance liquid chromatography with the sam-

pling interface and ion trap/time-of-flight instrument presented here should also be

possible.
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A.1 Cylindrical Ion Trap

Geometry File

;makes EI-cylidrical ion trap and TOF as of setup of 1.10.2003 as fast adjustable

;Patrick D. Setz 12.7.2006

;electrode number one is EI source repeller 

;electrode number two is EI source 

;electrode number three is EI source extractor

;electrode number four is nothing

;electrode number five is left end cap

;electrode number six is ring electrode

;electrode number seven is right end cap

;electrode number eight is acceleration plus flight tube

;electrode number nine is first detector electrode

;electrode number ten is second detector electrode

;electrode number eleven is MCP detector

pa_define(3900,410,1, cylindrical, mirror_y);array to use with CIT-TOF

;0.1 mm/grid unit

locate(50,0,0,)

{

e(1)    { ;draw EI repeller electrode of 1 Volt

fill

{

within{box(0,0,5,180)}

notin{box(0,0,4,70)};draw grid on EI repeller

}

                }

e(2)    { ;move next element according to spacing

locate (30,0,0)

                {

fill

{

within{box(0,70,70,180)};draw EI source electrode of 2 Volts

}

                }

}

e(3)    { ;move next element according to spacing

locate (134,0,0)

                {

fill



298

{

within{box(0,0,5,180)};draw EI extractor electrode of 3 Volts

notin{box(1,0,5,70)};draw grid on EI extractor

}

                }

}

e(4)    { ;move next element according to spacing

locate (156,0,0)

                {

fill

{

within{box(0,100,20,400)};draw EI extractor electrode of 3 Volts

}

                }

}        

e(5)    { ;draw CIT repeller endcap electrode of 5 volts

locate (251,0,0)

                {

fill

{

within{box(0,0,12,400)};

notin{box(1,0,12,50)};draw grid on CIT repeller endcap

}

                }

}

e(6)    { ;move next element according to spacing

locate (279,0,0)

                {

fill

{

within{box(0,100,111,400)};draw ring electrode of 6 Volts

}

                }

}

e(7)    { ;draw CIT extractor endcap electrode of 7 volts

locate (406,0,0)

                {

fill

{

within{box(0,0,12,400)};

notin{box(0,0,11,50)};draw grid on CIT repeller endcap

}

                }

}
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e(8)    { ;move next element according to spacing

locate (618,0,0)

                {

fill

{

within{box(0,0,20,400)};draw Acceleration electrode of 8 Volts

notin{box(1,0,20,195)};draw grid on acceleration electrode

}

                }

}        

e(8)    { ;move next element according to spacing

locate (618,0,0)

                {

fill

{

within{box(0,250,2880,280)};draw flight tube electrode of 8 Volts

}

                }

}

e(9)    { ;draw first detector electrode of 9 volts

locate (3618,0,0)

                {

fill

{

within{box(0,0,6,200)};

notin{box(1,0,6,95)};draw grid on first detector electrode

}

                }

}

e(10)   { ;move next element according to spacing

locate (3724,0,0)

                {

fill

{

within{box(0,95,6,200)};draw second detector electrode of 10 volts

}

                }

}

e(11)   { ;move next element according to spacing

locate (3810,0,0)

                {

fill

{

within{box(0,0,10,95)};draw second detector electrode of 11 volts
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}

                }

}

}

Trapping Program

; EI-Ion Trap program, with cylindrical ion trap geometry 

; Patrick D. Setz, 12.7.2006

 

 

; definition of user adjustable variables  -----------------------

 

        ; ---------- adjustable during flight -----------------

 

defa _Linear_Damping           1.0    ; adjustable variable for linear damping

defa _Qz_tune                  0.8    ; Qz tuning point

defa _AMU_Mass_per_Charge    157.0    ; mass tune point in amu/unit charge

defa _Left_Cap_Voltage         0.0    ; voltage on left cap

defa _Right_Cap_Voltage        0.0    ; voltage on right cap

 

        ; ---------- adjustable at beginning of flight -----------------

 

defa PE_Update_each_usec        0.05  ; pe surface update time step in usec

defa Percent_Energy_Variation  90.0   ; (+- 90%) random energy variation

defa Cone_Angle_Off_Vel_Axis  180.0   ; (+- 180 deg) cone angle - sphere

defa Random_Offset_mm           0.1   ; del start position (x,y,z) in mm

defa Random_TOB                 0.909091   ; random time of birth over one cysle

 

defa Phaze_Angle_Deg           0.0    ; entry phase angle of ion

defa Freqency_Hz               1.0E6  ; rf frequency of quad in (hz)

defa Effective_Radius_in_cm    1.001   ; effective quad radius r0 in cm

defa mm_per_Grid_Unit          0.1    ; grid scaling mm/grid unit

defa rfvolts                 800.0    ; rf voltage

 

 

 

; definition of static variables -----------------------------

 

defs first                     0.0    ; first call flag

defs scaled_rf                 0.0    ; scaled rf base

defs dcvolts                   0.0    ; dc voltage

defs omega                     1.0    ; freq in radians / usec

defs theta                     0.0    ; phase offset in radians
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defs Next_PE_Update            0.0    ; next time to update pe surface

 

 

; program segments below --------------------------------------------

 

 

;------------------------------------------------------------------------

seg initialize      ; randomize ion's position, ke, and direction

        0 sto Rerun_Flym                ; force rerun on

                                        ; turns traj file saving off

        ;------------------- get ion's initial velocity components -------------

        rcl ion_vz_mm                   ; get ion's specified velocity components

        rcl ion_vy_mm

        rcl ion_vx_mm

 

        ;------------------- convert to 3d polar coords -------------

        >p3d                            ; convert to polar 3d

 

        ;------------------- save polar coord values ----------------

        sto speed rlup                  ; store ion's speed

        sto az_angle rlup               ; store ion's az angle

        sto el_angle                    ; store ion's el angle

 

        ;------------- make sure Percent_Energy_Variation is legal -------------

                                ; force 0 <= Percent_Energy_Variation <= 100

        rcl Percent_Energy_Variation abs

        100 x>y rlup sto Percent_Energy_Variation

 

        ;------------------- make sure Cone_Angle_Off_Vel_Axis is legal -----------

                                ; force 0 <= Cone_Angle_Off_Vel_Axis <= 180

        rcl Cone_Angle_Off_Vel_Axis abs

        180 x>y rlup sto Cone_Angle_Off_Vel_Axis

 

        ; ---------------------- calculate ion's defined ke -------------

        rcl ion_mass                    ; get ion's mass

        rcl speed                       ; recall its total speed

        >ke                             ; convert speed to kinetic energy

        sto kinetic_energy              ; save ion's defined kinetic energy

 

        ; ---------------------- compute new randomized ke -------------

                                        ; convert from percent to fraction

        rcl Percent_Energy_Variation 100 /

        sto del_energy 2 * rand *       ; fac = 2 * del_energy * rand
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        rcl del_energy - 1 +            ; fac += 1 - del_energy

        rcl kinetic_energy *            ; new ke = fac * ke

 

        ; ---------------------- convert new ke to new speed -----------

        rcl ion_mass                    ; recall ion mass

        x><y                            ; swap x any y

        >spd                            ; convert to speed

        sto speed                       ; save new speed

 

        ;-- compute randomized el angle change 90 +- Cone_Angle_Off_Vel_Axis -------

        ;-------- we assume elevation of 90 degrees for mean ----------

        ;-------- so cone can be generated via rotating az +- 90 -------

                                    ; (2 * Cone_Angle_Off_Vel_Axis * rand)

        2 rcl Cone_Angle_Off_Vel_Axis * rand *

                                    ;  - Cone_Angle_Off_Vel_Axis + 90

        rcl Cone_Angle_Off_Vel_Axis - 90 +

 

        ;-------------- compute randomized az angle change ------------

        ;--------- this gives 360 effective because of +- elevation angels ---

        180 rand * 90 -                 ;          +- 90 randomized az

 

        ;---------------------- recall new ion speed ------------------

        rcl speed                       ; recall new speed

 

        ;--------- at this point x = speed, y = az, z = el --------------

        ;------------- convert to rectangular velocity components ---------

        >r3d                            ; convert polar 3d to rect 3d

 

        ;------------- el rotate back to from 90 vertical -------------

        -90 >elr

 

        ;------------- el rotate back to starting elevation -------------

        rcl el_angle >elr

 

        ;------------- az rotate back to starting azimuth -------------

        rcl az_angle >azr

 

        ;------------- update ion's velocity components with new values --------

        sto ion_vx_mm                   ; return vx

        rlup

        sto ion_vy_mm                   ; return vy

        rlup

        sto ion_vz_mm                   ; return vz
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        ;--------- randomize ion's position components --------

        rcl Random_Offset_mm

        2 / sto half_pos                ; save half max shift

 

        rcl ion_px_mm                   ; get nominal x start

        rcl Random_Offset_mm rand * +   ; add random shift

        rcl half_pos -                  ; subtract half shift

        sto ion_px_mm                   ; store random x start

 

        rcl ion_py_mm                   ; get nominal y start

        rcl Random_Offset_mm rand * +   ; add random shift

        rcl half_pos -                  ; subtract half shift

        sto ion_py_mm                   ; store random y start

 

        rcl ion_pz_mm                   ; get nominal z start

        rcl Random_Offset_mm rand * +   ; add random shift

        rcl half_pos -                  ; subtract half shift

        sto ion_pz_mm                   ; store random z start

 

        ;--------- randomize ion's time of birth --------

        rcl Random_TOB abs rand *       ; create random time of birth

        sto Ion_Time_of_Birth           ; use it for ion

        ;---------------------- done -----------------------------------------

 

 ;------------------------------------------------------------------------

seg Fast_Adjust                     ; generates trap rf with fast adjust

                                    ; has first pass initialization

    rcl first                       ; recall first pass flag

    x=0 gsb init                    ; if this is first reference  --> init

 

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Qz_tune *                  ; rf tuning point

    sto rfvolts                     ; save rf voltage

 

    rcl _Left_Cap_Voltage

    sto Adj_Elect05                 ; left end cap electrode voltage

    rcl _Right_Cap_Voltage

    sto Adj_Elect07                 ; right endcap electrode voltage

    

 

    rcl Ion_Time_of_Flight          ; current tof in micro seconds

    rcl omega *                     ; omega * tof

    rcl theta +                     ; add phasing angle
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    sin                             ; sin(theta + (omgga * tof))

    rcl rfvolts *                   ; times rf voltage

    rcl dcvolts +                   ; add dc voltage

    chs 2 * sto Adj_Elect06         ; ring electrode voltage

    exit                            ; exit program segment

 

 

lbl init                            ; parameter initialization subroutine

 

    1 sto first                     ; tunn off first pass flag

 

    RCL Effective_Radius_in_cm      ; recall effective radius in cm

    entr * 2 /                      ; (r * r)/2

    rcl Freqency_Hz entr * *        ; multiply by frequency squared

    1.022442E-11 * chs              ; -1.022442E-11 * Qz * MASS * FREQ * FREQ * R0 * R0

    sto scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Qz_tune *                  ; rf tuning point

    sto rfvolts                     ; save rf voltage

 

    rcl Phaze_Angle_Deg

    >rad                            ; degrees to radians

    sto theta                       ; phasc angle

 

    rcl Freqency_Hz                 ; rf frequancy in hz

    6.28318E-6 *                    ; to radians / microsecond

    sto omega                       ; save frequency in radians / usec

    rtn                             ; return from subroutine

 

 ;----------------------------------------------------------

seg tstep_adjust                    ; keep time step <= 0.1 Usec

    rcl ion_time_step 0.1

    x>y exit

    sto ion_time_step

 

 ;------------------------------------------------------------------------

seg accel_adjust                    ; adds viscous effects to ion motions

 

    rcl ion_time_step x=0 exit      ; exit if zero time step

    rcl _linear_damping x=0 exit    ; exit if damping set to zero

    abs sto damping                 ; force damping term to be positive

    * sto tterm                     ; compute and save number of time constants

    chs e^x 1 x><y -                ; (1 - e^(-(t * damping)))

    rcl tterm / sto factor          ; factor = (1 - e^(-(t * damping)))/(t * damping)
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    rcl ion_ax_mm                   ; recall ax acceleration

    rcl ion_vx_mm                   ; recall vx velocity

    rcl damping * -                 ; multiply times damping and sub from ax

    rcl factor *                    ; multiply times factor

    sto ion_ax_mm                   ; store as new ax acceleration

 

    rcl ion_ay_mm                   ; recall ay acceleration

    rcl ion_vy_mm                   ; recall vy velocity

    rcl damping * -                 ; multiply times damping and sub from ay

    rcl factor *                    ; multiply times factor

    sto ion_ay_mm                   ; store as new ay acceleration

 

    rcl ion_az_mm                   ; recall az acceleration

    rcl ion_vz_mm                   ; recall vz velocity

    rcl damping * -                 ; multiply times damping and sub from az

    rcl factor *                    ; multiply times factor

    sto ion_az_mm                   ; store as new az acceleration

 

  

;------------------------------------------------------------------------

seg Other_Actions                   ; used to control pe surface updates

    rcl Next_PE_Update              ; recall time for next pe surface update

    rcl ion_time_of_flight          ; recall ion's time of flight

    x<y exit                        ; exit if tof less than next pe update

    rcl PE_Update_each_usec         ; recall pe update increment

    + sto next_pe_update            ; add to tof and store as next pe update

    1 sto Update_PE_Surface         ; request a pe surface update

 

  

;------------------------------------------------------------------------

seg Terminate

            0 sto rerun_flym        ; turn off rerun mode
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A.2 Quadrupole Ion Trap

Geometry File without Inlet Tube

;makes QIT-TOF-MS in cylidrical geometry as of setup of June 2006 as fast adjustable

;Patrick D. Setz 20.8.2006

;electrode number one is ring electrode of QIT

;electrode number two is left end cap extractor electrode of QIT

;electrode number three is right end cap extractor electrode of QIT

;electrode number four is acceleration electrode

;electrode number five is flight tube electrode

;electrode number six is first detector electrode

;electrode number seven is second detector electrode

;electrode number eight is front MCP detector electrode

pa_define(5100,300,1, cylindrical, mirror_y)

   ;array to use with buffer gas cooling of ion cloud

locate(,,,1)   ;0.1 mm/grid unit

{

locate(170,0,0)

{

e(1)    { ;draw ring hyperbola of 2 volts

rotate_fill()

{ ;

within{hyperbola(,,70.71,100)}

notin{box(-520,225,320,300)}

}

                }

e(2)         ;electrode of one volt

{ ;draw left end cap hyperbola

rotate_fill()

{ ;

within{locate(,,,,,90){hyperbola(0,0,100,70.71)}}

notin{box(0,0,130,600)}

        }

                }

             n(0)         ;non-electrode of 0 volts

{  ;modify left end cap hyperbola

rotate_fill()

{

within{locate(,,,,,90){hyperbola(-32,0,100,70.71)}}
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                        }

rotate_fill()

{

within{locate(-170,170,,,,){box(0,0,50,65)}}

                        }

}

             e(2)        ;electrode of three volts

{ ;modify left end cap hyperbola

rotate_fill()

{ ;

within{locate(-156,170,,,,0){box(,,18,54)}}

}

}

n(0)         ;electrode of zero volts to

{ ;modify ring electrode hyperbola

rotate_fill()

{ ;

within{locate(26,205,,,,){box(,,111,30)}}

}

}

n(0)         ;electrode of zero volts to

{ ;modify ring electrode hyperbola

rotate_fill()

{ ;

within{locate(-130,205,,,,){box(,,104,30)}}

}

}

n(0)         ;electrode of zero volts to

{ ;modify ring electrode hyperbola

rotate_fill()

{ ;

within{locate(97,169,,,,){box(,,30,60)}}

}

}

n(0)         ;electrode of zero volts to

{ ;modify ring electrode hyperbola

rotate_fill()

{ ;

within{locate(-97,169,,,,){box(,,-30,60)}}

}

}

e(3)         ;electrode of three volts

{ ;draw right end cap hyperbola

rotate_fill()
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{ ;

within{locate(,,,,,90){hyperbola(0,0,100,70.71)}}

notin{box(-550,-520,0,225)}

}

}

n(0)          ;non-electrode of 0 volts

{  ;modify right end cap hyperbola

rotate_fill()

{

within{locate(,,,,,90){hyperbola(-32,0,100,70.71)}}

                        notin{box(-180,0,-165,190)}

}

rotate_fill()

{

within{locate(157,170,,,,){box(0,0,90,130)}}

                        }

}

e(3)         ;electrode of three volts

{ ;modify right end cap hyperbola

rotate_fill()

{ ;

within{locate(138,170,,,,0){box(,,18,54)}}

}

}

e(3) ;makes flat part of rigth end cap

                {

                fill

{

within_inside{locate(98,,,,90,){cylinder(,,,65,65,15)}}

                        }

                fill

{ ;

within_inside{locate(94,,,,90,){cylinder(,,,32,32,19)}}

}

                }

e(2)

                {

                fill

{ ;makes flat part of left end cap

within_inside{locate(-82,,,,90,){cylinder(,,,65,65,15)}}

                        }

                fill

{ ;

within_inside{locate(-77,,,,90,){cylinder(,,,29,29,19)}}
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}

                }

n(0)

{ ;drill hole through endcaps

rotate_fill()

{within{box(-170,0,360,15)}}

}

      e(3)         ;grid of three volts

{ ;draw right end cap grid on end cap hole

fill

{ ;

within{locate(72,,,,90,){cylinder(,,,15.5,15.5,0.2)}}

                        }

                }

        }

e(4)    { ;move next element according to spacing

locate (445,0,0)

                {

fill

{

within{box(0,0,20,249)};draw Acceleration electrode of 2 Volts

notin{box(0,0,19,25)};draw grid on acceleration electrode

}

                }

}        

e(5)    { ;move next element according to spacing

locate (445,0,0)

                {

fill

{

within{box(0,251,4160,270)};draw flight tube electrode of 3 Volts

}

                }

}

e(6)    { ;draw first detector electrode of 4 volts

locate (4916,0,0)

                {

fill

{

within{box(0,0,6,325)};

notin{box(1,0,6,95)};draw grid on first detector electrode

}

                }
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}

e(7)   { ;move next element according to spacing

locate (4973,0,0)

                {

fill

{

within{box(0,95,6,200)};draw second detector electrode of 5 volts

}

                }

}

e(8)   { ;move next element according to spacing

locate (5065,0,0)

                {

fill

{

within{box(0,0,10,90)};draw second detector electrode of 6 volts

}

                }

  }

}

Geometry File with Inlet Tube

;makes hyperbolic 3d trap as fast adjust file with EI source and tube inlet through
;ring electrode and tube inlet through ring electrode. Patrick D. Setz 26.5.2006

;electrode number one is EI source repeller S3

;electrode number two is EI source extractor S2

;electrode number three is EI source focus S1 

;electrode number four is left end cap

;electrode number five is ring electrode

;electrode number six is right end cap

;electrode number seven is inlet tube

  ;array to use with quad

  ;0.2 mm/grid unit

pa_define(300,250,250,planar,non_mirror)

locate(225,125,125)

{

e(4)    { ;draw ring hyperbola of 4 volts

rotate_fill()

{ ;

within{hyperbola(,,34.4,50)}

notin{box(-260,95,200,220)}
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}

                }

n(0)         ;drill hole of 0 volts

{ ;through ring electrode

fill

{ ;

within_inside{locate(,,,,0,90){cylinder(,,-45,6,6,100)}}

}

}

e(5)         ;electrode of five volts

{ ;draw left end cap hyperbola

rotate_fill()

{ ;

within{locate(,,,,,90){hyperbola(0,0,50,35.35)}}

notin{box(0,-250,0,300)}

        }

                }

        n(0)          ;non-electrode of 0 volts

{  ;modify left end cap hyperbola

rotate_fill()

{

within{locate(,,,,,90){box(-260,75,200,220)}}

}

}

        e(6)         ;electrode of six volts

{ ;draw right end cap hyperbola

rotate_fill()

{ ;shift right .76 mm

within{locate(,,,,,90){hyperbola(0,0,50,35.35)}}

notin{box(-250,-260,0,250)}

}

}

        n(0)          ;non-electrode of 0 volts

{  ;modify left end cap hyperbola

rotate_fill()

{

within{locate(,,,,,90){hyperbola(-16,0,50,35.4)}}

                        notin{box(0,-250,300,300)}

}

}

        e(7)         ;make cylinder tube
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{ ;and drill hole in it

fill

{ ;

within{locate(,,-46,,0,90){cylinder(,,,4,4,140)}}

notin{locate(,,-46,,0,90){cylinder(,,,2.5,2.5,140)}}

}

}

e(5)

                {

                fill

{ ;makes flat part of end cap

within_inside{locate(-40,,,,90,){cylinder(,,,32.5,32.5,9)}}

                        }

                fill

{ ;

within_inside{locate(-37,,,,90,){cylinder(,,,13,13,8)}}

}

                }

        n(0)

{ ;drill hole through endcaps

rotate_fill(){within{box(-80,0,80,7.5)}}

}

        e(3)         ;electrode of three volts

{ ;draw EI source focus electrode

fill

{ ;

within{locate(-122,,,,,,,){centered_Box3D(,,,15.6,100,150)}}

                        notin{locate(-112,,,,90,,,){cylinder(,,,15,15,32)}}

                        }

                }

        e(2)         ;electrode of two volts

{ ;draw EI source extractor electrode

fill

{ ;

within{locate(-172,,,,,,,){centered_Box3D(,,,15.6,100,150)}}

                        notin{locate(-162,,,,90,,,){cylinder(,,,18.25,18.25,32)}}

                        }

}

        e(1)         ;electrode of one volt

{ ;draw EI source repeller electrode

fill

{ ;
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within{locate(-224.5,,,,,,,){centered_Box3D(,,,15.6,100,150)}}

                        notin{locate(-214.5,,,,90,,,){cylinder(,,,24.5,24.5,32)}}

                        }

                fill

{ ;

within{locate(-217,,,,90,,,){cylinder(,,,26,26,1)}}

}

}

            }

Trapping Program with Damping

; QIT-TOF-MS switch time and delay time simulation, based on a modified group.prg.
Simulation of ions being stored in the ion trap. Included is viscous effect as sim-
plest form of collisional cooling with buffer gas.

; Inclusion of switchtime to terminate ion flying but also store ion charateristics
(position, direction, speed, etc.) 

; for further usage (reload cloud.ion in QIT-TOF_new using delayed extraction capa-
bilities to simulate

; real ion cloud distribution for Ion Trap-TOF simulations)

; Patrick D. Setz 20.8.2006

 

 

; definition of user adjustable variables  -----------------------

 

        ; ---------- adjustable during flight -----------------

 

defa _Linear_Damping           0.001   ; adjustable variable for linear damping

defa _Qz_tune                      0.5       ; Qz tuning point

defa _Az_tune                      0.00     ; Az tuning point

defa _AMU_Mass_per_Charge    178.0    ; mass tune point in amu/unit charge

defa _Left_Cap_Voltage           0.0    ; voltage on left cap

defa _Right_Cap_Voltage        0.0      ; voltage on right cap

 

        ; ---------- adjustable at beginning of flight -----------------

 

defa PE_Update_each_usec        0.05  ; pe surface update time step in usec

defa Percent_Energy_Variation  90.0    ; (+- 90%) random energy variation

defa Cone_Angle_Off_Vel_Axis  180.0   ; (+- 180 deg) cone angle - sphere

defa Random_Offset_mm           0.1    ; del start position (x,y,z) in mm

defa Random_TOB                 0.909091    ; random time of birth over one cysle

 

defa Phaze_Angle_Deg           0.0    ; entry phase angle of ion
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defa Freqency_Hz               1.0E6   ; rf frequency of quad in (hz)

defa Effective_Radius_in_cm    1.00    ; effective quad radius r0 in cm

defa mm_per_Grid_Unit          0.1     ; grid scaling mm/grid unit

defa _rfvolts       1100.0   ; rf voltage

defa simulation_time               0.0

 

; definition for TOF application

defa SWITCH_TIME 5.0                        ; Time to switch to TOF mode 

defa VOLTAGE_REPELLER   420.0           ; Repeller potential

defa VOLTAGE_EXTRACTOR  -350.0                 ; Extractor potential

defa delay_time                          1.4       ; HV delay after RF clamp down

; definition of static variables -----------------------------

 

defs first                     0.0    ; first call flag

defs scaled_rf                 0.0    ; scaled rf base

defs dcvolts                   0.0    ; dc voltage

defs omega                     1.0    ; freq in radians / usec

defs theta                     0.0    ; phase offset in radians

defs Next_PE_Update            0.0    ; next time to update pe surface

defs TOF_STARTED               0.0    ; Flag if TOF mode has started

defs delay                              0.0

; program segments below --------------------------------------------

 

;----------------------------------------------------------------------------

;-----------------------------------------------------------------------------

seg initialize      ; randomize ion's position, ke, and direction

        1 sto Rerun_Flym                ; force rerun on

                                        ; turns traj file saving off

        ;------------------- get ion's initial velocity components -------------

        rcl ion_vz_mm                   ; get ion's specified velocity components

        rcl ion_vy_mm

        rcl ion_vx_mm

 

        ;------------------- convert to 3d polar coords -------------

        >p3d                            ; convert to polar 3d

 

        ;------------------- save polar coord values ----------------

        sto speed rlup                  ; store ion's speed

        sto az_angle rlup               ; store ion's az angle

        sto el_angle                    ; store ion's el angle

 

        ;---------------- make sure Percent_Energy_Variation is legal ----------
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                                ; force 0 <= Percent_Energy_Variation <= 100

        rcl Percent_Energy_Variation abs

        100 x>y rlup sto Percent_Energy_Variation

 

        ;--------------- make sure Cone_Angle_Off_Vel_Axis is legal -----------

                                ; force 0 <= Cone_Angle_Off_Vel_Axis <= 180

        rcl Cone_Angle_Off_Vel_Axis abs

        180 x>y rlup sto Cone_Angle_Off_Vel_Axis

 

        ; ---------------------- calculate ion's defined ke -------------

        rcl ion_mass                    ; get ion's mass

        rcl speed                       ; recall its total speed

        >ke                             ; convert speed to kinetic energy

        sto kinetic_energy              ; save ion's defined kinetic energy

 

        ; ---------------------- compute new randomized ke -------------

                                        ; convert from percent to fraction

        rcl Percent_Energy_Variation 100 /

        sto del_energy 2 * rand *       ; fac = 2 * del_energy * rand

        rcl del_energy - 1 +            ; fac += 1 - del_energy

        rcl kinetic_energy *            ; new ke = fac * ke

 

        ; ---------------------- convert new ke to new speed -----------

        rcl ion_mass                    ; recall ion mass

        x><y                            ; swap x any y

        >spd                            ; convert to speed

        sto speed                       ; save new speed

 

        ;-- compute randomized el angle change 90 +- Cone_Angle_Off_Vel_Axis -------

        ;-------- we assume elevation of 90 degrees for mean ----------

        ;-------- so cone can be generated via rotating az +- 90 -------

                                    ; (2 * Cone_Angle_Off_Vel_Axis * rand)

        2 rcl Cone_Angle_Off_Vel_Axis * rand *

                                    ;  - Cone_Angle_Off_Vel_Axis + 90

        rcl Cone_Angle_Off_Vel_Axis - 90 +

 

        ;-------------- compute randomized az angle change ------------

        ;--------- this gives 360 effective because of +- elevation angels ---

        180 rand * 90 -                 ;          +- 90 randomized az

         ;---------------------- recall new ion speed ------------------

        rcl speed                       ; recall new speed

 

        ;--------- at this point x = speed, y = az, z = el --------------

        ;------------- convert to rectangular velocity components ---------
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        >r3d                            ; convert polar 3d to rect 3d

 

        ;------------- el rotate back to from 90 vertical -------------

        -90 >elr

 

        ;------------- el rotate back to starting elevation -------------

        rcl el_angle >elr

 

        ;------------- az rotate back to starting azimuth -------------

        rcl az_angle >azr

 

        ;------------- update ion's velocity components with new values --------

        sto ion_vx_mm                   ; return vx

        rlup

        sto ion_vy_mm                   ; return vy

        rlup

        sto ion_vz_mm                   ; return vz

 

        ;--------- randomize ion's position components --------

        rcl Random_Offset_mm

        2 / sto half_pos                ; save half max shift

 

        rcl ion_px_mm                   ; get nominal x start

        rcl Random_Offset_mm rand * +   ; add random shift

        rcl half_pos -                  ; subtract half shift

        sto ion_px_mm                   ; store random x start

 

        rcl ion_py_mm                   ; get nominal y start

        rcl Random_Offset_mm rand * +   ; add random shift

        rcl half_pos -                  ; subtract half shift

        sto ion_py_mm                   ; store random y start

 

        rcl ion_pz_mm                   ; get nominal z start

        rcl Random_Offset_mm rand * +   ; add random shift

        rcl half_pos -                  ; subtract half shift

        sto ion_pz_mm                   ; store random z start

 

        ;--------- randomize ion's time of birth --------

        rcl Random_TOB abs rand *       ; create random time of birth

        sto Ion_Time_of_Birth           ; use it for ion

        ;---------------------- done -----------------------------------------

 

;----------------------------------------------------------------------------

;-------------------------------------------------------------------------
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seg Fast_Adjust                     ; generates trap rf with fast adjust

                                    ; has first pass initialization

    rcl first                       ; recall first pass flag

    x=0 gsb init                    ; if this is first reference  --> init

;---------turn to time of flight mode-----------------------------------------

    rcl Ion_Time_of_Flight    ; if time reaches SWITCH_TIME for TOF

    rcl SWITCH_TIME                ; measurement go to label TOF

    x<=y gsb TOF

    rcl TOF_STARTED                ;

    1.0 x=y gsb TOF     ;

;------------------------------------------------------------------------

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Qz_tune *                  ; rf tuning point

    sto rfvolts                     ; save rf voltage

 

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Az_tune *                  ; substitute dc tune point

    2 / chs                         ; additional dc factor

    sto dcvolts                     ; save dc voltage

 

    rcl _Left_Cap_Voltage

    sto Adj_Elect02                 ; electrode 2 voltage

    rcl _Right_Cap_Voltage

    sto Adj_Elect03                 ; electrode 3 voltage

     

    rcl Ion_Time_of_Flight          ; current tof in micro seconds

    rcl omega *                     ; omega * tof

    rcl theta +                     ; add phasing angle

    sin                             ; sin(theta + (omgga * tof))

    rcl rfvolts *                   ; times rf voltage

    rcl dcvolts +                   ; add dc voltage

    chs 2 * sto Adj_Elect01         ; electrode 1 voltage

    exit

    

;---------turn to time of flight mode--------------------------------------------

 lbl TOF

   

   rcl SWITCH_TIME

   rcl Ion_Time_of_Flight -
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   sto delay

   rcl delay_time   

   x<=y gsb delayed_TOF_start

   exit

lbl delayed_TOF_start

              rcl VOLTAGE_EXTRACTOR

              sto Adj_Elect03

              rcl VOLTAGE_REPELLER

              sto Adj_Elect02

              0 sto Adj_Elect01 ; set ring electrode to 0 volts

  

              0 sto _Linear_Damping ; turn off linear damping for TOF mode

              exit

;------------------------------------------------------------------------ 

lbl init                            ; parameter initialization subroutine

 

    1 sto first                     ; turn off first pass flag

 

    RCL Effective_Radius_in_cm      ; recall effective radius in cm

    entr * 2 /                      ; (r * r)/2

    rcl Freqency_Hz entr * *        ; multiply by frequency squared

    1.022442E-11 * chs              ; -1.022442E-11 * Qz * MASS * FREQ * FREQ * R0 * R0

    sto scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Qz_tune *                  ; rf tuning point

    sto rfvolts                     ; save rf voltage

 

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Az_tune *                  ; substitute dc tune point

    2 / chs                         ; additional dc factor

    sto dcvolts                     ; save dc voltage

 

    rcl Phaze_Angle_Deg

    >rad                            ; degrees to radians

    sto theta                       ; phasc angle

 

    rcl Freqency_Hz                 ; rf frequancy in hz
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    6.28318E-6 *                    ; to radians / microsecond

    sto omega                       ; save frequency in radians / usec

    rtn                             ; return from subroutine

 

;--------------------------------------------------------------------------

;---------------------------------------------------------------------------

seg tstep_adjust                    ; keep time step <= 0.1 Usec

    rcl ion_time_step 0.1

    x>y exit

    sto ion_time_step

 

 ;--------------------------------------------------------------------------

;------------------------------------------------------------------------

seg accel_adjust                    ; adds viscous effects to ion motions

 

    rcl ion_time_step x=0 exit      ; exit if zero time step

    rcl _linear_damping x=0 exit    ; exit if damping set to zero

    abs sto damping                 ; force damping term to be positive

    * sto tterm                     ; compute and save number of time constants

    chs e^x 1 x><y -                ; (1 - e^(-(t * damping)))

    rcl tterm / sto factor          ; factor = (1 - e^(-(t * damping)))/(t * damping)

 

    rcl ion_ax_mm                   ; recall ax acceleration

    rcl ion_vx_mm                   ; recall vx velocity

    rcl damping * -                 ; multiply times damping and sub from ax

    rcl factor *                    ; multiply times factor

    sto ion_ax_mm                   ; store as new ax acceleration

 

    rcl ion_ay_mm                   ; recall ay acceleration

    rcl ion_vy_mm                   ; recall vy velocity

    rcl damping * -                 ; multiply times damping and sub from ay

    rcl factor *                    ; multiply times factor

    sto ion_ay_mm                   ; store as new ay acceleration

 

    rcl ion_az_mm                   ; recall az acceleration

    rcl ion_vz_mm                   ; recall vz velocity

    rcl damping * -                 ; multiply times damping and sub from az

    rcl factor *                    ; multiply times factor

    sto ion_az_mm                   ; store as new az acceleration

  

 

;-------------------------------------------------------------------------------

;-------------------------------------------------------------------------------
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seg Other_Actions                   ; used to control pe surface updates

    rcl Next_PE_Update              ; recall time for next pe surface update

    rcl ion_time_of_flight          ; recall ion's time of flight

    x<y exit                            ; exit if tof less than next pe update

    rcl PE_Update_each_usec         ; recall pe update increment

    + sto next_pe_update            ; add to tof and store as next pe update

    1 sto Update_PE_Surface         ; request a pe surface update

 

;---------turn to time of flight mode----------------------------------------

    rcl Ion_Time_of_Flight    ; if time reaches SWITCH_TIME for TOF

    rcl SWITCH_TIME                ; measurement go to label TOF

    x<=y gsb TOF_init

    exit

        lbl TOF_init

rcl TOF_started

x=0 0 sto Ion_Time_of_Flight

1 sto TOF_started

        rtn

 ;------------------turn off simulation without TOF mode-----------------------

   ; rcl Ion_Time_of_Flight     ; if time reaches SWITCH_TIME for TOF

   ; rcl SWITCH_TIME                 ; measurement go to label TOF

   ; x<=y gsb turnoff

    

   ; exit                            ; exit program segment

; lbl turnoff

    

;    3 sto Ion_splat

;    exit

;------------------------------------------------------------------------

seg Terminate

    0 sto rerun_flym        ; turn off rerun mode

    rcl Ion_Time_of_Flight

    rcl SWITCH_TIME +
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    rcl delay_time +

    sto simulation_time

    rcl ion_Number

    message ; Ion#    Total simulation duration = # usec

    

            

Trapping Program with Collisional Cooling

; QIT-TOF-MS switch time and delay time simulation, based on a modified dahl.prg.
Simulation of ions being stored

; in the ion trap. Included is collisional cooling effect of a buffer gas (Maxwell-
Bolzmann distribution of buffer gas energy

; and accomodating collision from behind the ion ).

; Inclusion of switchtime to terminate ion flying but also store ion charateristics
(position, direction, speed, etc.) 

; for further usage (reload cloud.ion in QIT-TOF_new using delayed extraction capa-
bilities to simulate

; real ion cloud distribution for Ion Trap-TOF simulations)

; Patrick D. Setz 20.8.2006

;Created by Dave Dahl, modified by Patrick D. Setz, august, 20. 2006.

; ---------- adjustable during flight -----------------

defa _Mean_Free_Path_mm        6.5E3      ; mean free path (MFP) in mm

defa _Steps_per_MFP           20.0      ; avg number of int steps in MFP

defa _Collision_Gas_Mass_amu   4.0      ; assume helium

defa _Temperature_K          273.0      ; gas temperature

defa _Mark_Collisions           0      ; mark collisions if not equal zero

defa _Qz_tune                  0.5    ; Qz tuning point

defa _Az_tune                  0.00   ; Az tuning point

defa _AMU_Mass_per_Charge    178.0    ; mass tune point in amu/unit charge

defa _Left_Cap_Voltage         0.0    ; voltage on left cap

defa _Right_Cap_Voltage        0.0    ; voltage on right cap

; ---------- adjustable at beginning of flight -----------------

 

defa PE_Update_each_usec       0.05   ; pe surface update time step in usec

defa Phaze_Angle_Deg           0.0    ; entry phase angle of ion

defa Freqency_Hz               1.0E6  ; rf frequency of quad in (hz)
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defa Effective_Radius_in_cm    1.00   ; effective quad radius r0 in cm

defa mm_per_Grid_Unit          0.1    ; grid scaling mm/grid unit

defa _rfvolts        1100.0  ; rf voltage

defa simulation_time               0.0 

;-------------definition for TOF application------------------------------

defa SWITCH_TIME 5.0                        ; Time to switch to TOF mode 

defa VOLTAGE_REPELLER   420.0           ; Repeller potential

defa VOLTAGE_EXTRACTOR  -350.0                 ; Extractor potential

defa delay_time                          1.4       ; HV delay after RF clamp down

adefa v0_dist  1200                   ;Maxwell-Boltzmann v distribution array

adefa totals   500

adefa counts   500

; definition of static variables -----------------------------

 

defs first                               0.0    ; first call flag

defs scaled_rf                       0.0    ; scaled rf base

defs rfvolts                            0.0    ; rf voltage

defs dcvolts                          0.0    ; dc voltage

defs omega                          1.0    ; freq in radians / usec

defs theta                             0.0    ; phase offset in radians

defs Next_PE_Update           0.0    ; next time to update pe surface

defs TOF_STARTED             0.0    ; Flag if TOF mode has started

defs delay                            0.0

;--------------------------------------------------------------------------

;program starts here

seg initialize

    rcl ion_number 1 x<y goto skip_init ;skip init if not first ion

    rcl _temperature_k 3 * 1.380658e-23 * 2 / 1.60217733e-19 /

    message ; thermal ke = # eV

    message ;Creating Maxwell-Boltzmann dist array (n=1,000)

    0 sto total                         ;integral of distribution (range 0-0.999)

    0.999 sto maxrecord                 ;loop kickout limit

    0.0001 sto stepsize                 ;integration velocity step size

    0.0 sto nextrecord                    ;next saving value for total
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    0.001 sto recordstep                ;record v at each 0.001 step in total

    0 sto index                         ;array index

    4 3.141592654 sqrt / sto B            ;integration constant assuming v0 = 1

    0 sto v                             ;start off with v = 0

    lbl loop                            ;beginning of integration loop

        rcl v entr *                    ;compute vsquared

        sto vsquared                    ;save vsquared

        chs e^x                         ;e^(-vsquared/v0squared)  where: v0squared = 1

        rcl vsquared *                    ;vsquared * e^(-vsquared/v0squared)

        rcl B *                         ;B * vsquared * e^(-vsquared/v0squared)

        rcl stepsize *          stepsize * B * vsquared * e^(-vsquared/v0squared)

                                        ;where stepsize = delv = dv in integral

        rcl total +                     ;add to total

        sto total                        ;save new total

        rcl nextrecord                    ;rcl next total to record at

        x>y goto skip                    ;skip recording if total below next record

            rcl recordstep +            ;inc nextrecord by recordstep

            sto nextrecord                ;save next recording objective

;             rcl total                     ;verifying printout

;             rcl v

;             message ; v = #, total = #

            rcl v                        ;rcl v at current step

            rcl index 1 + sto index     ;inc array index

            asto v0_dist                ;save v into array at index

        lbl skip                        ;skipped recording entry

        rcl v                            ;get current velocity

        rcl stepsize +                    ;increment it by a small step

        sto v                            ;store v's new value

        rcl total                        ;get current total

        rcl maxrecord                    ;get max total to stay in loop

    x>=y goto loop                        ;keep looping if total is less

    message ;Maxwell-Boltzmann dist array Done!
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    lbl skip_init                        ;continue any normal initialize functions

    exit

;------------------------------------------------------------------------

seg Fast_Adjust                     ; generates trap rf with fast adjust

                                    ; has first pass initialization

    rcl first                       ; recall first pass flag

    x=0 gsb init                    ; if this is first reference  --> init

 

;---------turn to time of flight mode---------------------------------------------

    rcl Ion_Time_of_Flight    ; if time reaches SWITCH_TIME for TOF

    rcl SWITCH_TIME                ; measurement go to label TOF

    x<=y gsb TOF

    rcl TOF_STARTED                ;

    1.0 x=y gsb TOF     ;

;--------------------------------------------------------------------------

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Qz_tune *                  ; rf tuning point

    sto rfvolts                     ; save rf voltage

 

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Az_tune *                  ; substitute dc tune point

    2 / chs                         ; additional dc factor

    sto dcvolts                     ; save dc voltage

 

    rcl _Left_Cap_Voltage

    sto Adj_Elect02                 ; electrode 2 voltage

    rcl _Right_Cap_Voltage

    sto Adj_Elect03                 ; electrode 3 voltage

     

    rcl Ion_Time_of_Flight          ; current tof in micro seconds

    rcl omega *                     ; omega * tof

    rcl theta +                     ; add phasing angle

    sin                             ; sin(theta + (omgga * tof))

    rcl rfvolts *                   ; times rf voltage

    rcl dcvolts +                   ; add dc voltage

    chs 2 * sto Adj_Elect01         ; electrode 1 voltage

    exit                            ; exit program segment

 

;---------turn to time of flight mode---------------------------------------------
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 lbl TOF

   

   rcl SWITCH_TIME

   rcl Ion_Time_of_Flight -

   sto delay

   rcl delay_time   

   x<=y gsb delayed_TOF_start

   exit

lbl delayed_TOF_start

              rcl VOLTAGE_EXTRACTOR

              sto Adj_Elect03

              rcl VOLTAGE_REPELLER

              sto Adj_Elect02

              0 sto Adj_Elect01 ; set ring electrode to 0 volts

  1.0e9 sto _Mean_Free_Path_mm        4.0      ; mean free path (MFP) in mm

              

              exit 

lbl init                            ; parameter initialization subroutine

 

    1 sto first                     ; turn off first pass flag

 

    RCL Effective_Radius_in_cm      ; recall effective radius in cm

    entr * 2 /                      ; (r * r)/2

    rcl Freqency_Hz entr * *        ; multiply by frequency squared

    1.022442E-11 * chs              ; -1.022442E-11 * Qz * MASS * FREQ * FREQ * R0 * R0

    sto scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Qz_tune *                  ; rf tuning point

    sto rfvolts                     ; save rf voltage

 

    rcl scaled_rf

    rcl _AMU_Mass_per_Charge *      ; multiply by mass per unit charge

    rcl _Az_tune *                  ; substitute dc tune point

    2 / chs                         ; additional dc factor

    sto dcvolts                     ; save dc voltage

 

    rcl Phaze_Angle_Deg

    >rad                            ; degrees to radians
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    sto theta                       ; phase angle

 

    rcl Freqency_Hz                 ; rf frequancy in hz

    6.28318E-6 *                    ; to radians / microsecond

    sto omega                       ; save frequency in radians / usec

    rtn                             ; return from subroutine

;------------------------------------------------------------------------

seg tstep_adjust                    ; insure time steps are short enough

    rcl ion_vz_mm                    ; get ion's speed

    rcl ion_vy_mm                    ; load velocity components

    rcl ion_vx_mm

    >p3d                            ; convert velocity to polar coords

    sto v                            ; save speed in temporary variable

    rcl _Mean_Free_Path_mm            ;get MFP

    rcl v / rcl _Steps_per_MFP /    ;time step for MFP / _Steps_per_MFP

    sto tmax                        ;remember

    rcl ion_time_step               ;get proposed time step

    x<y exit                        ;exit if less than tmax

    rcl tmax                        ;else use tmax for time step

    sto ion_time_step

    exit

;----------------------------------------------------------

;seg tstep_adjust                    ; keep time step <= 0.1 Usec (from ion trap RF
program )

;    rcl ion_time_step 0.1

;    x>y exit

;    sto ion_time_step

;------------------------------------------------------------------------

;------------------------------------------------------------------------

seg Other_Actions

;---------turn to time of flight mode---------------------------------------------
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    rcl Ion_Time_of_Flight    ; if time reaches SWITCH_TIME for TOF

    rcl SWITCH_TIME                ; measurement, go to label TOF_init

    x<=y gsb TOF_init

    exit

        lbl TOF_init

rcl TOF_started

x=0 0 sto Ion_Time_of_Flight

1 sto TOF_started

        exit

    ; --------------  collisional cooling simulation  ----------------

    rcl _mean_free_path_mm            ; mean free path for one visible atom

    sto effective_free_path         ; compute effective free path

    rcl ion_vz_mm                    ; mean free path cooling

    rcl ion_vy_mm                    ; load velocity vectors

    rcl ion_vx_mm

    >p3d                            ; convert velocity to polar coords

         sto v                        ; save in temporary variables

    rlup sto az

    rlup sto el

;     key?

;     x=0 goto skipkey

;     rcl ion_mass

;     rcl v

;     >ke

;     message ;ion ke = # eV

;     lbl skipkey

                                    ; test for collision

    rcl v rcl ion_time_step *        ; compute distance from tstep * v

    rcl effective_free_path / chs e^x

    1 x<>y -                        ;(1-e(-d/fp))

    rand                            ;get random number from 0 - 1

    x>y goto skip1                    ; skip if no collision

    ;*********** collision model ************

                                                    ; collision -- assume variable
position hit

    0.999999999 rand *                                ; insure collision (r < 1.0)
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    abs x>0 sqrt                                    ; equal area weighted r value

    asin                                            ; collision angle in radians

    sto impact_angle_rad                            ; save in local variable

    rcl v rcl impact_angle_rad cos * sto vr         ; ion's impact velocity

    rcl v rcl impact_angle_rad sin * sto vt         ; ion's normal velocity

    rcl _temperature_k 3 * 1.380658e-23 *            ;get thermal v0 of collion gas
molecule

    rcl _Collision_Gas_Mass_amu abs                 ;get abs mass of collision gas

    1.6605402e-27 * /                                ;vrms = sqrt(3kT/m)

    sqrt 1000 /                                     ;root mean squared thermo velocity
in mm/usec

    sto v0thermal                                    ;store as thermal v0

    rand 998 * 1 + sto n                            ;get array pointer fp index (1-999)

    int sto low_index                                ;int and save as low array index

    1 +                                             ;inc for high array index

    arcl v0_dist                                    ;get high v array factor

    rcl low_index                                    ;get low array index

    arcl v0_dist sto low_factor                     ;get low v array factor

    -                                                ;delv = (vhigh - vlow)

    rcl n frac * rcl low_factor +                    ;get interpolated v value

    rcl v0thermal *                                 ;scale with v0thermal

    entr * sto v_squared                            ;save velocity squared of ion

                                                    ;vx will hold impact ke vsquared

    rand 0.5 - sto vx                                ;rand vx (-0.5 to +0.5)

    rand 0.5 - sto vy                                ;rand vy (-0.5 to +0.5)

    rand 0.5 - sto vz                                ;rand vy (-0.5 to +0.5)

    rcl vx abs rcl vy abs rcl vz abs + +            ;sum of abs vals of vx, vy, and vz

    sto vsum                                        ;sto sum of abs vals as vt

    rcl vx rcl vsum / rcl v_squared * sto vx        ;signed vx component of ke

    x=0 1 sto temp                                    ;save 1 if vx =0 else save vx

    rcl vx abs x=0 1                               ;save 1 if abs vx = 0 else save abs vx

    rcl temp / sto vx_sign                         ;get sign of vx component (-1 or +1)

    rcl vx abs sqrt rcl vx_sign * sto vx     ;compute impact velocity of gas molecule

        ;Note: if vx is greater than vr -- a hit from behind is assumed

    rcl ion_mass rcl _collision_gas_mass_amu -
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    rcl ion_mass rcl _collision_gas_mass_amu + /    ; (mi - mc)/(mi + mc)

    rcl vr * sto vr                                 ; attenuated impact velocity

    rcl _collision_gas_mass_amu entr +

    rcl ion_mass rcl _collision_gas_mass_amu + /    ; (mc + mc)/(mi + mc)

    rcl vx * rcl vr + sto vr                        ; add to vr component

    rcl vr rcl vr * rcl vt rcl vt * + sqrt sto v    ; compute resulting velocity

    1.0e-10 * sto dr                                ; protect against divide by zero

    rcl vr x<0 goto neg_vr                            ; jump if vr is negative

                                            ; D_impact_angle = impact_angle - new_angle

        rcl impact_angle_rad rcl vt rcl vr rcl dr + / atan -

        >deg                                        ; convert to degrees

        90 +                                        ; swing additional 90 deg ccw

        goto el_done                                ; continue

    lbl neg_vr                                        ; when vr is negative

                                            ; resulting angle = impact_angle + new_angle

        rcl impact_angle_rad rcl vt rcl vr abs rcl dr + / atan +

        >deg                                        ; convert to degrees

        90 -                                        ; swing additional 90 deg cw

    lbl el_done                                     ; continue

    360 rand *                                        ; azimuth angle

    rcl v                                            ; velocity

    >r3d                                            ; compute rect assuming vertical
is on original line

    -90 >elr                                        ; el rotate back from 90 vertical

    rcl el >elr                                     ;el rotate to initial el

    rcl az >azr                                     ;az rotate to initial az

         sto ion_vx_mm                                ;store back into user variables

    rlup sto ion_vy_mm

    rlup sto ion_vz_mm

    rldn

    rldn

    >p3d

    rcl ion_mass
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    x<>y

    >ke

    rcl ion_number

    arcl totals

    +

    rcl ion_number

    asto totals

    rcl ion_number

    arcl counts

    1 +

    rcl ion_number

    asto counts

    rcl _Mark_Collisions abs x!=0 mark                ;mark ion's collision if
requested

 ;------------------turn off simulation without TOF mode------------------------

   ; rcl Ion_Time_of_Flight     ; if time reaches SWITCH_TIME for TOF

   ; rcl SWITCH_TIME                 ; measurement go to label TOF

   ; x<=y gsb turnoff

    

   ; exit                            ; exit program segment

; lbl turnoff

    

;    3 sto Ion_splat

;    exit

;------------------------------------------------------------------------

; used to control pe surface updates

    rcl Next_PE_Update              ; recall time for next pe surface update

    rcl ion_time_of_flight          ; recall ion's time of flight

    x<y exit                        ; exit if tof less than next pe update

    rcl PE_Update_each_usec         ; recall pe update increment

    + sto next_pe_update            ; add to tof and store as next pe update

    1 sto Update_PE_Surface         ; request a pe surface update

 

lbl skip1

seg terminate
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    0 sto rerun_flym        ; turn off rerun mode

    rcl Ion_Time_of_Flight

    rcl SWITCH_TIME +

    rcl delay_time +

    sto simulation_time

    rcl ion_number

    message ; ion number = #, Total simulation duration = # usec

    

    ;rcl ion_number

    ;arcl totals

    ;rcl ion_number

    ;arcl counts sto count 0.000001 + /

    ;rcl count

    ;rcl ion_number

    ; message ; ion = # collisions = #, avg ke = # eV
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Skimmer
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Ion Trap Calculations
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Space-plane Focus Calculation
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