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Abstract

The idea of space-velocity correlation in continuous ion beams is proposed and tested in 

a prototype orthogonal Time-of-Flight Mass Spectrometer (TOF MS). Analytical solutions 

to the time focusing properties of ions are presented based on linear phase space 

distributions at the start of the TOF experiment. The analysis is extended to non-linear 

distributions and their associated finite arrival time spreads. The prototype is equipped 

with a thermal/surface ionization source and an electron impact source, providing an 

excellent opportunity to investigate variations in the experimental variables required for 

enhancing resolving power. Theory and experiment merge in an effort to describe the 

behaviour of ions in the source and through the optical system, in terms of their time 

focusing properties in the mass analyzer.

Resolving powers exceeding 2000 with time spreads of the order of 1-3 ns across the 

atomic mass range are reported for small linear oTOF configurations. Optimum virtual 

sources for reflecting geometries are investigated by varying the dimensions of the mass 

spectrometer. The “open” orthogonal gate design is proposed as an alternative to the 

prevailing two-stage acceleration configuration. A low energy electron impact source is 

described and a triple filament thermal/surface ionization source for surface studies is 

constructed. The effect of a fast detection system on the overall performance of the 

prototype is demonstrated.

Exact solutions to the space focusing properties employing static and/or time dependent 

uniform electric fields are developed using the “ion pair” model. A focal region with 

variable temporal and spatial characteristics is identified along the field-free path of the 

ions by considering finite initial spatial distributions. The errors associated with the 

truncated Taylor series are highlighted. Focusing is not an instantaneous property in TOF 

MS. The analysis is extended to ions desorbing from surfaces and the theory of delayed 

extraction is reformulated. The focusing action of the TOF analyzer relies on the inherent 

ability of the system to provide ions with an initial distribution in electric potential 

energies. Space focusing theory and the delayed extraction technique were fundamental 

to the development of space-velocity correlation focusing in orthogonal geometries.

Further studies include the experimental determination of the work function of filaments 

based on their electron emission properties, measurements of the kinetic energy 

distribution of the emitted electrons, thermionic emission kinetics, SEM and XPS analysis 

of the filament surfaces and a literature survey of thermal/surface ionization and electron 

impact ion sources.
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Acronyms

AP Appearance Potential

ATOF Aerosol Time-of-Flight

CHA Concentric Hemispherical Analyzer

CID Collision Induced Dissociation

DE Delayed Extraction

EDS Energy Dispersive Spectrometry

El Electron impact/Electron Ionization

ESI Electrospray Ionization

FAB Fast Atom Bombardment

FT ICR Fourier Transform Ion Cyclotron Resonance

FWHM Full-width Half-maximum

FWTM Full-width Tenth-Maximum

GC Gas Chromatography

IM Ion Mobility

IP Ionization Potential

IT Ion Trap

LAMMA Laser Microprobe Mass Analysis

LD Laser Desorption

MALDI Matrix Assisted Laser Desorption Ionization

MCP Micro-channel Plate

MS Mass Spectrometry

oTOF Orthogonal Time-of-Flight

PD Plasma Desorption

PSD Post Source Decay

QIT Quadrupole Ion Trap

RF Radio Frequency

RTOF Reflectron Time-of-Flight

SEM Scanning Electron Microscopy

SI Surface Ionization

SID Surface Induced Dissociation

SIMS Secondary Ion Mass Spectrometry

TDC Time-Digital Converter

Tl Thermal Ionization

XPS X-Ray Photoelectron Spectroscopy
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List of Symbols

Greek Symbols

a  degree of ionization in thermal/surface ionization.

a^ temperature coefficient of the apparent work function of a metal.

5 denotes a finite spread of measurable variables, e.g. Ss is the spatial spread

of the ions prior to acceleration, St is the arrival time spread of an isomass- 

to-charge ion packet.

s duty cycle of the orthogonal gate.

£ s electric field strength in the first field of a two stage acceleration system.

£ d electric field strength in the second field of a two stage acceleration system.

0 flight angle of the ions in the field-free region of an orthogonal time-of-flight

mass spectrometer.

k s ratio of the average initial ion kinetic energy to the energy stored in the first 

electric field Us.

Kd ratio of the average initial ion kinetic energy to the energy stored in the 

second electric field Ud .

A electric field ratio in a two stage acceleration system.

// ratio of the field-free region length D over the acceleration distance st in the 

first electric field.

v ratio of the second electric field d over the acceleration distance si in the 

first electric field.

p  length ratio of the two electric fields, s i d .

x time delay introduced between ionization and acceleration so that space- 

velocity correlated distributions are developed.

g voltage ratio in a two stage acceleration system, VJVd.

(o cyclotron frequency.
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English Symbols

a constant acceleration in a static electric field.

as constant acceleration in the first electric field 5 of a two stage acceleration 

system.

ad constant acceleration in the second electric field d of a two stage 

acceleration system.

B magnetic field intensity.

d length of the second electric field in a two stage system.

D  length of the field-free region; also used to define the length of the focal 

distance.

e<j> apparent work function of a metal (equivalent to eVw , where e is the electron 

charge).

ecj)0 work function of a metal at absolute zero.

Eb binding energy of a photoelectron.

Ee kinetic energy of a photoelectron.

/  frequency of the extraction pulse in the orthogonal gate.

h represents the difference in acceleration distance between the reference ion 

situated at so and any of the ions accelerating over a distance st or Sj.

j  thermoelectric current density emerging from a hot metal surface.

j 0 saturation thermoelectric current density emerging from a hot metal.

K v equilibrium coefficient between atoms, ions and electrons in a metallic 

enclosure containing a vapour.

/. ratio of the correlated velocity of the ith  ion, uci, to that at the end of the first 

electric field usi.

l j  ratio of the correlated velocity of the j  th ion, urJ, to that at the end of the first 

electric field m ..

to mass of an ion, expressed as amu for atomic species.

to,. ratio of the correlated velocity of the i th ion, ua , to that in the field-free region

vi



nij ratio of the correlated velocity of the ;'th ion, ucj, to that in the field-free 

region udj.

nj effective flight path for the i th ion.

nj effective flight path for the j  th ion.

p  ratio of the correlated initial ion velocities uci and ucj.

q total charge of an ion, defined as the product of the number of charges z and 

the elementary charge e .

r  ratio of reflected electrons to the total number of electrons arriving at the 

surface boundary of a metal.

s length of the second electric field in a two stage system.

sa acceleration distance of the reference ion, situated at the centre of a finite

initial spatial spread.

st acceleration distance within the first electric field 5 for the i th ion.

s . acceleration distance within the first electric field 5 for the /'th ion.

sx maximum acceleration distance of an ion within the first electric field 5 . 

s2 minimum acceleration distance of an ion within the first electric field 5 .

tdi acceleration time of the i th ion in the second electric field d .

tdl flight time in the second electric field d for an ion accelerating over s, in the 

first field 5 .

tdl flight time in the second electric field d for an ion accelerating over s2 in the 

first field 5 .

tDi flight time of the i th ion in the field-free region D .

tDX flight time in the field-free region for an ion with the maximum drifting velocity

u i t \  ■

tD2 flight time in the field-free region for an ion with the minimum drifting velocity

U„2 ■

? flight time where the i th and j  th ions meet in the field-free region.

tsi acceleration time of the i th ion in the first electric field 5 .

t , acceleration time of the j  th ion in the first electric field s .

/vl maximum flight time in the first field for an ion accelerating over a distance sx.
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ts2 minimum flight time in the first field for an ion accelerating over a distance s2. 

T absolute temperature.

Tt initial kinetic energy of an ion with mass m and initial velocity ut . 

uci correlated velocity of the i th ion.

ucj correlated velocity of the yth ion.

udi ion velocity at the end of the second electric field of length cL.

udl maximum drifting velocity for the ion accelerating over the greatest distance

V

ud2 minimum drifting velocity for the ion accelerating over the shortest distance

■V

ui initial velocity of the i th ion within the first electric field of length 5 . 

us[ ion velocity at the end of the first electric field of length s .

us] maximum velocity at the end of the first electric field for the ion accelerating

over the greatest distance sx.

us, minimum velocity at the end of the first electric field for the ion accelerating 

over the shortest distance s2.

U initial potential energy of an ion in an electric field.

Ud energy stored in the second electric field, representing the loss in the

potential energy or the gain in the kinetic energy of an ion traversing the field. 

Ue total potential energy of an electron leaving a conductor/metal surface.

U f image potential of an electron leaving a conductor/metal surface due the 

surface charge.

UQ reduction in the work function due to the presence of an external electric field 

(Schottky effect).

Us energy stored in the first electric field, representing the loss in the potential 

energy or the gain in the kinetic energy of an ion traversing the field.

UE potential energy of an electron leaving a conductor/metal surface due to the 

presence of an external electric field S . 

va number of neutrals desorbing from a hot filament, 

v, number of electrons emitted from a hot filament.
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vp number of positive ions emitted from a hot filament.

V contact potential difference between a clean metal surface and a surface 

covered with a sample.

Vd voltage applied across the first electric field d .

Vt ionization potential of gas phase species.

Vs voltage applied across the first electric field s .

Vw work function (or electron affinity) of a metal.

x(. initial position of the i th ion within the first electric field 5 .

Xj initial position of the j  th ion within the first electric field 5 .

x( j overall distance where the i th and 7 th ions meet in the field-free region at

time tt j .
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Chapter 1

An Introduction to TOF MS



1.1 Mass Spectrometry

1.1.1 Introduction

The direct demonstration of the existence of isotopes, the determination of 

appearance potentials for gaseous ions generated by electron impact, the highly 

precise measurements of atomic masses and nuclear packing fractions to test

Einstein’s E = me2, are the first scientific breakthroughs accomplished by mass 

spectrometry. As studies of the elements were under way, the idea of extending the 

utility of the “mass spectrograph” to the analysis of chemical compounds was 

proposed. In recent years, novel ionization techniques have extended the application 

of mass spectrometry to the exciting field of biology. Modern investigations involve 

the characterization of macromolecular structures from synthetic polymer studies, 

protein analysis, to the DNA quest. Mass spectrometry has long played a very 

significant role in quantitative gas measurements, fast analysis of trace pollutants 

and drugs, material and process monitoring in the petroleum, chemical and 

pharmaceutical industries. Mass spectrometers are involved in exotic applications 

such as geochronology, archaeological investigations, astronomical studies, 

spectroscopy and nuclear physics. Today, modern mass spectrometry has evolved 

into a powerful versatile analytical tool. The unique art of hybrid and tandem 

instrumentation has its origins in the earlier innovative investigations of electrical 

discharges in gases.

1.1.2 Historical Overview

By the end of the nineteenth century, most chemists considered atoms to be the 

ultimate constituents of matter. Concurrently, experiments with electrical discharges 

in a variety of rarefied gases and the observed complex structures clearly indicated 

that atoms incorporated charged particles. It was during the 19th century that their 

indivisible structure began to break down in the face of new discoveries in physics. 

The roots of these experiments can be traced back to Michael Faraday and his 

wonders in electrochemistry as early as 1834. Faraday introduced terms such as the 

ion, anion and cation. The term ion originates from the greek íáv, neutral present 

participle of íévai, to go, or “the wanderer”. So, anion, ávióv, and cation, Kanóv, mean
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"going up" and "going down", respectively, and anode, avo5og, and cathode, 

KaQodoq, mean "a going up" and "a going down", respectively, from odog, "way".

A contemporary of Faraday, William Grove carried out a series of experiments on 

electrical discharges through gases (Grove, 1852). It was inferred that both 

negatively and positively charged species are formed when an electrical discharge 

proceeds through a tube containing a mixture of rarefied hydrogen and oxygen. The 

observation indicated that the electrodes in a gas are polarized as the electrodes in a 

liquid are. The deflection of gases in electrical discharges by both magnetic and 

electrostatic means was reported by Gassiot in 1858 and Plucker was credited with 

the discovery of the “cathode rays”. It was Eugen Goldstein some decades later who 

gave the name Kathodenstrahlen or cathode rays and who is also credited with the 

discovery of the Kanalstrahlen or “canal rays” (Goldstein, 1876; Goldstein, 1886). 

Goldstein also demonstrated that canal rays are unaffected by weak magnetic fields.

From the magnitude of deflection of negatively charged rays, J.J. Thomson 

discovered that all gases produced the same negatively charged particles and 

determined their m l z ratio (Thomson, 1897). The value of 5x1 O'12 Kg C“1, the mass 

of the electron, was confirmed one year later by Wilhelm Wien and his apparatus 

known as the Wien filter, which utilized crossed electric and magnetic fields (Wien, 

1898), and subsequently by Millikan in 1908 (Millikan, 1908; Millikan 1910). The 

deflection of canal rays by the presence of strong superimposed parallel electric and 

magnetic fields was demonstrated by Wien in 1898. The experiments revealed that 

particles with different m lz  ratios generated parabolic curves. Experiments at lower 

pressures performed by J. J. Thomson in 1905 clearly indicated that for a ray of ions 

with a single m lz  value the deflection generated a sharp parabola. The position of 

the ions on each of the parabolas determined their energy. In 1907 Thomson 

recorded positive ion parabolas from discharges of H2 and He and extended his 

experiments to hydrocarbon molecules. The description of the mass spectrograph in 

which the photographic plates used for ion detection had been replaced by a narrow 

slit and an electrometer was presented in 1911 (Thomson, 1911). The first m /z  was 

obtained by measuring electric current as the strength of the magnetic field was 

varied. A direct method for demonstrating the existence of isotopes and a device for 

estimating their relative abundances was thus invented by Thomson.
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A satisfactory explanation for the appearance of the extra line in the mass spectrum 

of neon remained elusive until Francis Aston extended the newly developed concept 

of radioactive isotopes, developed by Frederick Soddy, to the stable elements of the 

periodic table. Aston’s new design of the mass spectrograph, shown in Figure 1.1, 

incorporated two slits to collimate the ion beam from the discharge tube and utilized 

the electric and magnetic fields in tandem rather than being superimposed as in 

Wien’s and Thomson’s designs. An analogy can be drawn between Aston’s design 

and achromatic prisms1 (Beynon, 1960). For an isomass-to-charge ion beam, the 

dispersion produced by the electrostatic field leads to a velocity spectrum. This 

dispersion is cancelled by the focusing action of the magnetic field. With this 

improvement ions of the same m lz  ratio were focused on a line on the photographic 

plate and the relative abundance of the ions was indicated by the line’s optical 

density. The resolution of this instrument was -130, one order of magnitude greater 

than Thomson’s design and clearly indicated the existence of the three isotopes of 

Neon. The year 1919 was the end of Dalton’s long standing atomic theory (Aston 

1919; Aston 1920; Aston 1923). By the year 1935 the spectra all of the known 

elements had been recorded and only rare isotopes remained to be discovered by 

the more sensitive next generation instruments.

SOURCE: Beynon, 1960

Figure 1.1 Schematic diagram of Aston's first velocity focusing mass spectrograph. A 

discharge tube generates ions with energies -1000 eV. Ions are accelerated from 20 kV to 50 

kV and collimated through slits. The electric and magnetic fields are arranged geometrically 

so that the dispersion in the first field is cancelled by the second.

Prisms are used to deviate rays, disperse white light into visible spectrum or erect an inverted image; 

they cannot focus. A lens is a curved material used for the refraction of light and can bring rays of a 

beam into a principal focus. Aberration is a defect in an image formed by a lens. Chromatic aberrations 

are coloured fringes in an image formed by a lens as a result of the different extend to which light of 

different colours is refracted. An achromatic lens corrects for chromatic aberrations by using a 

combination of two lenses such that their dispersion neutralize each other although their refraction do 
not.
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The two “diachronic” ion sources, thermal/surface ionization (TI/SI) and the electron 

impact ionization (El), were both introduced into mass spectrometry by Dempster 

(Dempster, 1918; Dempster, 1921). The former is know established as an 

exceptional tool for isotope ratio analysis when high precision and utmost sensitivity 

are required (Smith, 2000), while the latter became the classical ionization method in 

mass spectrometry (Barnard, 1953). Dempster also invented an ion source where a 

high-frequency spark was discharged between two electrodes made of the sample 

material to be analyzed. The concept evolved into the spark source used for the 

analysis of solid metals. At about the same time, Dempster modified Classen’s 

electron analyzer (Classen, 1908) for the analysis of positive ions. His design is 

considered as the first mass spectrometer, which achieved any kind of focusing 

(Dempster, 1918). Whereas Aston used his deflecting fields as prisms, Dempster 

used the magnetic field as a lens for separating and focusing ions. A schematic of 

the first direction focusing mass spectrometer is shown in Figure 1.2.

SOURCE: Barnard, 1953

Figure 1.2 Schematic diagram of Dempster's direction focusing mass spectrometer. The 

distinction drawn between this first mass spectrometer and the mass spectrograph is the 

detection system and the ability of the former to deliver more accurate abundance 

measurements by collecting electric current.

The description of a 180° analyzer with an El source, in which the transverse electron 

and ion beams are controlled separately, was presented by Bleakney (Bleakney, 

1929; Bleakney, 1930). The first electron impact source is, in fact, usually called the 

Bleakney source and became a standard in mass spectrometry research (Inghram & 

Hayden, 1954). Refinements of this novel design have been made by a plethora of 

experimentalists over the years (Tate & Smith, 1934; Nier, 1937; Nier, 1938; Nier, 

1940a).
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In 1939 Nier was motivated to isolate the uranium isotopes spectrometrically in an 

effort to determine which isotope underwent fission. Nier used his El 180° magnetic 

sector mass spectrometer to isolate the uranium isotopes and published his results 

one year later (Nier, 19406). Purified quantities of 235U became available and the 

enormous energy released when nuclei split following neutron bombardment was 

finally confirmed. The development of the first atomic bomb was under way.

Continuing his research in mass spectrometry, Nier described an instrument for 

precise isotope ratio measurements, which became the model for El sources, known 

as the “orthdodox” model (Nier et at, 1947). The El source became an increasingly 

valuable tool for many years later as structural analysis of complex molecules, such 

as hydrocarbons and biological compounds, moved into the forefront of research in 

mass spectrometry.

First-order double focusing analyzers incorporated an electrostatic sector for 

velocity/energy focusing followed by a magnetic sector for directional focusing. 

Nearly all of the existing mass spectrometrically determined packing fraction values 

have been obtained using this system (Beynon, 1960). At the early stages of mass 

spectrometry development these configurations were used to compensate for the 

large kinetic energy spread of the ions generated in the high frequency spark ion 

source, an ion source that gave ionization efficiency independent of atomic number.

Figure 1.3 Arrangement of the electric and magnetic fields for a double-focusing mass 

spectrometer of the Nier-Johnson type geometry.

Much of the improvement in mass spectrometers for precision mass analysis is

attributed to Alfred Nier. His contributions greatly enhanced resolving power and

6



sensitivity to a level of performance exceeding those of the most advanced mass 

spectrographs. The Nler-Johnson second-order double focusing mass spectrometer 

introduced in 1953 achieved high sensitivity and resolution thus significantly 

improved the mass accuracy of the analytical technique (Johnson & Nier, 1953). A 

schematic of the instrument is shown in Figure 1.3. Kratos Analytical Instruments in 

Manchester commercialized such an instrument in the early 1960’s.

High mass resolution and high mass accuracy static double focusing instruments 

dominated the field well into the 1990’s. In an effort to avoid the use of the magnet 

and reduce the size and cost of the instrument, several types of dynamic mass 

analyzers were slowly developed along side the high performance static mass 

spectrometers. In the mid 1950's, quadrupole devices and time-of-flight mass 

spectrometers were introduced. The former proved ideal for gas chromatography and 

the latter became known for its elegant simplicity. An explosive development is now 

being experienced both in instrumentation design as well as in novel ionization 

methods and applications.

1.1.3 Instrumentation Classes

Mass spectrometers constitute a large, very diverse and widely employed class or 

family of instruments. A mass spectrometer is an analytical instrument in which 

neutral molecules are converted into gaseous ions, directed and separated into their 

components by a mass analyzer. The ions are arranged into a mass spectrum 

according to their mass-to-charge ratios and their relative abundances.

The heart of a mass spectrometer is its analyzer, a region of high vacuum where ions 

are made to move under some kind of carefully controlled static or 

dynamic/oscillating electromagnetic fields. Ions of different mass, charge and velocity 

are separated, collected and accurately determined. Different types and 

arrangements of analyzers, the new concepts in ion production introduced at the 

front end of the mass spectrometer and the continuous development in ion source 

interfaces have resulted in a remarkably extensive range of instrumentation. The 

mass spectrometer islands are shown in Figure 1.4. Each of the islands has its own 

features and limitations. Four major types of mass analyzers are recognized, these 

are sector instruments, quadrupoles and ion traps, ion cyclotron resonance and time- 

of-fllght mass spectrometers. New applications have fathered new designs of
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instruments and instrumental improvements have in their turn extended the range of 

application of the technique. The expansion of scope and diversity is mainly 

attributed to hybrid and tandem instrumentation, the so-called modern mass 

spectrometry.

Sector instruments were the first mass spectrometers implemented, following the 

novel work of J. J. Thomson and his predecessors. Sector instruments make no use 

of time-dependent variables to separate an ion beam and this particular class of 

instruments is defined as static mass spectrometry. A mass spectrum is recorded by 

scanning the magnetic field. Although the focusing action of magnets for slightly

divergent beams of monoenergetic 

ions had already been appreciated, 

at least experimentally, it was not 

until 1933 that a theoretical 

treatment was established (Barber, 

1933; Stephens & Hughes, 1934; 

Stephens, 1934). In 1934 the 

general analysis of double focusing 

systems incorporating magnetic 

and electrostatic fields in tandem 

(with sharp boundaries) that 

provided simultaneous directional 

and velocity focusing respectively 

was published by Herzog (Herzog, 

1934; Mattauch & Herzog, 1934). 

First-order aberrations were 

eliminated and the analysis was 

extended to second-order focusing 

by Johnson and Nier (Johnson & 

Nier, 1953). This type of mass 

analyzer has dominated the high performance mass spectrometry field well into the 

1990’s. A detailed review of the focusing action of sector instruments can be found 

in several textbooks (Barnard, 1953; Inghram & Hayden, 1954; Beynon, 1960; 

Duckworth, 1960).

SOURCE: Brunee, 1987

Figure 1.4 The mass spectrometer islands.

A number of limitations in static mass spectrometry initiated the design of dynamic 

systems. Major drawbacks of static systems are the relatively low upper mass limit
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for biomolecular analysis and the prohibitive cost of heavier magnets, miniaturization, 

fast identification and high throughput analysis. The development of dynamic mass 

spectrometry evolved slowly, primarily due to the well established theoretical basis of 

static systems. However, the range of instrumentation and applications nowadays is 

remarkable. Technical advances, mainly in electron optics and fast electronics, had a 

significant contribution to the explosive development of dynamic systems.

In dynamic mass spectrometry the time dependence of one or more variables is 

fundamental to mass analysis. Attempts to arrange the dynamic systems according 

to the principles by which the time dispersion of the ion motion is implemented have 

been made (Blauth, 1966). These are divided into (a) energy balance mass 

spectrometers, (b) path stability spectrometers and (c) time-of-flight systems.

In energy balance mass spectrometry ions fulfil certain “resonance conditions” and 

energy can be continuously supplied to or withdrawn from them during their motion in 

suitable RF fields. The resonant ions achieve the maximum energy exchange with 

the RF field and a mass spectrum is recorded by varying the mass dependent

resonance conditions. The theoretical 

principles of operation of the Fourier 

Transform Ion Cyclotron Resonance 

Mass Spectrometer (FT ICR MS) 

dates back to the description of the 

cyclotron as a device for accelerating 

charged particles to high energies in 

1932 (Lawrence & Livingston, 1932). 

The existence of the 3 He isotope 

was demonstrated with the cyclotron 

operated as an energy balance mass 

spectrometer (Alvarez & Cornog, 

1939a; Alvarez & Cornog, 1939b). 

The development of the omegatron device was reported several years later and was 

used as a precision mass spectrometer (Hippie et al, 1949; Sommer et al, 1951). In 

the omegatron device ions are immersed in an extended homogeneous RF field and 

a static magnetic field and they follow a continuous Archimedes spiral trajectory. A 

schematic of the device is shown in Figure 1.5. The development of FT ICR MS 

(Marshall & Schweikhard, 1992) and its principles of operation are based on these

Figure 1.5 A simplified omegatron device.
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original devices as well as the technique of detecting ion power resonant absorption 

(Wobschall, 1965; Baldeschwieler, 1968; Llewellyn, 1969). FT ICR MS holds the 

world record in mass resolution and mass accuracy and it is unlikely to be challenged 

by any other mass analysis technique. The origin and principles that comprise the 

working library of the FT ICR mass spectrometer have been recently reviewed 

(Marshall et al, 1998; Marshall, 2000).

In path stability mass spectrometers the ion motion is described either as stable or 

unstable. Under suitable combination of electromagnetic fields only a certain mass 

range is stable or unstable. A direct mass analysis is then possible and there are 

several methods for detecting either stable or unstable ions. Three categories are 

distinguished (Blauth, 1966), these are velocity-stability, phase-stability and m /z -

stability spectrometers. The non magnetic quadruple mass spectrometer and the
quadrupole ion trap (QIT), 

disclosed in 1953 by Paul 

and Steinwedel (Paul & 

Steinwedel, 1953; Paul & 

Steinwedel, 1956) fall into the 

latter category. The origin of 

the use of alternating 

quadrupole fields lay in 

advances in the design of 

high energy accelerators. 

The original work by 

Christophilos, an electric 

engineer in Athens who is 

credited with the invention of 

the strong focusing technique 

using alternating gradient 

quadrupole magnetic fields in 

1950, was overlooked at the 

time (Blauth, 1966). Two years later the focusing method was published with a great 

impact on particle accelerator design (Courant et al, 1952). The technique is an 

example of dynamic stabilization, and the mathematical treatment leads to the 

Mathieu differential equations with their typical stable and unstable solutions 

(McLachlan, 1947). The 3D quadrupole ion trap is only one of a family of quadrupole 

devices and at the early stages of its development, rotationally symmetric

SOURCE: Forbes et al, 1999

Figure 1.6 Two- and three-dimensional representation 

of an ion’s trajectory in a quadrupole ion trap. The 

macromotion (Lissajous figure) and micromotion 

(minute oscillations) are clearly visible.
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hyperboloid geometries had survived in only a few laboratories as objects of 

curiosity. The confined trajectory of an ion in a 3D ion trap is shown in Figure 1.6. 

The confinement of charged particles made possible the investigation of some of the 

most fundamental properties of matter-radiation interaction. The application of the 

quadruple fields to tandem and hybrid mass spectrometry and the structural 

analysis of molecules as well as miniaturization have been enormous. The immense 

impact of these studies was acknowledged in 1989 by the award of the Nobel Prize 

in Physics to Wolgang Paul2 for the 2D and 3D quadrupole devices and to Hans 

Dehmelt3 for his contributions to the development of the Penning trap, the magnetic 

ion trap introduced by Penning in 1936. The 2D quadrupole mass filter and the 3D 

quadrupole ion trap have be.en treated in a few excellent monographs (Dawson, 

1976; March et al, 1989; March & Todd, 1995, March & Todd, 2005). The orbitrap 

(Makarov, 2000) and the digital ion trap (Ding et al, 2002) are the latest 

developments in the field of path stability spectrometry.

1.2 Time-of-Flight Mass Spectrometry

1-2.1 Introduction

The simplest form for time-of-flight mass analysis was proposed by Stephens in 1946 

(Stephens, 1946). The concept was based on the selection of ion packets from a low 

voltage ion source and their ejection into a field-free region. Since all ions acquire the 

same kinetic energy as they traverse the electric field, ions of different m lz  ratios fly 

with different velocities and arrive at the detector at the end of an evacuated tube at 

different times. Stephens had foreseen ~60 years ago significant advantages over 

other types of instruments that have established TOF MS as an indispensable mass 

analyzer today, including high throughput sensitive mass spectrometry by the 

elimination of narrow slits, fast response for rapid analysis and promising portable 

use. In conjunction with the unlimited mass range and the panoramic view of the 

mass spectrum for single ionization events, TOF MS is now the dominating technique 

for high mass high throughput fast analysis of molecules.

3 nobelprize.org/physics/laureates/1989/paul-lecture.pdf 
nobelprize.org/physics/laureates/1989/dehmelt-lecture.pdf
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The TOF mass spectrometer visualized by Stephens did not incorporate a magnet, 

which greatly simplified the construction of such an instrument. In addition the 

problem of obtaining spectra in very short time intervals was partially solved since 

TOF MS could operate in the /is  scale with the aid of an oscillograph. Although this 

system far superseded the time response of magnetic & radio-frequency TOF 

systems that were already put in practise by the late 1940’s, and clearly had several 

advantages over other types of mass analyzers, it was submerged by scanning 

techniques for a long time. The delayed establishment of the non-magnetic TOF 

analyzer is due to the slow development of fast electronics. The implementation of 

the technique was definitely not as simple as the original concept presented 60 years 

ago. Milestones in TOF MS are discussed in the following historical overview and a 

separate treatment of the early innovative TOF systems developed along lines with 

the linear/reflecting mode is presented.

1-2.2 A Brief History of Time-of-Flight

The landmark paper presented by Wiley & McLaren and the development of the two- 

stage acceleration ion source (Wiley & McLaren, 1955), led to the commercialization 

of the first TOF mass spectrometer with an El source, the Bendix TOF instrument 

(Wiley, 1956). A reasonable resolution of a few hundred could be attained in those 

early days but the fascinating advantage was its very high recording speed of 10,000 

spectra per second. For many years, this feature proved essential for the application 

of the TOF technique to the study of fast reactions. The first gas chromatographer 

(GC) coupled to the TOF analyzer was reported a few years later (Gohlke, 1959; 

Ebert 1961; McFadden et al, 1963; Oyly-Watkins et al, 1970). It is surprising that 

there was no subsequent development of the GC TOF MS technique. The 

quadrupole device was utilized instead and became the dominant non-magnetic 

analyzer coupled to GC. Even more surprising is the existence of very few GC TOF 

research instruments today. Since the early days of the Bendix instrument, TOF 

systems have slowly developed into a versatile mass analysis technique, mainly for 

biomolecular analysis. Tandem and hybrid TOF technology and biological mass 

spectrometry have merged into an extremely powerful analytical tool. A survey of 

major applications and instrumentation development of the TOF analyzer as well as 

key experiments on mass measurements of macromolecules is presented.
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The 1960’s

During the 1960’s, all TOF spectrometers were based on simple variations of the 

two-stage Bendix original design and were applied to the study of fast reactions and 

kinetics. The pulsed nature of lasers proved ideal for timing ionization events and 

techniques such as the rapid vaporization and analysis of coals, isotope ratio 

measurements and pyrolysis were developed (Conzemius <5 Capellen, 1980). The 

use of the Bendix system as a pulmonary and residual gas analyzer, its application to 

the study of ion/diatomic molecule reactions, studies at high temperatures with the 

Knudsen cell, investigations with negative ions as well as the most recent 

developments of the Bendix TOF analyzer were reported by Damoth (Damoth, 

1964a; Damoth 19646). The first laser microprobe TOF MS was presented in 1966 

(Knox & Vastola, 1966). In 1968 Muller coupled the TOF analyzer to the atom-probe 

ion microscope to identify the chemical nature of the individually imaged atoms 

(Muller et al, 1968). TOF MS was in its infancy and several reviews on these early 

investigations were published (Joy, 1969; Price <S Williams, 1970; Price, 1971).

YION DRIFT PATH MULTIPLIER

SOURCE

SOURCE: Damoth. 1964b

Figure 1.7 Schematic diagram of the Bendix TOF MS

In 1968 Malcolm Dole presented results from his first efforts to measure the 

molecular weights of oligomers of synthetic polymers with the electrospray ionization 

(ESI) source (Dole et al, 1968). Early attempts to weigh the heavy molecules with the 

Bendix mass spectrometer were unsuccessful (Dole et al, 1971, Gieniec et al, 1984). 

By the end of the 60’s, all the common methods of ionization involved an energetic
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gas phase encounter of a neutral molecule with an electron, photon or ion. The 

vaporization of heavy molecules without excessive fragmentation and decomposition 

was a long cherished but elusive goal at the time4. An exception in these early steps 

of biomolecular analysis is the field desorption ionization technique in which non­

volatile species adsorbed on the surface of thin metallic wires, surrounded by an 

intense electric field, could migrate by surface diffusion to the tip and desorb as intact 

ions (Beckey & Schuelte, 1960; Beckey, 1977).

The 1970’s

The early 1970’s were marked by the construction of the two stage reflectron device 

(Karataev e ta !, 1972; Mamyrin et al, 1973) based on Alikhanov’s single stage energy 

focusing system (Alikhanov, 1957). The energy focusing properties of the reflectron 

improved the resolution of the linear TOF configuration by an order of magnitude and 

have had a major impact on the development of modern TOF MS. Poschenrieder 

presented his theoretical analysis of magnetic and electric sectors in tandem with 

linear TOF segments (Poschenrieder, 1971; Poschenrieder, 19725). The analysis 

described for the first time the stigmatic focusing properties of such systems and 

predicted their future application to surface science and imaging techniques.

The origin of biomolecular TOF mass spectrometry has its roots in nuclear physics 

and time-of-flight measurements of short-lived nuclides. Surprising results that 252Cf 

fission fragments could produce heavy ions from labile and involatile biomolecules 

were the first experimental evidence of a nearly impossible achievement that spread 

enthusiasm. The advantage of exploring the high-mass end with a TOF system was 

evident when Ron MacFarlane reported his first results. The technique became 

known as plasma desorption (PD) (MacFarlane et al, 1974; MacFarlane & 

Torgesson, 1976; MacFarlane, 1983a; MacFarlane, 19835). PD TOF MS, the first 

instrument intended specifically for the analysis of biological macromolecules, was 

commercialized by Bio-Ion Nordic AB (Sweden) in 1984.

The principles of desorption/ionization are based on the “rapid heating” or “sudden 

energy sudden”, originally presented by Beuhler (Beuhler et al, 1974). On the 

grounds of rate theory for unlmolecular decomposition, it was argued that sufficiently

4nobelprize.org/chemistry/laureates/2002/fenn-lecture.pdf
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rapid heating could vaporize complex molecules before they had time to decompose. 

Advanced techniques based on this principle were developed including pyrolysis 

mass spectrometry (Meuzelaar ef a/, 1973), static secondary ion mass spectrometry 

(static SIMS) (Benninghoven ef a/, 1976; Benninghoven & Sichtermann, 1978) and 

laser desorption mass spectrometry (Unsoeld ef a/, 1976). The laser microprobe 

mass analysis (LAMMA) technique was further developed (Hillenkamp ef a/, 1975a; 

Hillenkamp ef a/, 1975b) and commercialized by Leybold-Hereaus in 1978 

(Germany). Several other methods were devised in an effort to bring heavier intact 

molecules into the gas phase (Giessmann & Rollgen, 1976; Rollgen ef a/, 1977; 

Ohashi ef a/, 1978; Hunt, 1977; Hansen & Munson, 1978; Cotter & Fenselau, 1979). 

All the above techniques produced intact ions from many complex species however 

the yields were very low and there was always an upper mass limit. The late 70’s are 

reviewed in the last of the Dynamic Mass Spectrometry series volumes (Price &

Todd, 1981).

The 1980’s

The 1980's is the renaissance period for TOF MS. This is largely attributed to the 

development of the matrix-assisted laser desorption/ionization (MALDI) method for 

the structural analysis of blomolecules. Concurrently, the re-invention of the 

orthogonal configuration technique and the ability to record time-of-flight spectra from 

continuous ion sources revolutionizes TOF MS. Challenging biomedical applications 

emerge, supported by hybrid systems, demanding enhanced resolving power, 

exploring the unlimited mass range and stretching the detection limits of this 

remarkable mass analyzer. Secondary ion mass spectrometry (SIMS) studies have 

also had a significant contribution to the establishment of TOF MS as a mainstream 

technique.

Pioneering studies on the pulsed SIMS TOF technique for analyzing organic 

compounds were carried out by Benninghoven (Benninghoven, 1983; Niehuis ef a/, 

1987) and Standing (Standing ef af, 1988). TOF SIMS Instruments with one and two 

Stage reflectrons were developed (Chait & Standing, 1981; Niehuis ef , 1986). A 

schematic of a SIMS TOF Instrument is shown in Figure 1.8. Incorporation of 

reflectron devices as a means of enhancing resolution stimulated the investigation of 

ions during their flight and metastable decay studies were presented (Chait & 

Standing, 1981; Chait 8 Field, 1981). » was then realized that the metastable
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properties of excited species provided a method for the 

determination of the structure of parent ions without 

using a tandem spectrometer (Della Negra & LeBeyec, 

1985; Della Negra & LeBeyec, 1986). Advances in TOF 

instrumentation were very important at the time. The 

Wiley & McLaren principles of pulsed extraction were 

first demonstrated in a fast atom bombardment (FAB) 

TOF system and the enhanced ion yield of heavy 

molecular weight species was reported (Tabet & Cotter, 

1984; Cotter, 1984). The different operating modes of 

TOF instruments coupled to PD, LD, FAB and SIMS ion 

sources and a comparison of the relative ion yields have 

been discussed (Cotter et at, 1986).

A very important contribution to the TOF family is the re-invention of the orthogonal 

configuration in the late 80's, which made possible the interfacing of continuous ion 

sources with the TOF analyzer. Orthogonal Time-of-Flight (oTOF) MS was re­

invented independently by two groups (Dawson & Guilhaus, 1989; Dodonov et at, 

1991). A schematic of the orthogonal TOF is shown in Figure 1.9.

SOURCE: Niehuis et al, 1986

Figure 1.8 Schematic of 

a SIMS TOF instrument.

SOURCE: Dawson & Guilhaus, 1989

Figure 1.9 Selected ion trajectories from an El source, through a collimation lens and into the 

oTOF.

In tandem TOF MS, instruments were developed for the study of collision induced 

dissociation (CID) and surface induced dissociation (SID) products. A novel design 

with a quadrupole filter for precursor ion selection, a collision cell and an “on axis”

16



TOF analyzer for recording the daughter ions was reported in 1984 (Glish & 

Goeringer, 1984; Glish et al, 1987). TOF/TOF systems were also designed and 

constructed for studying polyatomic ion/surface collisions (Schey et al, 1987).

Laser evaporation and subsequent multiphoton or resonance ionization for elemental 

trace analysis of solids was performed with TOF analyzers (Becker & Gillen, 1984; 

Williams et al, 1984; Fasset et al, 1985). Laser ionization TOF MS with reflectron 

technology is reviewed by Boesl (Boesl et al, 1992). The developing interest of using 

laser desorption for the analysis of polymers has also been discussed (Wilkins et al, 

1985). Based on the rapid heating principles, the idea of matrix assisted desorption 

of labile organic compounds became quite popular at the time. The role of glycerol 

as an ionization promoter (Barber et al, 1981b; Hsu et al, 1983) was demonstrated in 

a FAB source, also known as high flux liquid SIMS (Barber et al, 1981a; Surman & 

Vickerman, 1981). Nitrocellulose was used in PD (Johnson et al, 1986) and the 

beneficial matrix action in LD was also discussed (Zakket et al, 1981; Wright et al, 

1985).

Desorption/ionization of thermally labile biomolecules in the high mass range was 

finally accomplished by Tanaka’s group and later by Karas and Hillenkamp towards 

the end of the 1980’s. In both techniques lasers was used to irradiate a mixture of the 

analyte and an absorbing medium to convert light to thermal energy. The 

development of the soft laser ionization technique using a mixture of ultra fine metal 

powder and glycerin (Tanaka et al, 1988) and the MALDI method using a polymer 

matrix to assist ionization (Karas & Hillenkamp, 1988) were acknowledged as 

scientific breakthroughs achieved by the mass spectrometry community. Both 

experiments were performed by TOF systems. Koichi Tanaka shared the chemistry 

nobel prize in 2002 with John Fenn for the development of ESI (Yamashita & Fenn, 

1984) and Kurt Wutrich for the determination of the three-dimensional structure of 

macromolecules in solution using nuclear magnetic resonance spectroscopy.

In the 1980’s TOF MS departed into space for the first time. The small reflection 

instrument designed for the analysis of particulates from Halley’s Comet is shown in 

the next Figure 1.10 (Kissel, 1986).
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PHOTOMULTIPLIER

SOURCE: Kissel, 1986

Figure 1.10 Schematic diagram of the TOF instrument for particulate analysis in space.

The 1990’s and Current State

The 1990’s is the period of establishment of TOF MS at the forefront of MS research. 

An explosion in the field is experienced and several TOF instruments become 

available in the market. The TOF analyzer is no longer considered a low resolution 

spectrometer. Tandem and hybrid TOF machines are developed.

The MALDI technique became the driving force for new instrument design. 

Fundamental studies on the ionization mechanism are carried out. Significant 

advances are the rediscovery of the delayed extraction (DE) technique (Colby et at, 

1994; Brown & Lennon, 1995) and the incorporation of high performance reflectron 

devices (Cotter, 1997). The combination of focusing techniques defeated the major 

disadvantage of the TOF analyzer, its low resolution. DE is an extension of time-lag 

focusing for gas phase ionization (Wiley & McLaren, 1955) to the desorption of ions 

from surfaces and is developed in Chapter 3. Reflectrons are also discussed 

separately in Chapter 1, Section 1.4. Special techniques using a gate for selecting 

the parent ion and studying post-source decay products were developed (Kaufman et 

at, 1993; Spengler, 1997; Chaurand et al, 1999). A comprehensive account of TOF 

instrumentation and applications in the field of biology is given by Cotter (Cotter, 

1997).
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Tandem Reflectron Time-of-Flight (RTOF) MS has become an invaluable tool in 

biomolecular analysis. The first analyzer selects a particular mass while the second 

provides structural information following the dissociation of the target species. Ion 

activation is achieved either by collision induced dissociation (CID), surface induced 

dissociation (SID) or photodissociation. Post-source decay (PSD) methods are an 

imperfect approach in MALDI TOF MS in which activation occurs during ionization by 

increasing the laser power (Cotter, 1997). Focusing of the daughter ions can be 

achieved by a non-linear reflectron only if fragmentation occurs in the field-free 

region (Cordero et al, 1995, Fabris et al, 1995). Special TOF/TOF systems 

incorporating a gate before the CID cell were developed and reacceleration 

techniques for enhancing the resolution of the fragment ions have been reported 

(Jardine et al, 1992). SID (Schey et al, 1989) and photodissociation (Boesl et al, 

1992) methods for obtaining structural information have been performed with 

TOF/RTOF systems. RTOF/RTOF geometries have been constructed in order to 

utilize the focusing properties of the analyzer at the gating point and narrow the mass 

selection window (Cornish & Cotter, 1994; Beussman et al, 1995). MALDI TOF/TOF 

MS is an active field of research (Cordero et al, 1996; Medzihradszky et al, 2000; 

Suckau et al, 2003). A schematic of a TOF/TOF MS configuration incorporating a 

gate, a collision cell and a re-acceleration region is shown in Figure 1.11.

Figure 1.11 Schematic of a TOF/TOF configuration

ESI is established as a complementary method to MALDI for the analysis of 

biomolecules (Cole, 1997). In contrast to the pulsed mode in MALDI ion production,
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ESI ions form a continuous multiply charged beam. Continuous ion production 

facilitates the use of quadrupole instruments, which are however scanning devices. 

The formation of non-covalent complexes formed in ESI usually exceeds the upper 

mass limit of the quadrupole hence a TOF mass analyzer is a more appropriate 

choice. The transformation of the continuous ion beam to the pulsed mode was 

achieved with high efficiency by coupling the ESI source with the oTOF MS (Dodonof 

et al, 1987; Dodonof et al, 1991; Dodonof et al, 1994). Collisional cooling of the ions, 

introduced initially for quadrupole mass spectrometers (Douglas & French, 1992; Xu 

et al, 1993), was a very practical interface between the source and the orthogonal 

region of the TOF system. The quadrupole device, operating in the rf mode only at 

0.01-1 torr, reduced the high energy spread of the ions in the source and provided 

suitable initial conditions for the orthogonal acceleration experiment. Improved 

resolution, reduced discrimination and enhanced transmission are few of the 

advantages of this configuration. It has been demonstrated theoretically that the ions 

at the exit of the rf-guide posses nearly thermal energies (Krutchinsky et al, 1998a). 

Collisional cooling devices have also proved successful for coupling the pulsed 

MALDI source to the oTOF analyzer (Krutchinsky et al, 19986; Flarvey et al, 2000).

The counterpart of MALDI TOF instruments, the orthogonal configuration, evolved 

rapidly and had a profound influence on the design of hybrid instruments. The coaxial 

quadrupole TOF reported by Glish suffered from poor resolution, mainly because the

initial conditions of the ions 

prior to TOF analysis were 

characterized by wide 

spatial and energy spreads 

(Glish & Goeringer, 1984; 

Glish et al, 1987). 

Orthogonal acceleration 

again provided a remedy to 

the problem by choosing a 

separate direction for mass 

analysis where the initial 

set of conditions is more 

clearly defined. Two

remarkably successful 

designs have been

SOURCE: Chernushevich, 2001

Figure 1.12 Schematic diagram of the QqTOF coupled 

to an ESI source.
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reported and are available in the market today, the first with a collision cell in a rf 

hexapole (Morris et al, 1996) and the second with a collision cell in a rf quadrupole 

(Shevchenko et al, 1997). The hybrid instrument is known as the QqTOF and has 

been recently reviewed (Chernushevich et al, 2001). A schematic of the instrument is 

shown in Figure 1.12. Orthogonal TOF systems have been coupled to electron 

impact (El) (Chen et al, 1999; Berkout et al, 2001), and inductively coupled plasma 

(ICP) ion sources (Myers et al, 1994; Myers et al, 1995a; Myers et al, 1995ft; 

Guilhaus, 2000a). Several review papers on oTOF MS can be found in the literature 

(Chernushevich et al, 1999; Guilhaus et al, 2000).

Ion trap TOF MS is a fascinating hybrid instrument with unique features. The 

advantages of merging the MSn capabilities of the IT device with high resolution and 

high mass accuracy TOF spectra are enormous. However, the development of such 

a system has not been proven to be a straight forward process and fundamental 

limitations still remain unresolved. These include rapid rf start up and switch off for 

trapping and ejecting respectively, fragmentation of hot molecules immersed in the rf 

field, reduction of the mean free path when static background pressures are used 

and relatively low resolution as the initial spatial and kinetic energy spreads of the 

ions before extraction are difficult to control.
ion reflector

SOURCE: Chen & Lubman, 1992

Figure 1.13 Ion trap reflectron TOF MS with axial Injection.

The first IT TOF MS was reported in 1992 as a method for converting a continuous 

ion beam from an atmospheric glow discharge Ion source to the pulsed mode for 

TOF analysis (Chien & Lubman, 1992; Chien et al, 1993). A few advantages of the IT
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TOF MS reported are the reduction of the energy and spatial spread of the ions at 

the centre of the trap in the presence of a buffer gas prior to TOF analysis, possible 

enhanced sensitivity based upon storage and integration of the ion signal prior to 

ejection and fast spectra acquisition without having the need to scan. A time spread 

of the order of ~8 ns at m /z = 2100 was reported for this first design and a 

schematic diagram of the instrument is shown in Figure 1.13.

Time-resolved fragmentation spectra and reflectron tuning techniques for studying 

the kinetic energy release of fragmentation reactions were demonstrated in a similar 

design with a resolving power of < 1000 (Aicher et al, 1995). Simulations of external 

ion ejection, cooling and extraction processes have been presented (He & Lubman, 

1997) and first results from a MALDI IT RTOF MS were reported (He et al, 1997). An 

ESI IT TOF MS has been recently developed (Hashimoto et al, 2005). Linear ion 

traps coupled to orthogonal TOF geometries have also been constructed (Codings et 

al, 2001; Michaud et al, 2005). There is only one MALDI IT RTOF mass spectrometer 

available in the market5.

Ion mobility (IM) measurements in a drift tube based on the time-of-flight principles 

were presented in 1970 (Young et al, 1970). The combination of ESI sources with IM 

and orthogonal TOF mass analysis is a relatively new technique developed for the 

separation and determination of various biochemical compounds (Hoaglund et al, 

1997; Hoaglund et al, 1998; Guevremont et al, 1997). Ion traps and collision-induced 

dissociation (CID) cells have also been implemented in IM oTOF MS (Henderson et 

al, 1999; Screbalus eta/, 1999; Hoaglund et al, 2000). A method of determining cross 

sections of peptides using ESI IM oTOF MS has been reported (Valentine et al, 

1999). MALDI IM oTOF mass spectrometers have been recently constructed (Gillig 

et al, 2000) to simultaneously acquire peptide mass map and peptide sequence 

information (Stone et al, 2001).

The MALDI TOF imaging technique was initially demonstrated in a laser microprobe 

mass analysis spectrometer (LAMMA) for the analysis of low mass range ions (Huber 

et al, 1994). The image analysis was extended to peptides and proteins in tissues 

exceeding 25 kDa (Caprioli et al, 1997). TOF imaging is still at an early stage 

nonetheless the potential of such an analytical tool is enormous for the investigation 

of cellular processes in both health and disease. The field has been recently

5 www.shimadzu-biotech.net/pages/products/1/aximaqit.php
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reviewed (Chaurand et al, 2002). The techniques and applications for the 

characterization of biomaterial surfaces (Belu et al, 2003) and the progress in cellular 

analysis using the TOF SIMS technique (Lockyer & Vickerman, 2004) have also 

been recently reported.

Aerosol Time-of-Flight Mass Spectrometry (ATOF MS) is a unique analytical 

technique for the determination of the chemical composition of individual aerosol 

particles (Wood & Prather, 1998). Real time analysis of particulate matter has 

diminished concerns over losses and reactions between sampling and analysis with 

traditional methods of collection and measurement of size and chemical composition. 

Transportable ATOF instruments incorporating reflectrons have been developed, 

which overcome the single polarity limitation (Gard et al, 1997). A schematic of the 

ATOF configuration is shown in Figure 1.14. Aerosol mass spectrometry has been 

recently reviewed (Suess & Prather, 1999). Latest developments include the on-line 

analysis of organic compounds in fine and ultra-fine particles by photoionization 

aerosol oTOF MS (Oktem et al, 2004) and MALDI ATOF MS for the analysis of 

bioaerosols (van Wuijckhuijse et al, 2005).
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Figure 1.14 Schematic of a transportable bipolar ATOF MS
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Advances in space research and instrumentation have also been an important driving 

force for the development of TOF systems. The scope of the in-situ Rosina RTOF 

Sensor, a special instrument designed for the Rosseta comet rendezvous mission, is 

to measure chemical elemental and isotopic composition of neutral as well as ionized 

volatiles in the atmosphere of comet 46/P Wirtanen (Mildner et al, 2001). The first 

results of the TOF-E telescope installed onboard of the Nozomi spacecraft were 

recently reported (lhara et al, 2002). The field of miniature TOF MS for in-situ 

composition studies, for future landed planetary missions was published in 2003 

(Brinckerhoff et al, 2003). Pportable and miniature mass spectrometry in the US 

space program has been discussed (Palmer & Limero, 2001).

Advances in focal plane detectors and digital timing electronics play an ongoing 

contribution in the establishment of TOF MS as a high resolution mass analysis 

technique. The development of microchanel plates (MCP), fast preamplifiers, time-to- 

digital converters (TDC) and transient recorders with pico-second resolution have 

significantly reduced detector pulse width and jitter. High performance TOF mass 

spectrometers can record arrival time spreads of the order of > 1 ns. The temporal 

interaction of the detection system with the arriving ions at the surface of the detector 

is by no means trivial. Continuous developments in fast electronics and electron 

optics have supported the TOF experiment (Selby et al, 2002) and the next challenge 

to be met is the efficient detection of ions exceeding 1 MDa. It is likely that electron 

optics in ion detectors will present fundamental limits to the pulse width delivered and 

that in each case the conflicting requirements of narrow pulse width, high gain and 

dynamic range will be balanced to meet the needs of the instrumentation (Coles & 

Guilhaus, 1994).

Several review papers have been published during the last 15 years focusing on the 

different areas of application and the diverse TOF instrumentation with historical 

aspects and personal perspectives (Cotter, 1992; Guilhaus, 1995; Guilhaus et al, 

1997; Standing, 2000; Hillenkamp & Karas, 2000; Mamyrin, 2001).

TOF principles have been extended to the field of spectroscopy mainly for kinetic 

energy distribution measurements of electrons and ions. A few examples are the use 

of first-order reflectron lenses in an optical tomographic atom probe (Bemont et al, 

2002), the construction of variable angle reflectron TOF mass analyzers for studying 

synchrotron radiation photochemistry of polyatomic molecules (Hiraya et al, 1999), 

the study of chemical reactions of core-excited large molecules with linear and
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reflectron TOF MS (Ibuki et al, 2001), and the use of simple imaging energy filters 

based on electron time-of-flight principles in photoemission electron microscopy 

(PEEM) (Oelsner et al, 2004). The most recent applications of TOF MS in the field of 

nuclear physics extend from the accurate measurements of mass and angular 

distribution of fission fragments in heavy ion induced fission reactions (Ghosh et al, 

2005) to the search for deeply bound kaonic nuclear states by measuring proton and 

neutron energy spectra (Suzuki et al, 2005).

TOF MS and TOF related techniques constitute an enormously dynamic field of 

research at the present. A comprehensive literature review of the latest years of 

academic and industrial instrumentation development and applications is a rather 

frightening thought. Instead, the TOF instrumentation field is discussed and the 

historical development of linear and reflecting geometries is reviewed in the following 

sections.

1.2.3 The Early TOF Instrumentation

A plethora of TOF mass spectrometers based on the time separation principle has 

been proposed and developed over the past -65 years. The use of electric, magnetic 

and RF fields and their combination has resulted in a very diverse and complicated 

TOF instrumentation. The early TOF designs that differ from linear and reflecting as 

well as orthogonal configurations are outlined. Latest developments of those first 

designs that survived since the early days including a few new concepts are also 

considered.

Chronotron

The first theoretical treatment of circular periodic magnetic time-of-flight mass 

spectrometer appeared in 1948, known as the chronotron (Goudsmit, 1948). The 

mass analysis principle of the chronotron makes use of the rotational period of an 

isomass-to-charge ion packet, which is independent of the velocity and the direction. 

One complete cycle of an ion’s trajectory in a homogeneous magnetic field is shown 

in Figure 1.15.
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SOURCE: Blauth, 1966

Figure 1.15 Ion path in a homogeneous magnetic field.

Let the magnetic field be in the direction of the x axis. The velocity vector u of the 

ion motion has an angle a with the field lines (the axis of the solenoid). The velocity 

perpendicular to the magnetic field is then wv =z/sina. This velocity component 

produces a circular motion due to the Lorentz force experienced by the particle, 

mu2v / r  = qBuv hence the radius of the motion is:

r  —
m wsina
z eB

( 1.2 . 1)

Where m l z is the mass-to-charge ratio of the charged particles, e the elementary 

charge and B is the magnetic field strength. For one complete cycle uy = 2 n r !T  

and the period of the rotation is expressed as:

T __ m 2k  
z eB

( 1.2 .2)

which is independent of both the ion’s velocity u and it’s direction a. The angular 

frequency of the motion is (O -e B /(m lz ) . The displacement of the charged particle 

in the direction of field lines during the period time is / = uxT  , that is:

, 2k  m
I = --------u cos ci

eB z
(1.2.3)

The solenoid is thus a magnetic lens whose focal length depends on the momentum 

of the ions and the direction of the velocity vector among other things. The solenoid
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lens exhibits spherical aberration i.e., ions starting from a point source fail to 

converge to a single focal point. Thus a point source at Q is imaged along the focal 

line on the x-axis. It is interesting to note that the time-of-flight of an ion with 

m /z  = 200 in a magnetic field of 10“2 T according to Eq. (1.2.2) is 1305.2 /js and 

that of m lz  = 201 is 1309.0 jus , ~3.8 jus greater. The focal length for a 500 eV ion 

energy and an angle of 45° is -20.2 m for m lz  = 200. Both length and flight time 

can be reduced by an order of magnitude if the magnetic field is increased to 10 1 T .

Successful measurements with the chronotron were reported a few years later (Hays 

et al, 1951). In this original device ions were formed by electron impact and they 

were accelerated by a voltage pulse of -600  V and 500 ns long so that they all 

received the same momentum. Detection was achieved by the use of a magnetic 

electron multiplier (Smith, 1951a). Results on the resolving power and the mass 

accuracy of the chronotron mass spectrometer were reported a few years later 

(Hays, 1954).

Mass Synchrometer

The mass synchrometer, developed by 

differs from the chronotron in that the 

magnetic field. In the original design,

SOURCE: Blauth, 1966

Figure 1.16 The mass synchrometer.

Smith in 1951 (Smith, 19516; Smith, 1951c) 

ions move in a plane perpendicular to the 

1 keV ions describe circular orbits with an 

angular frequency, independent of the 

energy, (0 = {q /m )B . The period of

revolution is similarly given by Eq. (1.2.2). 

With reference to Figure 1.16, a group of 

ions of limited mass range passes through 

slits S2, S3, S4, where S2, S4 are earthed. A 

retarding field is introduced by the pulsed 

nature of slit S3 and momentum is removed 

forcing the ions to smaller orbits. The first 

pulse reduces the orbit radius and after a 

time n T , a second pulse is applied to direct 

ions onto the detector. The time nT is 

deduced from the time separation between
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the voltage pulses and the ion masses are determined by Eq. (1.2.2). The final form 

of the instrument appeared in 1956 (Smith & Damm, 1956). Although the system 

achieved the highest resolution and mass accuracy than that achieved with the best 

double focusing systems, it suffered from low duty cycle (Beynon, 1960). The mass 

synchrometer is further discussed by Blauth (Blauth, 1966).

Trochoid Mass Spectrometer

A few methods for attaining perfect double focus are known, which have been 

investigated by the construction of appropriate instruments. The trochoidal-path mass 

spectrometer is such an instrument in which the ion beam is introduced into crossed 

homogeneous magnetic and electric fields. The trochoidal mass spectrometer 

produces mass dispersion therefore is a scanning instrument. The description of the 

static focusing trochoidal path spectrometer appeared in 1936 (Hippie & Bleakney, 

1936; Hippie & Bleakney, 1938). A schematic of the mass spectrometer is shown in 

Figure 1.17.

SOURCE: Blauth, 1966

Figure 1.17 Trochoid time-of-flight mass spectrometer.

The trochoidal path is generated by the locus of a point on the radius of a circle, as 

the circle rolls on a fixed straight line. Ions emerging from the slit S with an angle 

(9 0 -0 )  relative to the electric field lines experience the crossed field. The equations 

of motion are (Blauth, 1966):
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my = q £  -  qBx 

mx = qBy
(1.2.4)

In the z direction there is no force acting on the particle and the z velocity 

component is uniquely determined by the energy of the ion beam. The period of the 

trochoidal motion is equal to the period of the rotation of the circle and the angular 

frequency is that of the cyclotron, co = (q / m )B . The midpoint of the rolling circle

moves with velocity ux = £ I B , the radius of the circle is a = m £ /q B 2 and the 

trochoid repeats its self after a distance:

d  = 2k a -  2k
m£
qB1

(1.2.5)

The focal point for an isomass-to-charge ion packet is therefore independent of the 

initial velocity and angular divergence and exact double focusing conditions are 

satisfied. The focused ions are directed through two rf condensers and only ions that 

pass through at zero transits can reach the collector unperturbed. The time-of-flight 

between the condensers must then be equal to a whole number multiple of half the rf 

period Tr f , nT = gTrf /2  where n is the number of trochoid periods, T the period of

ion motion and g  an integer, from which the mass of the ions can be determined. A 

resolving power of 12000 was reported in 1952 (Hippie & Sommer, 1952). A 

commercial instrument became available in 1957 (Robinson & Hall, 1957). The 

cycloidal-type focusing mass spectrometers have been briefly discussed (Beynon, 

1960; Blauth, 1966). Linear and circular cycloid TOF analyzers are available in the 

market6.

Spiratron

The spiratron, a unique circular periodic non-magnetic time-of-flight mass 

spectrometer, was presented by Bakker in 1969 (Bakker, 1969). Two concentric 

cylinders were used for the assembly of a radial electrostatic field analyzer in which 

ions describe helical paths. Radial electric sector fields with cylindrical symmetry are 

also known as electrostatic cylindrical condensers. The radial electrostatic field of the

6 www.monitorinstruments.com
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cylindrical condenser had already been used as a high resolution energy filter for 

electrons.

The advantage of the spiratron as a time-of-flight mass analyzer is that a very long 

field-free ion path can be folded within a small vacuum chamber. The schematic of 

the spiratron is shown in Figure 1.18. Ions are produced in the gas phase by electron 

impact. Deflection plates are used for the production of ion bunches, a method 

introduced into TOF MS to provide the “pulsed event” necessary for timing the 

charged particles (Cameron & Eggers, 1948). Ion packets are injected with a small 

angular divergence into the mass analyzer. The direction of injection is tangential, 

with a small component in the axial direction.

SOURCE: Bakker, 1969

Figure 1.18 Basic components of the spiratron.

The electric field between the two concentric cylindrical electrodes is (Cosslett, 

1950):

£  = -------- -------  (1.2.6)
r  ln (r2 /  r{)
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Where rx and r2 are the radius of the concentric radial electrodes with i\ < r2 and V , 

voltage difference between them. The special case of the equilibrium orbit of 

constant radius r  = r  , or circular orbit, is defined by the relationship

mu] / r  = q V / r  ln(r2 / r{) , where u0 is the velocity component normal to the field 

lines. The expression relating the kinetic energy To of the charged particle with the 

voltage across the condenser is:

To
qV

2 In(r2 / r{)
(1.2.7)

Much of the theoretical analysis developed for the spiratron is based on the 

directional focusing properties of radial electric sector fields, similar to those exhibited 

by magnetic sectors instruments. In 1929 a theoretical analysis of the electric sector 

field demonstrated the ability of such a system to correct for the angular spread of

the ions after they had turned through 127° 17' { n tV2) degrees (Hughes & 

Rojansky, 1929). Experimental results further supported the claim (Hughes & 

McMillen, 1929), which was proven to be a general property of the radial electrostatic 

field.

The analysis is based on the deviation of ion trajectories from the equilibrium orbit as 

a function of initial angular and velocity spreads. A numerical analysis of ion 

trajectories in the spiratron are shown in Figure 1.19. The vertical axis represents the 

deviation of an ion's trajectory from the equilibrium orbit ro in terms of the ratio r  / r  .

It follows that the equilibrium orbit, trajectory (c) in Figure 1.19, lies on the horizontal 

axis. The ordinate represents the angle of the radius vector as the ions spiral through 

the mass analyzer. Trajectories (a) and (e) show the refocusing property of the radial

electric field at 7C 1^2 tor ions with an initial angular spread a = ±5°, where a is the 

angle with which ions enter the trajectory. The cross-over point is shifted inwards by 

a measurable quantity Se with respect to ro (Henneberg, 1934; Bakker, 1969). 

Trajectories (b) and (d) show the effect of the initial velocity spread along the circular 

orbit and exhibit a maximum deviation at n t 'J l .  Thus, the maximum energy 

resolution of the system is determined by the measurable quantity de (Hughes & 

Rojansky, 1929; Bakker, 1969). The perfect re-focusing of the system occurs at
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I n l J l  . To conclude, the trajectories cross the perfect orbit of radius r  every

2 n l4 l  and the general expression for perfect re-focusing is n x /y i l  where 

n = 0,2,4... The time-of-flight of the ions of mass m and velocity uo, where

To =m u2o l2  over the A: -fold direction focusing angle is (Blauth, 1966):

A: =1,3,5... ( 1.2 .8)

Similarly, the time-of-flight over the «-fold direction focusing angle, n x /y f l  , where 

perfect re-focusing occurs is:

1u n = 0,2,4... (1.2.9)

SOURCE: Bakker, 1969

Figure 1.19 Trajectories of particles in radial electrostatic fields. The vertical axis represents 

the deviation of an ion’s trajectory relative to the equilibrium orbit in terms of the ratio r/r0 and 

the horizontal axis Is the angle of the radius vector of the ions as they spiral through the 

analyzer.
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An interesting feature of the spiratron was that the apparent drift path length of 

HO cm was folded in a 26 cm long vacuum chamber. Ions were accelerated to a 

kinetic energy of ~2 keV . The arrival time spread achieved by this configuration for 

the 131 Xe isotope was ~20 ns with a flight time of 25.25 jus recorded by a 50 MHz 

oscilloscope. The resolution is -6 3 0 , higher than that of the linear TOF systems at 

the time. Major contribution to the extended arrival time spread is attributed to the 

bunching method used for ion production-injection into the analyzer and the 

associated spread in ion energies. Ion bunching techniques for beam modulation in 

time-of-flight experiments and particle accelerators have been discussed and a 

general theoretical treatment of the problems involved has been reported (Fowler & 

Good, 1960).

Extending his theoretical analysis to the time-of-flight principles for mass separation, 

Bakker came to the odd result that the slow ions, ions that enter the trajectory with a 

velocity deficit, will overcome the faster ones as they spiral through the system and 

arrive at the detector first. Fie thus proposed a tandem configuration with a linear 

field-free region such that the spread in the arrival flight times in the linear segment 

will compensate for the time spread inside the spiratron (Bakker, 1971). Such a 

system was never constructed thus many aspects of the spiratron analyzer still 

remain unexplored.

SOURCE: Geno & MacFarlane, 1986

Figure 1.20 Low energy TOF system with a plasma desorption ion source and the 

electrostatic wire guide.
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The electrostatic particle guide was a method used for high resolution studies of 

thermal neutron reactions as a means for obtaining intense fluxes of fission 

fragments (Oakey & MacFarlane, 1967). The principle of the technique involved the 

capture of charged particles into a spiral orbit in an electrostatic field produced by two 

concentric cylinders. The same concept was applied two decades later for the 

construction of a low energy plasma desorption TOF system, the schematic of which 

is shown in Figure 1.20.

Phase Relation TOF Configurations

The isotron, the first time-of-flight mass spectrometers with phase relations, was 

developed in 1952 (Wilson, 1952). The principles of operation are those of a 

scanning non-magnetic mass spectrometer. Isotopes are separated using velocity 

modulation and subsequent phase focusing. Several modifications of the original 

device have been proposed (Blauth, 1966). In a similar design constructed by Glenn 

(Glenn, 1952) ions from the source are accelerated by a constant voltage and enter a 

second region where the acceleration is defined by a time-dependent sawtooth 

periodic voltage. During velocity modulation, ions of the same mass which start out 

last in a given period always acquire the highest velocity. The desired mass-to- 

charge ratio is focused at a definite position in the consecutive field-free region. The 

focal point is mass dependent and different masses can be brought into focus either 

by varying the constant acceleration voltage or the frequency of the sawtooth 

waveform. The focused ions are post-accelerated by a voltage pulse and detected by 

an electrometer. The described TOF configuration is very similar to the direct linear 

TOF MS systems without phase relations as far as the sensitivity is concerned. 

Variations of this design have been proposed (Ezoe & Hayashi, 1959) and the theory 

of phase focusing in TOF MS appeared a few years later (Dutt, 1961). A detailed 

account of TOF systems with phase relations is given by Blauth (Blauth, 1966). The 

early rf TOF systems are reviewed by Brunee (Brunee, 1964).

Miscellaneous TOF Instruments

The first Fourier transform TOF spectrometer was introduced in 1986 (Knorr et al, 

1986; Knorr & Chatfield, 1993). A symmetric waveform was applied on two grids 

used to bind a linear flight tube at both ends. Source and detector where situated on
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opposite ends, outside the grids. For an isomass-to-charge ion packet with a narrow 

spread in drifting velocities, there is a certain frequency that allows them to pass the 

second grid and reach the detector. The mass spectrum is acquired by scanning the 

frequency and transforming the ion signal obtained in the time domain to the 

frequency domain. It must be noted that although this system is discussed as a TOF 

spectrometer, the method for obtaining a mass spectrum is based on the principles of 

energy balance analysis.

Another FT TOF system in which ions are forced to circulate around the central 

electrode of a tube-shaped capacitor was introduced by Oksman (Oksman, 1995). In 

this system the speed of the ions determines their angular frequency which is 

measured and converted to a mass spectrum. Again, the performance of such an 

instrument is heavily determined by the energy spread of isomass-to-charge ion 

packets. The background of the invention dates back to the use of cylindrical 

ionization chambers with a central electrode used for trapping and ejecting ions into a 

TOF analyzer (Talrose & Karachevtsev, 1966) and the spiratron (Bakker, 1971; 

Bakker et al, 1981).

The Hadamard Transform Time-of-Flight (HT TOF) mass spectrometer is a high duty 

cycle method for coupling continuous ion sources with the TOF analyzer (Brock et al, 

1998; Zare et al, 2003; Trapp et al, 2004). In FIT TOF MS a continuous beam is 

accelerated and modulated on and off the axis of detection by a binary, 

pseudorandom encoding sequence at MHz rates applied on a Bradbury-Nielson gate 

(Kimmel et al, 2001). As a result, thousands of ion packets interpenetrate each other 

as they traverse the field-free region and the detected signal corresponds to the time 

shifted spectra of the individual packets. The acquired data set is mathematically 

deconvoluted with the knowledge of the applied encoded sequence to recover the 

TOF spectrum.

A special instrument, known as the inhomogeneous oscillatory electric field TOF MS 

utilizing the quadrupole field for decoupling the ion’s flight time from the initial spatial 

and velocity spreads was developed by Carrico (Carrico, 1977). Coincidence TOF 

MS (Harvey et al, 1970), cylindrical TOF systems with radial ion paths (Zabielski et 

al, 1970), and segmented TOF analyzers (Srivastava et al, 1995), they are all 

extensions of the TOF principles for mass analysis.
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Sector TOF MS

Sector TOF MS combines linear drift spaces with sector fields. Sector TOF systems 

can correct for the initial energy spread of the ions and exhibit stigmatic focusing 

properties, which makes them favourable systems for Imaging mass analysis.

Consider a homogeneous magnetic field with 180° deflection into which a packet of 

ions is ejected with a spread in their momentum. The radius of the motion 

r  = mu/qB  is a function of the momentum and the distance traversed is S = n r  . The 

time-of-flight is then t = 7 tm !qB , independent of the ions velocity. It is evident that

magnetic sector TOF systems can tolerate a wide velocity spread by forcing the more 

energetic ions to follow longer flights by just the right amount to compensate for the 

speed effect on the flight time.

Magnetic sector TOF systems impose fundamental restrictions on the design of the 

instrument. Since the radius is a function of the momentum, isomass-to-charge ion 

packets with a momentum spread will be laterally dispersed as they are deflected in 

the magnetic field. The effect is known as chromatic aberration. A large area detector 

would then be required to collect all the ions. The lateral dispersion between different 

m lz  ratios is compensated by accelerating the ions to equal momentum. Magnets 

limit the choice of the source and detector (Wollnik, 1993). Since it is favourable to 

have the ion source and the detector away from the magnet, the combination of field-

free drift regions and magnetic sector fields is 

more practical. Such geometries were first 

treated theoretically by Poschenrieder 

(Poschenrieder, 1971). In this novel 

theoretical analysis, ions were accelerated to 

equal momentum and velocity focusing 

conditions were derived for linear drift regions 

combined with magnetic fields. The time-of- 

flight in such systems is independent of the 

ion’s velocity and several geometries with 

stigmatic focusing properties have been 

studied. The increased cost and complexity of 

the tandem system with multiple heavy 

magnets and the necessity of large amplitude

figure  1.21 Schematic of the TOF MS 

w'th four identical magnets for the 

analysis of energetic ions.
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voltage pulses with well defined shapes has limited the construction of such 

instruments. The theory of magnetic sector TOF analyzers has been a subject of 

several publications (Poschenrieder, 1972a; Wollnik, 1987a). The first TOF analyzer 

of this kind has been built for the mass determination of nuclear fragmentation 

products (Wollnik et al, 1987b). A schematic of this instrument is shown In Figure 

T21. The resolving power of such multi-sector instruments can be further increased 

by extending the flight path length. This is done efficiently by using the same physical 

path length in energy-isochronous ring TOF systems (Wollnik, 1993).

in electric sector systems the radius of ion motion is r  = mu2 / q£  and the distance 

traversed by an ion with a velocity normal to the field lines after 90° deflection is 

S = tzW 2  = T n !q £ , where T = mu2/2 .  The time-of-flight is then t = nm u l2 q £  , 

which unlike in magnetic fields depends on the ion’s velocity. It follows that the more 

energetic ions will describe a longer orbit as they traverse the electrostatic sector 

with extended flight times. This fundamental principle of the electric sector was

patented by Bendix in a TOF system where a linear 

and an electric sector field were combined to mutually 

compensate for the time spread of the ions in each 

region separately (Moorman & Parmater, 1971). The 

following year, Poschenrieder extended his theoretical 

analysis of equal momentum acceleration and multiple 

focusing with magnetic sector TOF systems to equal 

energy acceleration and multiple focusing electric 

sector TOF systems (Poschenrieder, 1972b). Special 

geometries are discussed which provide stigmatic 

imaging. Further development of the multiple electric 

sector TOF systems has resulted in multiturn TOF 

designs (Toyoda et al, 2004). Ions are redirected 

through the four electric sectors 500 times. The 

resolving power is of the order of 350,000 at the low 

mass range, at least an order of magnitude higher than the resolution achieved by 

any other modern TOF system. However, transmission reduces with the number of 

turns. A major disadvantage is the narrow mass range that can be analyzed. A 

theoretical treatment of the “perfect" space-time focusing principles in multiturn TOF 

MS have been discussed (Ishihara et al, 2000). A schematic of a symmetric electric 

sector TOF is shown in Figure 1.22.

SOURCE: Toyoda et al, 2003

Figure 1.22 Ion trajectories 
in the symmetric multiturn 
TOF MS.
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1-3 Linear TOF systems

TOF mass analysis constitutes a separate class of dynamic instruments. In most of 

the systems discussed so far an instrumental parameter is scanned in order to obtain 

a mass spectrum. Scanning instruments lack the most desirable feature of the TOF 

analyzer, the ability to collect the entire mass spectrum for single ionization/pulsed 

events. High resolution TOF systems, such as the multiturn sector configuration are 

limited to special cases where high resolving power over a very narrow mass range 

is required. One exception is the spiratron but its performance at the high mass end 

has not been demonstrated.

Based on its unique ability to collect the entire mass spectrum for single events, as 

well as sensitivity issues, the direct linear TOF configuration has emerged as the 

principal TOF design. The incorporation of the reflectron device and the re-discovery 

of the orthogonal gating technique have extended the utility of linear systems and 

established the TOF analyzer as a fundamental mass analysis technique in modern 

mass spectrometry. The linear TOF analyzer is reviewed with emphasis on its time- 

focusing properties.

1.3.1 The Concept and First Attempts

The first pulsed linear time-of-flight mass spectrometer was proposed by Stephens in 

1946 (Stephens, 1946):

Advances in electronics seem to make practical a type of mass spectrometer 
in which microsecond pulses of ions are selected every millisecond from an 
ordinary low voltage ion source. In travelling down the tube, ions of different 
m/z have different velocities and consequently separate into groups spread 
out in space.

Stephens described the principle of separation of the linear TOF configuration and 

soon the first model was constructed (Cameron & Eggers, 1948). A schematic 

diagram of the ion velocitron is shown in Figure 1.23. Ions formed via collisions with a 

pulsed electron beam in the presence of a static uniform electric field are ejected into

a field-free region with their final velocities, u -  y jle V {z I m) , where V is the voltage 

drop for the ions of mass m , e the elementary charge and z the number of
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charges. For two singly charged ion packets with m] < m2 accelerated over the same 

distance, the drifting velocities are ux > u2 and the difference in the transit times in 

the field-free region is proportional to the square root of the m l z values, 

tl ~ t2 = D /V 2 e F (N/ ^ ' - A/ ^ ' ) -  As the mass increases the arrival time gap between

adjacent masses decreases. The first TOF MS achieved resolution of only a few 

units. A few characteristics of this original device are the use of a cathode ray 

oscillograph whose time base was triggered by the original pulse in the source, an 

effective ion energy of -480  eV , a 3 m long flight tube, the absence of narrow slits 

and an electrostatic lens to correct for the lateral dispersion of the ions. No time- 

focusing principles were applied.

Ni
cr crp*

SOURCE: Blauth, 1966

Figure 1.23 The first TOF model presented in 1948, known as the ion velocitron. The mass 

spectrum of freon-12 is also shown (a) and with 10 ps marker ticks (b).

Similar designs, with minor improvements in the resolving power by increasing the 

drifting energy of the ions, were reported during the next few years (Keller, 1949; 

Takekoshi, 1951; Ionov & Mamyrin, 1953). In these early configurations the ions 

were accelerated to equal kinetic energies. The first linear TOF system with uniform 

momentum acceleration was reported in 1953 (Wolff & Stephens, 1953) based on 

voltage pulse techniques for accelerating ions (Goudsmit, 1948; Hays et al, 1959). In 

1955 key features in the operation of the El ion source coupled to the linear TOF MS 

were introduced (Katzenstein & Friedland, 1955). The pulsed extraction method was
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for the first time presented during which ions are formed by a pulse of electrons in a 

field-free region and a pulsed electrode is used to extract them through a two-stage 

acceleration configuration. It was also demonstrated theoretically that equal 

momentum acceleration may potentially offer higher resolution than equal energy 

acceleration.

When ions are accelerated to equal energy the drifting velocity is u =-sjle V (z /m )  

and the flight time in the field-free region is proportional to the square root of the 

mass, m = ct2 where c is the proportionality constant. The error in the mass 

measurement can be related to the error in the arrival time of the ions:

~ dm c
5 m ~ —  St (1.3.1)

dt

It follows then that if d m /d t-2 c t,  the error is d m - le t  St and diving by m = ct2, 

resolution in a linear TOF system with equal energy acceleration can be 

approximated by:

R =
m

8m
t

2 St
(1.3.2)

For acceleration to equal momentum the drifting velocity is u = (z /m )e £ / ta where 

£  is the electric field and ta the mass independent acceleration time. In this case 

the flight time is proportional to the mass of the ion m = c t , and dm = c d t. Eq. (1.3.1) 

becomes Sm=cSt and dividing with m -  at the expression for the resolution in a 

linear TOF system with equal momentum acceleration is:

R =
m

8m
(1.3.3)

twice that of the system with equal energy acceleration. It also follows that in the 

latter case mass and flight time have a linear relationship in contrast with the former 

situation in which the flight time differences between adjacent masses decrease as 

the mass number increases.
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1.3.2 Time Focusing

The first theoretical treatment of the time focusing properties in TOF MS was 

developed by Wiley & McLaren in their landmark publication ~50 years ago (Wiley & 

McLaren, 1955). Their influential and original work is responsible for the widely 

adopted two-stage acceleration geometry. The theory of space focusing with uniform 

electric fields was presented and resolution limitations due to the energy spread of 

the ions were discussed. The principles for time focusing were later extended to 

reflecting systems (Alikhanov, 1957). Wiley & McLaren also formulated the post 

ionization time-delay technique introduced earlier that year by Katzenstein & 

Friedland (Katzenstein & Friedland, 1955). The technique was termed time-lag 

focusing and an ambiguous mass dependent focusing condition was derived. The 

analysis concluded that time-lag and space focusing are mutually exclusive. The 

time-lag introduces a correlation between position and initial ion velocity and a 

focusing condition does exist. The missing focusing formula, and its extension to the 

mass independent focusing properties in orthogonal TOF systems, is developed in 

this thesis in Chapter 4. A significant advantage of the time-delay technique was the 

decoupling of the temporal spread introduced by the finite ionization time from the 

final arrival time spread of the ions at the detector. The time-lag focusing concept 

was successfully extended to the MALDI ion source, known as delayed extraction 

(Lenon & Brown, 1994; Colby et al, 1994; Whittal & Liang, 1995; Brown & Lenon, 

1995). The key theoretical advances of this method are based on the space velocity 

correlation concept (Colby & Reilly, 1996) with subsequent velocity focusing of the 

ions (Vestal & Juhasz, 1998).

Under space focusing conditions, the initial kinetic energy is neglected and focusing 

is achieved due to the spatial distribution of the ions. The difference in initial potential 

energies for two isomass-to-charge ions with a spatial separation is translated to a 

difference in their drifting velocities. Focusing is achieved since the faster ion is the 

last one ejected in the field-free region. The ideal situation of ions with no velocity 

has no practical implementation since in a real situation ions travel at least with 

thermal speeds. The space focusing requirements therefore no longer hold. Space 

focusing can only correct the flight times for two ions with a spatial separation and 

equal velocity vectors both in magnitude and direction. This is true for linear, 

d 2x td t1 -  a, and non-linear, d 2x /d t2 = f ( x ) , time-independent electric fields. The 

application of space focusing to axial (Boesl et al, 1992) and orthogonal geometries
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(Cotter, 1997; Guilhaus et al, 2000) is unjustifiable and is both theoretically and 

experimentally demonstrated in this work.

The time-lag focusing method introduced to simultaneously correct for the initial 

spatial and kinetic energy distributions of the ions formed by electron impact, is 

unfortunately mass dependent and therefore not practical when a panoramic view of 

the mass spectrum is required. Furthermore, the Wiley & McLaren mathematical 

formulation does not provide a complete focusing condition, that is, an equation 

relating the dimensions and the applied voltages, as was demonstrated by the space 

focusing principle. The theoretical analysis of the time-lag lag technique is based on 

a series of approximations and is not considered as a complete solution6.

Velocity focusing in linear systems has been a challenge since the early days of TOF 

MS. It has been demonstrated both theoretically (Stein, 1974) and experimentally 

(Opsal et al, 1985) that space and velocity focusing cannot be simultaneously 

satisfied with static electric fields in linear TOF systems. This is true however if there 

is no correlation between the starting positions and velocities of the ions. Although in 

the time-lag method a degree of correlation was assumed in the derivation of the 

focusing equation, the concept of correlated distributions was not described at the 

time. The delayed extraction technique proved that a focusing condition in linear TOF 

systems with pulsed uniform electric fields exists, which unfortunately was mass 

dependent.

Space-velocity correlation focusing requires an assumption for the initial phase space 

distribution of the ions to be made. Time focusing is therefore specific to the 

ionization technique employed and the overall geometry of the TOF analyzer. The 

focusing condition for two ions with a spatial spread and opposite velocity vectors, 

equivalent to the ion distribution at the end of the time-lag, was presented in 2004 

(McMahon & Papanastasiou, 2004) based on the ion pair approach (Papanastasiou, 

2001; McMahon & Papanastasiou, 2003). The mass independent focusing properties 

in linear TOF were demonstrated in an orthogonal geometry and the results were 

summarized in this years ASMS meeting in San Antonio (Papanastasiou & 

McMahon, 2005). Mass-independent space-velocity correlation focusing in 

orthogonal TOF MS is the core of this work.

6 http://www.sisweb.com/referenc/applnote/app-46.htrn
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1-3.3 Existing Linear TOF Theory

The space focusing conditions are determined by a Taylor series expansion of the 

one dimensional time-of-flight equation. If tÇy) is the arrival time of an ion

accelerating over a distance sj taken at the centre of an infinitely narrow spatial 

distribution, the arrival time of an adjacent ion accelerating over a distance s . is:

' d t } ( s . - Si) +
H )

+ . . . (1.3.4)

The time spread defined by the arrival time difference between the two ions is then:

St ■
\ dsiJ

+ . . . (1.3.5)

First-order focusing requires that the arrival time spread defined by Eq. (1.3.5) is 

independent of the first-order term, d t/ ds:- = 0 (Wiley & McLaren, 1955). The

remaining terms define the arrival time spread of the ions at the focal plane. The 

second-order term falls in the pico-second time frame, an elusive goal for the existing 

instrumentation in 1955 and in this early work only first-order focusing conditions 

were considered. Second-order focusing was accurately discussed by Conover and 

co-authors for their tilted-plate TOF MS, a primitive version of the orthogonal TOF 

(Conover et al, 1989) and by Seccombe & Reddish, which showed that the 

geometrical restrictions imposed under the 2nd-order focusing criteria are removed by 

the addition of a third consecutive electric field in the accelerating region (Seccombe 

& Reddish, 2001). Second-order focusing has been a favourite topic in the literature 

and several authors re-addressed the focusing requirements with extended 

equations without introducing any new ideas to the TOF theory (Eland, 1993; 

Chandezon et al, 1994; Piseri et al, 1996; Even & Dick, 2000a; Even & Dick, 2000b).

The maximum contribution of the initial velocity spread to the final resolution of 

system is determined by two ions with the same starting position and opposite 

velocity vectors (Wiley & McLaren, 1955). The minimum time spread at the detector 

is then defined by the turn-around time:
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St. =
2 mu i 
q£

(1.3.6)

The effect of the initial velocity can be reduced by either increasing the ratio of the 

ion’s total energy to its initial energy or employing the time-lag focusing technique. 

Stein demonstrated theoretically that for the above case, dt/dsj and d t/d u ,, cannot

be simultaneously set to zero with time-independent electric fields (Stein, 1974). 

Multiple acceleration regions and their ability to correct for the initial ion energy 

spread while operating in the space focusing mode were investigated (Sanzone, 

1970). The two-stage acceleration geometry provided the theoretical limit for energy 

resolution.

In time-lag focusing (Wiley & McLaren, 1955), ions are allowed to re-arrange their 

positions within the field-free source according to their nascent velocities, thus obtain 

a spatial separation prior to the extraction pulse. A schematic of the re-arrangement 

of a single mass is shown in Figure 1.24. The amplitude of the extraction pulse has to 

satisfy the space focusing criteria while the length of the time delay should provide 

energy focusing. Unfortunately, the technique is mass dependent and only a narrow 

mass range can be brought into focus at the detector plane.

t=0 t=T

I------------ 1 8x= U0T

Figure 1.24 Position re-arrangements during the time-lag for three ions in the field-free ion 

source.

The focusing principle was developed as follows. During the lag period each ion 

moves a distance Sx = u.t , where r  is the time lag. The change in the flight time
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can then be expressed by the differential of the time-of-flight equation t(s . ) , 

dt = (d t/d s jd x  and the arrival time spread is approximated by:

(1.3.6)

assuming that the displacement during the time-lag is small, i.e., d x -d x .  The 

change in the flight time with no time lag for a small change in the initial ion velocity is 

dt = (dt / du ¡)du and the arrival time spread is approximated by:

Considering only the latter case with no lag, the flight time difference between the 

two ions is defined by their flight times in the electric field. The flight time for the ion 

with the forward initial velocity is reduced by an amount of ( - u j a ) while for the

upstream ion it is (2w. / a) where a is the acceleration. Therefore, the average 

change in the flight time due to the initial velocity spread is approximated with half the 

turn-around time, (t - u j a ) and 3f/3w; = l / a . During this time interval, which 

represents the time until the upstream ion stops, the change in the velocity is,

If the initial energy effect is to be eliminated, the change in the flight time introduced 

by the time lag and Eq. (1.3.6) must compensate for the flight time difference with no 

time-lag and Eq. (1.3.7). The proposed focusing condition is obtained by setting 

5tik + 5 tdu = 0 . Using the relationship a - q £ / m and solving for the time-lag:

(1.3.7)

m
(1.3.8)

q£[dt / ds\ ]

The derivation assumes that the partial derivatives dt / dst and dt / dui are assumed constant over the range

of interest. This is a fundamental property of differentials where in general 8y ^  dy . In this case, if Sx = dx 

and Su = du are “small’’, then dt is a good approximation for S t .
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The time-lag is mass dependent, proportional to yfm and independent of the initial 

ion velocity. The solution has a physical meaning only if 5 // 5.v; < 0, which violates

the space focusing criteria. The mass dependence of the time-lag focusing technique 

has been studied by Erickson and co-workers (Erickson et al, 1990).

Several instrument modifications have been examined in an attempt to eliminate the 

mass dependency of the ion focus in TOF MS. Among these are beam deflection 

(Bakker, 1973), energy filtering with beam deflection (Pinkston et al, 1986), post 

source pulse focusing (Kinsel & Johnston, 1989; Kinsel et al, 1991), velocity 

compaction (Muga, 1987), impulse field focusing (Marable & Sanzone, 1974) and 

dynamic field focusing (Studier, 1963). These methods are rather difficult to 

implement and have not been widely applied.

Analytical expressions for ideal space focusing in TOF MS have been presented 

(Flory et al, 1996; Doroshenko, 2000), however the construction of such fields has 

not been realized. Miniature linear TOF MS with pulsed extraction (Prieto et al, 

2002), incorporating higher-order fields for improved space focusing (Gardner & 

Holland, 1999) and dynamic field focusing (Gardner & Cotter, 2003) have been 

constructed.

The theory of space focusing in linear TOF MS and space-velocity correlation 

focusing in laser desorption, particularly MALDI TOF MS, is revised in the following 

Chapters 2 and 3 respectively. Exact analytical solutions are developed and 

contrasted with the existing theory. The theory of oTOF systems is considered in the 

last theoretical Chapter 4. The analysis delineates the difference between the mass 

dependency of the focusing condition as expressed by the time-lag technique and 

the mass independent focusing action in oTOF MS.

1.4 R eflec tro n  T O F  M S

The reflectron device has an almost equally long history as the linear geometry and 

is wrongly considered as an invention of the 1970’s. The development of the 

reflectron has greatly facilitated the renaissance experienced in time-of-flight
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instrumentation over the last 20 years. This is mainly attributed to its ability to deliver 

high mass resolution without increasing the dimensions of the TOF analyzer. 

Reflectrons, also known as ion mirrors, utilize a focal point in the field-free region, 

which is then reproduced at the detector plane. In conventional designs the energy 

focusing properties are mass independent. Modern reflectrons have been used with 

mass-dependent virtual sources and can tolerate a broad energy range of product 

ions. Most of the accomplishments with modern TOF systems rely on high 

performance reflectron devices.

Accurate mass measurements for the determination of the binding energies of 

nucleons prompted the development of the first reflectron in 1957 (Alikhanov, 1957):

This mass spectrometer has the form of a drift tube which is bounded at both 
ends by retarding fields with a linear potential distribution. The entire instrument 
is placed in a weak longitudinal magnetic field. A bunch of ions from the pulsed 
source is injected into the tube with simultaneous switching-off the retarding field. 
Having entered the potential well the bunched ions move from one repeller to 
another but the gain in the time-of-flight by the faster ions with given m/z will be 
balanced by loss of velocity in the retarding field. Ions with identical m/z and 
different energies will be focused at a certain point in the drift tube.

Alikhanov demonstrated the first-order energy focusing properties of a single-stage 

reflectron in a multipass coaxial TOF system. The focusing condition was developed 

by setting the first-order term with respect to the initial kinetic energy 7) to zero,

d t / d T ^ O .  It was also shown that second-order focusing d2t / dT i2 = 0  Is impossible

with the single-stage system. The presence of the magnetic field intended to correct 

for the lateral dispersion of the ions as they travelled back and forth the flight tube.

The reflektron configuration, described in 1962, bears a certain similarity to 

Alikhanov’s system (Melzner, 1962). Ions are generated at the top of a potential 

barrier and are ejected into a field-free region. At the end of the drift space they are 

reflected back by a pulsed potential barrier arranged so that Ions having a transit 

period determined by a prescribed velocity remain stable in the system. The 

principles for mass analysis are those of velocity-stability spectrometers (Blauth, 

1966). A schematic diagram of the reflektron is shown in Figure 1.25.
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Figure 1.25 Diagram of the reflektron and its potential distribution.

An advanced two-stage energy focusing system that became widely known as the 

reflectron was proposed in 1972 (Karataev et al, 1972). One year later an 

improvement in resolution of one order of magnitude compared with that achieved 

with linear systems was reported (Mamyrin et al, 1973). A schematic of the first two- 

stage reflectron is shown in Figure 1.26.

RS

SOURCE: Mamyrin 1973

Figure 1.26 Two-stage reflectron coupled to a conventional linear El source.

Based on Alikhanov’s single stage first-order focusing device, a second retarding 

field was incorporated and second-order energy-time focusing was achieved. The 

principles of operation are as follows. Ions are ejected from the two-stage 

acceleration configuration with their final energies and a set of deflectors provides the 

necessary flight angle for the ions to hit the detector. Ions are space-time focused
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near the source. This focal point serves as a virtual source for the reflectron. The ion 

packets disperse and separate in space as they travel down the field-free region. The 

reversed fields decelerate them until they stop and reflect them back towards the 

detector. The faster ions of each individual ion packet arrive at the reflectron 

entrance first. They penetrate deeper and spend more time as they traverse the 

electric fields. The differences in the transit times through the reflectron compensate 

for the differences between the flight time in the acceleration and field-free region. 

With the proper selection of voltages and dimensions the virtual source can be 

reproduced at the detector plane. A resolution of -2800 was demonstrated for 

m i z ~  453.

AM IDEAL
t r a n s f o r m a t io n

A TYPICAL 
TRANSFORMATION

0

»

0

N

A few approximations must be taken into consideration. The space-time focus of the 

ions near the source was assumed perfect with practically no contribution to the final 

time spread (Mamyrin et al, 1973). Although it was mentioned that the ion source can 

be operated in both the pulsed mode and/or the static mode it was not clear which 

mode of operation was chosen for maximum resolution. In the former case, if time-

lag focusing was applied, the so-called space- 

time focus is mass dependent and only a 

narrow mass range can be brought into focus. 

In the latter case the temporal spread 

introduced by the pulsed ionization process 

would limit resolution and space focusing 

principles do not apply to define the position of 

the virtual source. In either case, the time 

width of the ion packet at the so-called space- 

time focal point is by no means trivial and can 

set a lower limit to the final time spread of the 

ions. The incompressibility of an ion packet in 

conservative fields has been discussed by Stein using Liouville’s theorem and phase 

space dynamics (Stein, 1994). A representation of a transformation in phase space is 

shown in Figure 1.27. Any attempt to time focus ions by reducing the position volume 

can be achieved only by increasing the momentum space. Since ions in the source 

have both spatial and kinetic energy spreads the virtual source for a reflectron is not 

ideal.

SOURCE: Stein, 1994

Figure 1.27 Incompressibility of 
particles in phase space.
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The deflection of the ions near the source and the corresponding trajectory angle 

distorts the virtual focal point. The deficiency of the original design due to field 

imperfections around the deflectors was soon recognized and the linear mass 

reflectron was proposed. In coaxial designs the detector is situated behind the source 

(Mamyirn & Shmikk, 1979). The inherent angle of the ions in the orthogonal TOF 

configuration has proved very convenient for coupling the reflectron device.

The early reflectron designs were intended to correct the energy spread introduced 

by electron impact ionization process, surface desorption techniques and gas phase 

laser ionization. The method proposed for implementing time focusing with 

reflectrons in TOF MS involves the creation of a focal point, and its projection to the 

detector plane. In most of the early designs a virtual source assumed for enhancing 

the resolving power of the analyzer. Space focusing has been most commonly used 

for locating the virtual source in the field-free region of the mass analyzer, 

irrespective of the method of ion generation and the geometry of the TOF system. An 

exception is the delayed extraction technique, which can accurately localize such a 

virtual source.

In the conventional two-stage reflectron, grids are usually employed to separate 

adjacent electric fields and approximate the sharp boundaries imposed by the 

theoretical principles of time focusing with uniform fields. Single stage configurations 

have been equally successive and resolving powers of the order of -10,000 with 

time spreads of the order of - 2  ns have been demonstrated in SIMS TOF MS (Tang 

et al, 1988). A theoretical analysis for first-order energy focusing for ions desorbing 

from a surface was also presented. A resolution of 35,000 was reported one year 

later with a laser ionization reflectron TOF MS (Bergmann et al, 1989).

Grid-free designs were mainly developed as an approach to eliminate scattering of 

the ions and enhance transmission compared with the conventional two-stage 

configuration. Although the performance is much more sensitive to the lateral 

dispersion of the ions and can accommodate a narrower range of incoming 

trajectories, it offers distinctive advantages over traditional designs. Grid-free 

systems introduced extended regions with higher-order fields. The idea of 

implementing higher-order fields motivated the design of non-linear reflectrons and 

their extended energy focusing properties were soon reported.
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A resolving power of -20,000 has been demonstrated with a grid-free reflectron in 

El storage TOF MS (Grix et at, 1988). The high resolution achieved is mainly 

attributed to the very long flight times, (-800 ¡is) and not the time spread (-22  ns) of 

the ions at m/z = 870. The transverse and longitudinal three-dimensional focusing 

properties of grid-free non-linear reflectrons were investigated by Wollnik and co­

workers (Kutscher et at, 1991). Grid-free designs have been considered by many 

authors (Berger, 1983; Walter et at, 1986; Glashchenko & Semkin, 1987; Bergmann 

et at, 1990). Generally, the relative kinetic energy range of the ions accelerated from 

the sources employed by the end of the 1990’s was small (<10%) and focusing was 

effective across the mass range.

Advanced reflectrons incorporating non-linear axial voltage gradients have been 

constructed by multi-stacked electrode arrangements. The concept is traced back on 

the original design presented by Carrico (Carrico, 1977). A schematic diagram of a 

time-of-flight analyzer having a plurality of ring-like electrodes is shown in Figure 

1.28. The main problem in curved axial voltage gradients is the curvature of the fields 

in the radial direction which converts the reflectron into a divergent lens. Losses in 

sensitivity can be minimized by maximizing the ratio of the length to inner diameter.

SOURCE: Yoshida, 1986

Figure 1.28 Multi-stacked electrode arrangement of a non-linear reflectron.

Special non-linear reflectrons based on the stacked electrode arrangement have 

been designed to compensate for the broad energy range of fragment ions produced 

in induced dissociation processes and metastable decay products formed by laser 

desorption. The curved-field reflectron was implemented in a RTOF/RTOF instrument 

to correct for the wide energy spread of the daughter ions (Cornish & Cotter, 1993). A
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coaxial version was presented for focusing metastable decay products (Cornish & 

Cotter, 1994) and later used with miniature designs providing higher order energy 

focusing (Cornish & Cotter, 1997; Brinckerhoff et al, 2003). Broad energy range 

focusing reflectrons for tandem TOF experiments have also been designed by Enke 

and co-workers (Vlasak et al, 1996). The quadratic reflectron, known as the 

perfectron, was introduced by Rockwood (Rockwood, 1986). The flight times of the 

ions in such a field are independent of their energy. The quadratic field ion mirror has 

been incorporated in several tandem TOF instruments (Makarov et al, 1995; 

Giannakopulos et al, 2002).

Analytical expressions of ideal one-dimensional mirror potentials yielding perfect 

energy focusing (Flory et al, 1996) and ideal velocity focusing (Doroshenko & Cotter, 

1999) in reflectron TOF MS have been presented. Reflectrons are reviewed by Cotter 

(Cotter, 1997).

1.5 O rth o g o n a l T O F  M S

The concept of accelerating ions normal to the direction of propagation of an ion 

beam was presented in 1964 (O’Halloran et al, 1964). The apparatus was designed

plasma 
gun ft

SOURCE: Guilhaus et al, 2000

Figure 1.29 The Bendix plasma 

source mass spectrometer.
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for the study of ions formed in argon and air 

plasmas at atmospheric pressures. The formation 

of a supersonic jet and the use of deflection 

plates to reduce the source-axis velocity 

component limited the resolving power of the 

prototype. The schematic of this early innovative 

system is shown in Figure 1.29. The design of the 

first orthogonal TOF MS was not published in the 

general literature and remained unknown until the 

late 1980’s when the technique was re-invented 

independently by two groups in Australia (Dawson 

& Guilhaus, 1989) and Russia (Dodonov et al, 

1991). Since its rediscovery, the orthogonal 

configuration has been established as a method 

well suited to interfacing the TOF analyzer to
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continuous ions sources. Today, hybrid oTOF mass spectrometers are state of the 

art instruments. The versatility of modern TOF MS is much attributed to the re- 

invention of the orthogonal acceleration method. The orthogonal configuration has 

several distinctive advantages over other types of TOF analyzers and key features 

are discussed.

In oTOF the mass analysis axis is orthogonal to the direction of propagation of an ion 

beam. The velocity components normal to the source axis and their contribution to 

the final arrival time spread of the ions are usually assumed negligible. Space 

focusing conditions have therefore been widely applied as a method for tuning the 

system (Guilhaus, 1989; Bondarenko &MacFarlane, 1997; Cotter, 1997; Guilhaus et 

a/, 2000a). It is interesting to note that the relative dimensions in two-stage 

orthogonal acceleration regions are chosen so, as to minimize the turn-around time 

effect. In conjunction with the space focusing mode, configurations where the first 

pulsed electric field is much shorter than the second static one have been built. For 

this particular mode of operation the applied voltage across the first field is

maximized satisfying both the space focusing 

requirements and those of Eq. (1.3.6). A deviation 

from the general misconception that the spatial 

spread of the ions is the dominant factor limiting 

the resolving power in oTOF MS is the work by 

Laiko and Dodonov (Laiko & Dodonov, 1994). 

They introduced the idea of a linear dependence of 

the initial ion velocity on initial ion position and they 

derived focusing conditions for their reflecting 

geometry. The theoretical analysis presented is 

rather difficult to implement and the idea of space- 

velocity correlated ion beams in orthogonal TOF 

was not fully explored.

Vector decoupling is an essential feature in oTOF MS. The ions retain the velocity 

perpendicular to the TOF axis. As a result their drifting trajectories in the flight tube 

are inclined by an angle defined by the velocity components in the ion beam and 

TOF directions. If the ion source produces ions with constant kinetic energy-to- 

charge ratios, the flight angle is defined by (Dawson & Guilhaus, 1989):

drift : :
region

1'
y

T~
detector

SOURCE: Guilhaus et al 2000a

Figure 1.30 Schematic of the 

orthogonal TOF configuration.
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(1.3.9)0 = tan 1 = tan 1
u

HUM

The inclination is a very convenient characteristic when employing a reflectron, since 

the detector can be mounted beside the orthogonal system. It is demonstrated that 

any attempts to correct for this inclination by applying steering plates result in a 

reduction in both the resolving power and the sensitivity of the system (Dodonov et 

al, 1994; Guilhaus, 1994).

Early studies with orthogonal TOF systems identified the mass discrimination effects 

when sampling a supersonic beam. The use of deflection plates in the field-free 

region was proposed as solution to the problem (O’Halloran, 1964; Sin et al, 1991; 

Myers et al, 1994;). Monoenergetic ion beams are ideal for mass analysis in oTOF 

systems since the flight angle is mass independent and the ability to collect the entire 

mass spectrum from single pulsed events is preserved. The side drift of the heavier 

ions during their extended flight times is compensated by the lower velocity in the 

source axis. This is not the case however with supersonic ion beams were the 

common velocity generates a mass dependent energy spread and consequently a 

longitudinal spread at the detector. The situation has been demonstrated with an 

inductively coupled plasma (ICP) ion source and the mass discrimination effects are 

depicted in Figure 1.31. Since the side drift velocity is mass independent, the heavier 

the mass, the longer the flight time in the field-free region and the greater the 

displacement at the detector plane.

Vy1 =  Vy2 =  Vy3 =  Vy

m3 > m2 > m-i 

v x3 <  v x2 <  Vx1

SOURCE: Myers et al, 1994

Figure 1.31 Ion trajectories of supersonic formed ions and their displacement on the detector 

plane according to their masses.

54



The early orthogonal TOF prototypes coupled to atmospheric ion sources, and 

especially the ESI source suffered from such mass discrimination effects. Sensitivity 

was also an important issue (Boyle & Whitehouse, 1992; Mirgorodskaya et al, 1994; 

Verentchikov et al, 1994). Ions were introduced directly from the ion source into the 

oTOF analyzer through an interface that merely provided collimation to define the 

beam shape. Differential pumping was used to transfer the ions from atmospheric 

pressure conditions in the source to the high vacuum side of the mass spectrometer. 

The significant divergence of the ion beam passing from the high to the low pressure 

region of the mass spectrometer imposed a trade-off between transmission and the 

narrow beam cross section required for high resolution experiments.

Collisional cooling, introduced for quadrupole mass spectrometry (Douglas & French, 

1992; Xu et al, 1993), proved an ideal interface for reducing the energy of the ions to 

near-thermal values (Krutchinsky et al, 1998a). Ion trajectories in the collisional 

cooling ion guide are shown in Figure 1.32. Reduced mass discrimination and 

enhancement in both resolution and sensitivity were reported.

Z (cm )

SOURCE: Krutchinsky et al, 1998a

Figure 1.32 Computer simulation of ion motion in the quadrupole ion guide. As the ions pass 

through the buffer gas energy is removed via collisions and they relax to near-thermal 

energies.

A TOF MS system can accept an input pulse of ions only after the previous packet is 

mass analyzed. As the initial input pulse of ions is dispersed in space travelling down 

the flight tube, the extraction pulse is relaxed and ions re-fill the first field-free stage 

of the orthogonal gate. The length of the time interval before the next pulse arrives is
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determined by the velocity of the slowest ion in the source axis. If d l is the 

displacement of the heavier mass {m lz )1 the duty cycle can be defined as e = 1 /dl

where / is the effective length defined by the grid area and/or the dimensions of the 

apertures on the orthogonal electrodes. For a monoenergetic ion beam a lighter ion 

(m Iz )2 < (m lz)\  drifts faster since velocity is inversely proportional to (,m /z )1/2. 

During the same “filling up” time interval it covers a longer distance d2 > d] along the 

source axis. Since / / d] > 1 /dt l , there is a constant discrimination against the lighter 

mass a measure of which is the mass dependent duty cycle, ex > s 2. Nevertheless

this discrimination is predictable and is preferable to the cut-off at high mass values 

found in quadrupole mass filters (Chernushevich et al, 1999).

The expression for the duty cycle in orthogonal TOF MS is defined by the pulse 

repetition frequency and residence time of any given ion (Boyle & Whitehouse, 

1992):

£ = f *  (1.3.10)

where /  is the frequency of the extraction pulse with an upper limit of approximately 

10 kHz {T = 100 //.v) and tr is the time required for an ion to travel the effective 

length of orthogonal geometry /. If the repetition frequency is defined by the slowest 

ion to fill the orthogonal region f  =  u ! d  and the residence time is tr = H u ,  where u

is the velocity in the source axis, the duty cycle reduces to l i d ,  as shown 

previously. Typical values for duty cycles in oTOF MS are usually well below 50%.

The influence of grids and grid geometry on ion trajectories has been a subject of 

several investigations especially related to orthogonal TOF systems. Girds are 

semitransparent conducting “planes” that are used to terminate an electric field at a 

controlled potential (Guilhaus et al, 2000). Typical designs consist of evenly spaced 

metal conductors running at right-angles to each other. As grids are used to divide 

regions into linear electric fields of controlled strength, there are always 

inhomogeneities generated by penetration of high field to low and vice versa.

Scattering of the ions passing through the grids introduces an energy spread which is 

transformed into a mass dependent arrival time spread at the detector. Early 

investigations demonstrated the significant contribution of wires transverse to the
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source axis (Laiko & Dodonov, 1994). Wires with a parallel direction have therefore 

been proposed. Rectangular wire patterns have also been constructed to facilitate 

the mounting to the supports (Selby et al, 2000). A schematic of the rectangular wire 

pattern is shown in Figure 1.33.

mm

SOURCE: Selby et al, 2000

Figure 1.33 Small section of the grid material. In the optimum orientation the closed spaced 

wires run parallel to the continuous ion beam.

In orthogonal TOF scattering of the ions is important since the ion velocity in the 

source axis is preserved and ions approach the grids with an angle that deviates 

from the normal. This is particularly true for the early grids were ions haven’t reached 

their final energies in the TOF direction and the angle is even smaller (Selby et al, 

2001). The dispersion of the ions and the lens effect in terms of the angle of 

approach was recently discussed (Lewin et al, 2002). A method for reducing 

scattering by modifying the two-stage geometry according to the principles of space 

focusing was also presented (McMahon & Papanastasiou, 2003). Distortions in ion 

trajectories using a position sensitive detector were demonstrated in an oTOF system 

(Antoine et al, 2004).
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Chapter 2

Unification of Energy and Space Focusing



2.1 Resolution in TOF MS

TOF mass spectrometers have been considered for many years as low resolution 

instruments. Advances in fast electronics, the delayed extraction technique and high 

performance reflectrons have furthered the development of TOF instruments and 

enhanced resolution and mass accuracy. Although high mass resolving powers of 1 

part in 35,000 (Bergmann et al, 198%) and 1 part in 55,000 (Piyadasa et al, 1999) 

have been reported, and more recently the extraordinary number of 1 part in 350,000 

was demonstrated in the MULTUM II (Toyoda et al, 2004), they are by no means 

routine. Extra high resolution has been achieved for adjacent masses or single shot 

spectra and can by no means be extended across the entire mass range when 

spectra are accumulated over a finite number of ionization/pulsed events. The 

parameters that influence resolution are addressed in this chapter and the principles 

of space focusing are discussed with particular emphasis on a new analytical method 

for describing time focusing using ion pairs.

2.1.1 Time Focusing

Resolution in TOF is a measure of the time spread of isomass-to-charge ions at the 

detector. The spread in the arrival times of individual ion packets reflects, in addition 

to the initial conditions in the source, various other aspects of the technique and 

instrument design. Machining and mechanical precision, power supply stability, 

detection system response and higher-order fields in the vicinity of grids, lenses and 

slits, can all influence the resolving power of the spectrometer. An attempt is made to 

divide the parameters into those that have a direct effect on the resolving power of 

the instrument, hence can be reduced by focusing techniques, and those that cannot 

be corrected by tuning the instrument externally.

It must be emphasized that the traditional method of increasing the flight path in 

linear instruments as a method for enhancing the resolving power has not proven 

very successful. Longer flight paths result in extended arrival time spreads for the 

ions. Reduced arrival time spreads can be achieved by increasing the total energy of 

the system with respect to the initial energy of the ions. The effect on resolution is 

however counterbalanced by the shorter flight times.
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The introduction of the reflectron device offered two distinct advantages. The first is 

longer flight times by folding the flight path without increasing the dimensions of the 

instrument. The second and most important is the utilization of a virtual source/focal 

plane near the source where the time spread of the ions is minimized. The virtual 

source can then be reproduced at the detector with an additional spread introduced 

during the remaining flight. The ability of the acceleration system to provide an 

optimum focal point determines the overall resolving power to a great extent. In 

tandem TOF MS, the ability to time focus at the mass selection gate, influences the 

performance of instrument and the quality of daughter spectra. The proficiency of the 

acceleration system in delivering time focused ion packets into the field-free region is 

therefore essential. A first-order approximation for independent variables can be 

used to estimate the time spread at the virtual source or detector plane (Chen et al, 

1999):

The parameters Stdx,S tdu and 5 tt refer to the initial spatial, velocity and temporal

spreads respectively and define the initial conditions of the ions during ionization. 

They are specific to the ionization technique employed as well as the orientation of 

the TOF analyzer. Along with St , the contribution of the grids, they can be reduced

by focusing techniques. The parameters St. and 5 te are inherent and specific to 

instrument design and are discussed further below.

The tem poral spread 8 tt is associated with the finite time of pulsed ionization events.

The classic example is the finite time of ionization in the original Wiley & McLaren El 

TOF system in which ions are formed in the gas phase by a pulsed electron beam. 

The ionization time interval defines the minimum arrival time spread at the detector 

and cannot be corrected with time-independent fields. The development of the time- 

lag technique for gas phase ionization (Wiley & McLaren, 1955) and that of delayed 

extraction in laser desorption TOF MS eliminated the problem by forming the ions in 

a field-free region. The pulsed extraction scheme then provides the starting event for 

timing the ions. Unfortunately, both techniques are mass dependent and only a 

narrow mass range can be brought into focus. More recently, the development of 

orthogonal configuration instruments with pulsed ion sources coupled to collision

(2 .1.1)
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cells has been proposed as a remedy to this challenging problem, which however 

exhibit their own limitations.

The energy spread, also referred to in terms of velocity spread, is an innate property 

of the ionization process and can differ significantly between the various techniques 

of ion production. The associated arrival time distribution, 8tdu, is considered the

major limiting factor for breaking into picosecond arrival time spreads. For gas phase 

ionization the maximum contribution is defined by the turn-around time, illustrated in 

Figure 2.1. The turn-around time is reduced by higher extraction voltages at the 

expense however of shorter flight times. Longer flight paths and longer flight times 

have also been considered (Cotter, 1997). Turn-around time effects are equivalent to 

the temporal spread, since the ion decelerating and re-accelerating in the static 

electric field will be found at its original position with the same speed at the end of the 

time interval 8tt , identical to the finite time of ion formation from a pulsed event.

£=o

D

Figure 2.1 The turn-around time effect in a single stage TOF MS.

Correcting for the energy spread of the ions in the source has been a challenging 

task with no universal solution and special methods apply to specific ionization 

techniques. The most striking example is delayed extraction and the concept of 

space-velocity correlation developed for a supersonic jet of laser desorbed ions. The 

idea of space-velocity correlation in orthogonal systems developed in this work is an 

extension of the former idea to an isotropic energy spread, and provides the missing 

focusing condition from the original time-lag technique (Wiley & McLaren, 1955).

The spatial distribution of the ions and the associated arrival time spread, 8tdx, was 

primarily concerned with gas phase ionization techniques and the finite volume of ion
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formation. More recently, post ionization of surface desorbed neutrals, the thickness 

of sample layers on surfaces and delayed extraction, which disperses the ions in 

space prior to the extraction pulse, are all susceptible to the spatial spread of the 

ions. The theory of space focusing provides a method for correcting the spatial 

spread of the ions by neglecting their initial velocity or energy spreads. An ion pair 

and their focal point in a single stage system are illustrated in Figure 2.2. Space 

focusing is in practise energy focusing and demonstrates that time-focusing with 

time-independent fields is possible only if ions have obtained a distribution in their 

electric potential energies. Space focusing is not applicable in any real situation since 

the newly formed ions travel with at least their thermal energies. The inapplicability of 

space focusing in orthogonal TOF MS is explained theoretically and demonstrated 

experimentally in Chapters 4 and 6 respectively. It is rather more accurate to 

conceive a spatial spread associated with a particular velocity distribution. Space- 

velocity correlation techniques offer a unique advantage to simultaneously correct for 

both 5tdx and Stdu since the former can be expressed as a function of the latter and 

vice versa.

£s

Ss

s D

Figure 2.2 The spatial spread of the an ion pair and their focal point in a single stage TOF 

MS.

Exact solutions to the space focusing theory are developed based on a new 

analytical approach and compared with the existing theory. The analysis is extended 

to MALDI TOF and space-velocity correlation focusing for a forward velocity 

distribution in Chapter 3. The theory of space-velocity correlation for an isotropic 

distribution is developed in Chapter 4 and experimental results from the prototype 

orthogonal TOF MS are presented in Chapter 6.
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The first theoretical analysis of field distortions in the vicinity of wire meshes and their 

contribution to the arrival time spread of the ions, 8 tu , was developed for a reflecting

system (Bergmann et at, 1989a), SIMION1 was employed to simulate grids related to 

time-of-flight experiments (King et at, 1991). For a two stage linear system and a 

normal approach of the ions to the wire mesh separating the adjacent electric fields, 

the following conclusions were made. Deflection and time spread are mass 

dependent. The heavier masses experience the higher-order fields for longer times 

and thus spread further. The ion velocity has a similar effect. Slower ions experience 

stronger deflection. Scattering is strongly related to the position of the ions relative to 

adjacent wires. An important factor is the relative strength of successive electric 

fields. The greater the difference, the more the electric field punches through the grid, 

which maximizes scattering and time spread. Field penetration can be reduced by 

increasing the number of wires per area at the cost of transmission. The effects of 

grids and the associated time spreads have been treated with respect to orthogonal 

systems (Laiko & Dodonov, 1994, Guilhaus et at, 2000a; Selby et at, 2000; Selby et 

at, 2001; Lewin et at, 2002) and have no direct solution. A technique for maximizing 

the angle of approach to intermediate grids in orthogonal systems has been 

proposed (McMahon & Papanastasiou, 2002).

The parameters Ste and Stj are concerned with trajectory errors and detector pulse

width respectively. Trajectory errors refer to the effect introduced by three- 

dimensional instrumental imperfections as opposed to the usual one-dimensional 

analysis of ion trajectories (Vestal & Juhasz, 1998). Detector pulse width and the 

associated jitter can set a lower limit in the resolving power in TOF MS. The finite 

width of single ion events measured by microchannel plate detectors is currently2 in 

the pico-second scale (~50() /xv).

2 .2  T a y lo r  S eries  and E rro r  P ro p a g a tio n

A differential expression of the time-of-flight equation and the associated Taylor 

series is used to approximate the arrival time distribution of the ions. The focusing

1 Dahl DA. and Delmore J.E., SIMION PC/PS2 v4.0, Idaho National Engineering Laboratory, Idaho 
Falls, ID 83415
2 www.burle.com/cgi-bin/byteserver.pl/pdf/EP110.pdf
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conditions are obtained by the successive coefficients of the expansion. The highest 

order referred in the truncated form of the equation defines the order of focusing, only 

if the theoretical requirements are satisfied by the experimental parameters involved. 

It must be emphasized that the method provides an approximate solution. 

Fundamental concepts of the expansion theory for a function of a single variable are 

discussed in the following paragraphs. The Taylor expansion for a function of two 

independent variables and the application of error propagation theory to the TOF 

experiment are presented in Appendix I.

The Taylor series with its associated truncation errors is a mathematical formulation 

that is widely used in numerical methods to express functions in an approximate 

fashion. The Taylor series assumes that any smooth function can be approximated 

as a polynomial. It can specify the value of a function at any point in terms of the 

function and its derivatives at a reference point. For a function of a single variable 

/ (x) the general form of the Taylor series is:

/  (x + dx) In=0 n ! v dxn j

Neglecting third and higher-order terms:

/ ( x  + dx) = / ( x )  +
dx

dx + a2/  i dx)2
dx2 2!

(2 .2 .1)

(2 .2 .2)

The error in determining f ( x  + dx) is proportional to the step size dx and can be 

reduced by the addition of terms to the series. This fundamental approximation of 

calculus asserts that given the derivative of the function and an estimate of the error 

in the independent variable, the error in the value of the function

S f  = f ( x  + dx) -  / (x) is:

S f  = —  Sx +
J dx

H { S x f

dx2 2!
(2.2.3)

The application of the Taylor expansion in TOF MS is two-fold. It defines the focusing 

requirements by the successive coefficients and provides an approximation for the
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error by the remaining terms in the series. The coefficients designate a focusing 

constraint, which relates dimensions and electric fields for optimum resolution. The 

remaining terms give a numerical estimation of the arrival time spread of the ions.

2.3 Energy-Time Focusing

In contrast to the application of the Taylor series and the related approximations, in 

this work exact solution to the focusing properties in time-of-flight mass spectrometry 

(TOF MS) employing static and/or time dependent uniform electric fields are 

developed. Achromatic aberrations in linear TOF systems are for the first time 

evaluated analytically. The analysis incorporates finite distributions of ion starting 

positions and velocities, and shows their dependence on the focusing action of the 

apparatus. The model considers a distribution of n ions as a system of n { n - 1)/2 

ion pairs and computes their individual focal points along the mass analysis axis. 

Individual ion pair focal points are dispersed both in time and space. A focal region 

with variable temporal and spatial dimensions is identified along the field-free path of 

the ions. The dimensions of the focal region are a measure of the aberration 

introduced by the acceleration geometry and the initial conditions. The mass- 

independent non-ideal focusing action of the linear TOF analyzer is contrasted to the 

existing theory, where a single focal plane is computed and focusing is realized as an 

instantaneous property of the system. Focusing is a dynamic property in TOF MS 

and can be qualitatively and quantitatively examined by the spatial and temporal 

extent of the focal region. Preferred acceleration configurations are selected that 

minimize its dimensions. The analysis highlights the finite errors associated with 

truncated Taylor series solutions as applied to the space focusing conditions in TOF 

MS. The focusing action in TOF MS relies on the inherent ability of the system to 

provide ions with an initial distribution in electric potential energy. The space focusing 

conditions are derived in terms of initial electric potential energy, hence the concept 

of energy-time focusing.

2.3.1 Space Focusing

Figure 2.3 shows the three regions of a linear, Wiley-McLaren ToF-MS. The system 

is assumed to have one-dimensional symmetry, i.e. that the lens components are
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infinite parallel plates and that grids are infinitely thin transparent conductors that can 

generate sharp discontinuities between fields. The acceleration distance within the 

first electric field of length s is s. = s —xt . The length of the second electric field is

given by d  and D is the field-free ion path length. The initial ion velocity is given by

u ..i

s -------d — ► <-----------------i D *----------- *

Figure 2.3 Geometry of a two stage TOF MS

The time-of-flight for an ion is the sum of the flight times in the two acceleration 

regions and the flight time in the field-free region. These are respectively:

(2.3.1)

yjuf +2sias + 2 dad - y ju j  +2s:.as

a,,
(2.3.2)

t Di
D

+ 2 sias + 2 dad
(2.3.3)

where as and ad are the successive accelerations experienced by the ions in the 

electric fields.
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Neglecting the initial velocity, uj = 0 , the overall time-of-flight expressed as a function 

of the acceleration distance s, is:

^2s ias + 2da~ -^2s ias D
(2.3.4)

yj2s.,as+2dad

First order space focusing conditions consider the first-order term in the Taylor series 

expansion of Eq. (2.3.4). The focusing constraint is derived by setting the rate of 

change in flight time with respect to initial position to zero, dt/dsi = 0 . The variable sj

is taken at the mean of the initial spatial spread, s: ± d s . The focusing condition

applies only to infinitely small displacements in s.. Ions in the vicinity of the average

starting position exhibit identical arrival times and therefore do not contribute to the 

arrival time spread.

The focusing action of the system is qualitatively described by the rate of change in 

the flight times as the ions travel through the consecutive fields. In the first region the 

partial derivative is positive, dts/dsi > 0 . The longer the acceleration distances the 

later the ejection times into the second field. In the first electric field the faster ions 

are the last ones ejected. For the two consecutive regions (d, D) the partial

derivatives are negative, dtd /dsi <0  and dtI) /dsi < 0 , indicating that any additional

fields allow the faster moving ions to catch-up with the slower ones and focusing can 

occur. The focusing constraint to be satisfied is:

Eq. (2.3.5) is an expression for the distance of the focal point as a function of the 

acceleration geometry and the applied voltages for a given mean starting position. If 

the system variables satisfy the above constraint, the TOF MS configuration is space 

focused to the first-order. The space focusing distance D is a function of the 

acceleration lengths si and d and the dimensionless ratio X :

(2.3.5)
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(2.3.6)i = ^ = 2 i l
£ d s Ki

Variations on the applied voltages can therefore shift and project the focal point to 

the appropriate distance. The focusing condition reduces to the purely geometric 

relationship, D = 2si , for the single stage system.

The arrival time spread introduced by an ion situated at $., the maximum deviation 

from the mean ,s\, can be approximated by a Taylor series. The time-of-flight 

equation is expanded about sj :

t(s ) = t(si ) +
dt_

\ dsiJ
0  /-■*,) +

' P t Y s . - S , ?

A 2 !
+ . (2.3.7)

If dt/dSj = 0, the time spread of the ions at the optimum distance is evaluated by the 

remaining terms:

* = S
' > > ) (■*,- .O '1

ds" i n !
(2.3.8)

where St = t (s .) -  t(s.). When first-order focusing conditions are satisfied the arrival

time distribution exhibits a minimum (/(,?,.) < t(Sj), d2t/ds f > O ), a maximum

(t(s ,)> t(sJ), d2t /d s f< 0 )  or a point of inflection with respect to ,s\ (see Figure

2.11b). The point of inflection requires also that d2t/ds* = 0 and the additional 

focusing requirement is:

D = -(s .A  + d) \ + 
3 '

{ \ - X ) { s l  + d) 3/2

3 / 2 / l 5/2 (2.3.9)

Second-order space focusing requires that both Eq. (2.3.5) and (2.3.9) are 

simultaneously satisfied and the remaining time spread can be approximated by Eq. 

(2.3.8) for n -  3. in practise, first-order space focusing conditions are applied to a
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fixed geometry and the focal plane is projected to the detector distance along the 

field-free region by adjusting A.  The value of A is adjusted externally by voltage 

alterations. For a fixed acceleration geometry there is a unique distance along the 

field-free ion path where the system exhibits its second order focusing properties. At 

this distance the arrival time distribution exhibits a point of inflection. Two-stage 

acceleration geometries tuned to the second-order utilize this focal plane along the 

field-free region as the virtual source for incorporating a reflectron (Boesl et al, 1992). 

For such configurations the virtual focal plane is fixed. An additional acceleration field 

allows the position of the focal point to be varied with voltage (Seccombe & Reddish, 

2001).

A three-dimensional representation of the solutions for second order space focusing 

conditions is shown in Figure 2.4. Any point on the surface satisfies both Eq. (2.3.5) 

and (2.3.9). Short s and long d acceleration distances minimize the contribution of 

the “turn-around time” to the final arrival time spread of the ions by increasing the 

ratio of the electric fields. That is, a stronger first electric field is required to project 

the ions to a particular distance and the value of A approaches unity. Greater A 

ratios reduce field penetration between the adjacent electric fields.

Figure 2.4 Second-order space focusing conditions in three dimensions. The acceleration 
lengths are given in m. The optimum field-free distance is obtained by substituting the surface 
coordinates to any of the focusing conditions (2.3.5) and/or (2.3.9).

An alternative expression for the space focusing properties in the TOF MS system 

introduces dimensionless variables (Seccombe & Reddish, 2001). By introducing the

0.1
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length ratios jU = D/si and v = d /s : , Eq. (2.3.5) and (2.39) reduce to the 

dimensionless expressions:

jU = 2 (A + v)
( \ - A ) ^ A  +  V 

1..... A3'2
(2.3.10)

H ~ —(A + v) +
( l - A ) ( A  +  v )3,:

A5/2 (2.3.11)

Eq. (2.3.10) and (2.3.11) define the relative dimensions of the instrument and are 

useful for scaling down the TOF MS when miniature designs are considered. Relative 

dimensions designed according to second-order focusing constraints are defined by 

the surface intersection in Figure 2.5. The position of the focal plane for systems 

satisfying second-order conditions can be projected to longer field-free distances by 

increasing the ratio v = d / s..

M

Figure 2.5 Three-dimensional representation of first and second order focusing constraints. 
The surfaces intersection defines all possible second order configurations in relative 

dimensions.
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2.3.2 Potential Energy Focusing

At the end of the acceleration region the initial electric potential energy is converted 

into kinetic energy and the ions drift with a constant velocity towards the detector. 

The greater the potential energy of an ion in the first field, the longer the acceleration 

distance and the greater the starting velocity for the subsequent field-free motion. 

The ability of a system to space focus relies on the distribution in initial electric 

potential energies of the ions. This is true when initial ion velocities are also 

considered. The introduction of a time-lag provides the ions with a spatial, therefore 

potential energy distribution. It is the differences in the drifting kinetic energy of the 

ions, as a result for their loss in potential energy that brings isomass-to-charge ions 

into focus.

Space focusing conditions are obtained by minimizing the partial derivative of the 

time-of-flight equation with respect to a single starting position. The flight times can 

be equally expressed in potential/kinetic energy terms and the derivatives can be 

evaluated over the average initial potential energy. In a single stage system, the 

times spent in the acceleration and field-free region respectively are:

(2.3.12)

(2.3.13)

where s(. and D are the acceleration and field-free distances traversed by a single

m lz  ion and U is a negative quantity expressing the positive work done by the field 

on the particle. Therefore, the gain in the kinetic energy for zero initial velocity is 

T = - U . For the first electric field, the rate of change in the acceleration time is 

evaluated over the initial potential energy while for any successive regions the 

evaluation is made over the total kinetic energy of the system. For the single stage 

configuration:

dU

1
2UV1

(2.3.14)

dT
(2.3.15)
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For a given accelerating voltage across the first field, the greater the acceleration 

distance (electric potential energy), the longer the extraction time, and d tJdU  > 0 ,

since d t jd s i > 0. The derivative for the field-free region is a negative quantity since 

the greater the kinetic energy of the particle the shorter the flight time. The focusing 

condition requires that dt/dU + d t Id T  = 0 which results in the simple geometrical 

condition, D = 2sr

In the two-stage system, ions undergo a subsequent acceleration as they travel the 

second electric field. For zero initial ion velocity, the total kinetic energy in the field- 

free region is defined by the loss in the initial potential energy, the positive work done 

by the field on the ions. The flight times in the two regions are given in terms of the 

total potential energy U :

: s ^ lm

= dyjlm.

p - u d 

~4u yju-u,
ud ud

tn = D s l lm ----7=
2s! U

(2.3.16)

(2.3.17)

(2.3.18)

where U = U s +U d, and sn d, D  are the acceleration and field-free region 

distances. Evaluating the partial derivatives with respect to U  and T :

(2.3.19)

(2.3.20)

(2.3.21)

Summing and solving for the field-free distance:

3/, Ps 1—— = sid 2 m ---- —
c)U 2 U V1

dT 2 U, s j u  VZT
d t , /—— 1
—-  = -D s ^ lm  r—
dT 4U3 2
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1 1 (2.3.22)D '­
AU

' 2 U
3/2 , AU

+ d
3/2

3/2 2 U„ VZ7

The last expression reduces to the focusing condition (2.3.5) by replacing the 

potential energies according to U = UX + Ud = qs,£s + qd£d and introducing the field

ratio A, = £ j £ d . Second-order energy focusing can be developed in a similar

manner. Eq. (2.3.22) is a description of the time-focusing action of the linear TOF MS 

in terms of ion energies, hence the term energy-time focusing.

2.4 Ion-pair focusing

An alternative description of the time focusing properties in TOF MS is developed. 

Achromatic aberrations and the associated imperfect space focus are delineated by 

introducing the idea of ion pairs. An analytical expression is derived for the focal 

distance of two ions with a finite initial spatial separation. Their trajectories are 

represented in a time-distance plot and a unique focal point is defined at the 

intersection of these trajectories as shown in Figure 2.6. The analysis is extended to 

all ion pairs confined within the initial spatial spread giving rise to a focal aberration, 

or a focal region. The dispersion of focal points in distance and time, define the limits 

of the region. The spatial extent of focusing correlates with the arrival time 

distribution of the ions to a particular plane within this region. It is demonstrated that 

its width can be described by two ion pairs, situated at the front and the back 

extremes of the starting ion ensemble respectively. Their focal distances define the 

beginning and the end of focusing along the mass analysis axis. The mathematical 

approach goes on to prove that the optimum distance for the detector in cases where 

finite size distributions are considered is given by the extreme ion pair, the two ions 

that define the initial spatial spread. Exact solutions to the space focusing properties 

are provided and deviations from the existing approximate method (Wiley & McLaren, 

1955) are discussed.
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2.4.1 Single Stage System

With reference to Figure 2.6, a two-dimensional trajectory is constructed involving the 

ion displacement along the mass analysis axis and the time taken. For an isomass- 

to-charge ion pair with a finite initial spatial separation, Ss , prior to acceleration a 

unique focal point is generated along the field-free region.

For an ion situated in the £ s electric field of length s , the acceleration is 

experienced over a distance sj = s - x i , where x  is the starting position relative to 

the back plate. Neglecting the initial velocity uj , the displacement x as a function of 

time t within the electric field is described by a parabola3:

l .x{t) = xt + —a j 2 (2.4.1)

where as is the acceleration exerted on the ion, as = £ sq /m . At the end of the 

electric field the time spent tsi and the acquired velocity, usi are respectively:

= (2.4.2)

(2.4.3)

where ss is the starting position relative to the grid separating the electric field from

the field-free region. The time for an ion to traverse the field-free region of length D

is:

D (2.4.4)

The distance-time plot, ion motion is described by the tangent to the parabola at the 

end of the electric field:

x(t) = s+ u si( t - t si) (2.4.5)

3 rThe equations of motion and the time integral are derived from first principles in Appendix II.
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For two isomass-to-charge ions with a finite spatial separation Ss = si - s j  there will

be two distinct parabolae yielding tangents of different slope. The crossing point of 

these tangents determines where the ions are brought into focus. The lower 

parabolic curve refers to the ion accelerating from xi while the second ion starts at

X j. At the end of the acceleration region ions have acquired different kinetic energies 

as a result of the potential differences through which they fall. The ion initially placed 

at x. falls through the greatest potential difference and is thus ejected into the field-

free region with the highest velocity, usj > usj. The ion at x, is ejected sooner, but

with smaller velocity as a consequence of its relative position to xi and eventually is

overtaken by the faster ion. The time at which these two ions meet defines a mass 

independent focal point, unique for these starting positions.

Figure 2.6 Time-distance trajectories in a single stage TOF MS. A unique mass independent 
focal point is introduced by an ion pair with a finite spatial separation.

The optimum distance for an isomass-to-charge ion pair is analytically determined by 

the simultaneous equation system for the two tangents:
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x(t) = s + u j t - t j  

x{t) = s + uSJ{ t - t SJ)
(2.4.6)

The coordinates of the focal plane are:

(2.4.7)

where ti . is arrival time and xj . is the distance from the back plate. The time 

coordinate is mass dependent and the arrival time to the focal plane is proportional to

ions is mass independent and the focal distance measured from the start of the field- 

free region is:

Eq. (2.4.8) defines a unique focal plane for two ions and converges to the W&M 

focusing condition D  = 2si when i.e., when the finite initial spatial spread

converges to a single starting position.

The analysis is extended to an ensemble of n ions giving rise to n ( n - \ ) H  ion pairs 

and therefore focal points. Figures 2.7 & 2.8 illustrate how these focal points are 

dispersed over a focal region for a rectangular spatial distribution of ions in the 

acceleration region. In TOF MS the optimum focal distance must be defined in terms 

of the time spread of the ions to that particular plane. The focal region is 

characterized by a spatial and temporal distribution of ion-pair focal points for which 

time and distance are correlated. This implies that for the same number of focal 

points, a spatially narrower focusing region will lead to narrower arrival time 

distribution at a particular plane. In order to minimize the spatial extent over which 

focusing occurs we must identify its extremes.

the square root of the mass-to-charge ratio, t oc 4 rn iz  . The focal plane for the two

(2.4.8)
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Figure 2.7 Trajectories in a time-distance diagram of a rectangular spatial distribution of an 
arbitrary number of ions.

0)oc
¿0■+--I
,w
Q

Time-of-F light

Figure 2.8 Focal points of a representative selection of ion pairs dispersed both in time and 
along the mass analysis axis.
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2.4.2 Time Domain Analysis

An initial starting position x. is confined within a finite spatial spread Ss defined by 

the two extremes, xl < x j < x2. For the single stage system, the arrival time 

expressed as a function of the acceleration distance s: is:

The arrival time spread of an ion ensemble with a finite initial spatial distribution is 

given by St = timx (a ) ~ f,ni„ CSV). The maximum and/or minimum arrival time is a

function of the acceleration distance ,s\ and is determined by the derivatives of the 

arrival time distribution. Partial differentiation with respect to ,v(. determines the rate of 

change of arrival times as a function of , D  and as, namely :

The condition dt/dsi = 0  specifies a unique focal point along the field-free region for 

a particular acceleration length, D = 2si . The arrival time distribution exhibits a 

minimum for the si position. Since all possible starting positions are confined by the 

extremes of the ion ensemble s2 < si < w,, individual ion pair focal points lie within 

2s2 < D < 2.v,. Within this focal region the arrival time expressed as a function of 

initial position exhibits a stationary point, in this case a minimum at st = D / 2 .  The 

extremes of the focal region are therefore defined by the extremes of the initial ion 

distribution, thus SD = 2(.v, - s 2) = 2Ss . For a single stage system, the condition is a

purely geometric one and the spatial dimensions of the focal region are solely 

determined by the initial ion spatial spread.

Having defined the spatial limits of the focal region it is necessary to consider the 

temporal spread of the ions for each plane within this region. The dimensions of the 

focal region are equally determined by considering two ion pairs, one at the front and

2s, + D
(2.4.9)

dt 2s, -  D
(2.4.10)
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one at the back extremes of the initial ion ensemble. As the focal plane moves to 

longer field-free distances the arrival time distribution to that particular distance folds 

yielding a unique stationary point for each detector position within the specified limits. 

Therefore, a subset of the ion pairs is focused isochronously. Focusing first occurs 

for the ions in the vicinity of the s2 starting position at a distance D2 = lim D = 2s2
Sj —>¿'2

and ends at D, = lim D = 2sv The width of the focal region is then expressed as 

SD = Dl - D 2.

Considering arrival time distributions at planes situated before the focal region, 

D<2 s2, the rate of change in arrival times determined by Eq. (2.4.10) is positive,

dt/dSj > 0. Since .y, > s2, then t(sl ) > t(s2) , and the arrival time spread is expressed 

by:

S t= t (Sl) - t ( s 2) (2.4.11)

For D > 2.V,, the rate of change of the arrival times with respect to s. is always 

negative, dt/dsj < 0 and the time spread is expressed by:

* = / ( i 2) - / ( j 1) (2.4.12)

The monotonic behaviour of the two arrival time distributions is shown in Figures 2.9a 

and 2.9d respectively. Within the focal region which is spatially located by 

2.v2 < D < 2 .ij, the arrival time distribution exhibits a minimum at the si starting

position, where sj = D j2 .
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Figure 2.9 Figures 2.9a and 2.9d show the monotonic arrival time distributions 
corresponding to a finite initial spatial spread, before and after the focal region. In Figures 
2.9b and 2.9c the arrival time distributions are obtained within the focal region where the 

extremum is a function of sj = D / 2. Moving from shorter towards longer flight paths the 

successive arrival time distributions are given in the following sequence, 2.9a to 2.9d.
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As we enter the focal region at 2s2 moving towards longer flight distances focusing 

occurs first for ions initially in the vicinity of s2. At these distances 

t(sx) > t(s2) > t (D / 2) where t ( D / 2), the minimum arrival time, is a function of D as 

shown in Figure 2.9c. Since the minimum throughout the focal region is t ( D / 2), the 

time spread is determined by the slowest arrival time at a particular plane, hence 

defined by the value of D .  In this case t(sx) - t ( s 2)>  0 and the time spread is 

expressed as:

S t = t ( s 1) - t ( D /  2) (2.4.13)

As we move towards the end of the focal region focusing occurs for ions in the 

vicinity of s} and t(s2)> t ( s l ) > t ( D / 2) as shown in Figure 2.9d. The time spread of 

the ions is:

S t= t(s 2) - t ( D /  2) (2.4.14)

The last expression is valid for 2yJsis2 < D < 2 s 1 since /(w,) — /(w2) < 0 . The arrival 

time spread exhibits a quasi-symmetric distribution when t(si ) = t(s2). Eq’s (2.4.11)- 

(2.4.14) give the overall time spread of the ions as a function D :

St =

(2 y f s ^ - D )

(V d - V 2 ^ ) 2 

{4 d  -^¡2s2)1

Vly rv2tf, ’
D < 2 sn

s2as

2s 2 < D <  ^2svs 

^/2.vrv2 < D < 2s2

( D - 2 ^ ) Æ = £ ; 2sx<D 
V2 sVv2«,-

(2.4.15)

Eq. (2.4.15) is a continuous function of D and non-differentiable at D = 2yjs is1 , the 

distance where the arrival times of the extreme starting positions are equal,
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t(st) = t(s2) . At this distance the derivative of the time spread function is negative,

dSt/dD<  0 for D < 2-yJs^ and positive, dôt/dD >  0 for D > 2^sxs2 . The time

spread for a particular m/z ratio is shown in Figure 2.10. Figure 2.11a illustrates the 

quasi-symmetrical arrival time distribution at the optimum distance defined by Eq. 

(2.4.15) and Figure 2.11b the asymmetrical distribution at the W&M optimum.

Figure 2.10 The arrival time spread of an isomass-to-charge ion ensemble falls through a 

minimum as we move from shorter to longer flight paths. The optimum distance is a function 

of the two extremes that spatially localize the initial spatial separation. The optimum position 

as determined by the W&M approximation is located to greater distances.

Figure 2.11 The arrival time distributions of an Isomass-to-charge ion packet at the optimum 

(a) and the W&M distances (b) respectively.
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The optimum distance D = 2y[syS2 is a function of the size of the finite initial spatial 

distribution, Ss = x2- x [ = s l - s 2 and can be identified in time-distance plots using 

Eq. (2.4.8) when the extreme ion pair is considered, \.e.sj = s l and s. = s2.

2.4.3 Two Stage System

The scale and nature of the error associated with the “single point” analysis of space 

focusing was demonstrated in Sections 2.4.1 and 2.4.2. The same issues are 

relevant to a two stage acceleration system. Achromatic aberrations of space 

focusing conditions for a real spatial spread are discussed using the ion pair method.

In a two stage system, at the end of the first electric field, ions undergo subsequent 

acceleration. The distance travelled from the starting position xt through the

consecutive electric fields £ s and £ d are si - s - x i and d  respectively. The ion

then drifts with its final velocity through the field-free region. The ion position in the 

second electric field as a function of time is given by:

The time spent in the second electric field tdi and the subsequent velocity udj with 

which the ion is ejected in the field-free region are respectively:

The velocity udt at the end of the second electric field is retained throughout the field-

free region. In a time-distance plot the field-free ion motion is represented by the 

tangent to the second parabolic curve and the ion displacement is expressed as a 

function of time:

4 0  = s + w, (/ -  tsi ) + ad( t -  t j 2 /  2 (2.4.16)

(2.4.17)i/i

^2s,as+2dad (2.4.18)

x(t) = s + d + udi( t - t si- t j (2.4.19)

83



The ion-pair focal point and the corresponding time-distance coordinates are 

calculated from the “tangential” simultaneous equation system for the x, and x2 

starting positions respectively:

x{t) = s + d + u in( t - t sX - t dl) 

x (0  = s + d + ud2(/ -  ts2 -  td2)
(2.4.20)

where ud l, tsi, tdX and ud2, ts2, td2 are the drifting velocities and the times spent in 

each electric field for the s, and s2 starting positions respectively. Solving for the 

independent variable t and equating:

Utilizing Eq. (2.4.2), (2.4.17), (2.4.18) and introducing X, the analytical focal equation 

for any isomass-to-charge ion pair is:

This is a mass independent expression for the focal distance and reduces to the 

Wiley & McLaren focusing constraint (2.3.5) when the finite initial spatial separation 

8s converges to a single starting position. Furthermore, as the size of the second 

electric field converges to that of the first (X = 1), the system becomes equivalent to 

the single stage case and the focusing condition reduces to that for the single stage 

configuration, D = 2yjsxs2 .

For the single stage system, the optimum distance for finite size spatial distributions 

with zero initial velocity is determined by the two extreme starting positions, as shown 

by Eq. (2.4.15). Extending the analysis to the two stage configuration requires Eq. 

(2.3.5) to be solved for x , a rather unattainable task. Flowever, Eq. (2.4.22) defines 

the optimum distance and can readily be validated numerically. The focal point of the

(2.4.21)

(2.4.22)
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extreme ion pair defines the optimum detector distance and can also be deduced by 

setting t(st) = t(s2).

The focusing condition (2.4.22) considers a finite spatial separation, symmetrically 

surrounding the si position, situated at the centre of the spatial spread. The deviation

between Eq’s. (2.4.5) and (2.4.22) is demonstrated by the following numerical 

example for a series of initial spatial separations, shown in Figure 2.12. Considerable 

deviations between the two “optimum” focal distances are observed for the lower 

values of A. and consequently for the greater values of D . The further the focal point 

is located from the acceleration region the greater the deviation between the two 

optima. A decrease in the initial spatial separation 8s reduces the difference which 

becomes negligible when 8s converges to single starting position. The deviation 

effectively vanishes when the system satisfies second-order focusing conditions.

Figure 2.12 Deviation in the focal distance as calculated by equations (2.4.5) and (2.4.22) as 

a function of A for a fixed acceleration configuration (s=10 mm, d=50 mm, s0=5 mm). For the 

second order geometry A=0.938 and the difference vanishes.

The ratio of the acceleration distances, s / d , is an important instrument parameter 

and has not been given the appropriate attention in the literature. Further comparison 

between the two theories shows that the deviation in the optimum operating 

conditions is enhanced for s < d .  The case for which s > d exhibits a less 

pronounced effect. In addition, for a fixed s /d  ratio, the deviation is reduced as initial
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ion positions shift towards the back plate. A numerical example to quantify the 

discrepancy between the W&M solution and the ion-pair approach is given. The 

relative adjustment in the electric fields required to project the focal point to the 

detector situated at D = \ m can exceed 100 V when the total energy of the system 

is 3 kV. The correction increases linearly with acceleration voltage.

2.4.4 Focal Distribution

The ion pair method identifies a focal region with well-defined limits along the mass 

analysis axis. Within the focal region, pairs of ions exhibit isochronous flight times but 

their individual focal points are dispersed in time. For the single stage system the 

dimensions of the focal region are determined either analytically, in terms of the time 

spread of the ions and Eq. (2.4.15), or by using two ion pairs, each pair at the front 

and back extremes of the spatial distribution respectively. The spatial extent over 

which focusing occurs is SD = |D,-£>2| , where Z), = lim D  and D2 = lim D . In the
.V, — Sj —>¿'2

two-stage case, D is determined by Eq. (2.4.22). The optimum focal distance D 

and the associated width of the focal region (error bars) for a predefined acceleration 

geometry are shown as a function of X in Figure 2.13. The focal width SD is a 

function of X and shows a minimum at a particular field-free distance. This distance 

coincides with the second-order space focus as defined by the simultaneous Eq’s 

(2.3.5) and (2.3.9). Figure 2.14 shows the “density” of the ion pair focal points as a 

function of distance for first and second-order geometries. The width of the focal 

region is considerably reduced when the system variables satisfy second-order 

focusing conditions. The focal aberration introduced by the finite initial spatial spread 

of the ions is reduced for systems tuned to the second-order.
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A

Figure 2.13 The optimum focus for a two stage system with a defined acceleration 

configuration as determined by the ion pair approach and equation (2.4.22). The focal 

distance and the focal width shown using error bars are both functions of A.

Field-free distance

Figure 2.13 Structure of the focal regions for first and second-order focusing conditions. 

Under first-order conditions focusing occurs over a wide region. Ion pairs are brought into 

focus over a narrower region along the time-of-flight axis when second-order focusing is 

achieved.

Second-order focusing conditions impose geometrical restrictions on the dimensions 

of two-stage TOF spectrometers. Second-order focusing is realized when reflectrons 

are incorporated and a virtual source is required in order to enhance resolution.
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Miniature linear mass spectrometers designed according to the principles of second- 

order focusing have not been implemented since the time-of-flight is generally 

considered too short. This is however a misconception and experimental results 

presented in this work demonstrate that resolution can be maintained, if not further 

enhanced, as the detector is displaced to shorter distances. The shorter flight times 

are compensated by the reduced time spread of the ions. The latter argument is 

supported by the principles of space focusing and variations in the dimensions of the 

focal region, qualitatively addressed in Figure 2.13.

The effect of the acceleration configuration on the size of the focal region, for first- 

order TOF systems, is illustrated in Figure 2.14. As the length of the first electric field 

increases relative to the second, while the total acceleration length and the focal 

distance are fixed, the width over which focusing occurs is reduced. For the s > d  

configuration the focal region is compressed and the local density of ion-pair focal 

points at a particular plane increases. A preferred configuration for first-order space 

focusing is thereby identified, s > d . It should be noted that the s > d  configuration 

has the ability to project the second-order focal point to longer distances.

Figure 2.14 First-order focusing and the distribution of focal points for the series of two-stage 

acceleration geometries. The graph shows the higher degree of space focusing for the s > d 

geometry. A measure of the degree of space focusing is the spread of the focal points in the 

direction of the vertical axis D .

D
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2.5 Remarks and Discussion

Focusing in TOF MS relies on the ability of the system to provide ions with a 

distribution in initial electric potential energies. The fundamental focusing property of 

the TOF mass analyzer was theoretically demonstrated by Wiley & McLaren in 1955, 

for ions with zero initial velocity and was termed space focusing (Wiley & McLaren, 

1955). The analysis is developed on the basis of a Taylor series expansion of the 

time-of-flight equation. The truncated series provides an approximate analytical 

solution for the arrival time distribution. The coefficients in the series are evaluated 

for a single starting position (the mean of the spatial distribution) and the focusing 

condition identifies a unique focal point along the mass analysis axis. The existing 

theory describes focusing as an ideal instantaneous property of the system.

Focusing is a result of the spatial distribution of the ions prior to their acceleration 

(when static or uniform/linear time-dependent fields are employed). The focusing 

conditions must therefore incorporate information of real size distributions. Our 

discussion on ion-pairs and their individual focal points demonstrated the existence 

of a finite region over which focusing occurs. The achromatic aberrations (mass 

independent focusing) introduced by finite size distributions are evaluated by the 

dimensions of the focal region. The error associated with the truncated Taylor series 

is discussed.

The validity of the space focusing concept is questionable when a real situation is 

considered. Space focusing is generally accepted to be applicable in cases where 

the spatial spread of the ions dominates over the initial velocity distribution. 

Historically, space focusing conditions provide a reference point for determining the 

“optimum” electric field ratio in predefined two-stage geometries, followed by trial and 

error to optimize the system experimentally and maximize resolution. The 

discrepancy between theory and experiment, among other things, is largely due to 

the absence of initial ion velocities and is demonstrated in Chapter 6.

Concluding, focusing in TOF MS is not instantaneous as implied by the existing 

theoretical analysis. Preferred acceleration geometries are identified that minimize 

the aberrations introduced by a finite initial spatial distribution of ions. General 

focusing conditions are provided through rigorous analytical solutions of the ion pair 

model.

89



Chapter 3

Focusing in Laser Desorption



3.1 Velocity Focusing

Mass resolution in Time-of-Flight Mass Spectrometry (TOF MS) is mainly determined 

by the set of initial conditions during ion formation. The orthogonal extraction 

technique has succeeded in decoupling the conditions in the source from the initial 

spatial and velocity spreads of the ions for the TOF experiment. Orthogonal systems 

however exhibit low duty cycles as well as mass discrimination effects. Direct linear 

systems do not suffer from these difficulties but exhibit poor velocity focusing 

properties. Their enhanced sensitivity is therefore counterbalanced by their low 

resolution.

The use of reflectrons has partially corrected for the kinetic energy spread of the ions 

in the source. Reflectron designs are specific to the ionization technique employed 

and the overall geometry of the instrument. In contrast with the simple case of space 

focusing, velocity or kinetic energy focusing requires a more detailed analysis, since 

an assumption for the initial ion distributions has to be made. Spatial and energy 

distributions are inherent to the mechanism of ion formation and can differ 

significantly between sources. In addition, reflectrons require the presence of a virtual 

source in the field-free region. The ability of a two-stage configuration to provide such 

a focal point is therefore essential to the operation and performance of the 

instrument.

To achieve space focusing, we have shown that spatially distributed ions, with zero 

initial ion velocity, are provided with a distribution in potential energies. The turn­

around time, introduced for gas phase ionization methods and used as an upper limit 

for the maximum resolving power, cannot be corrected with static fields. Initial ion 

kinetic energies can be partially compensated by forming the ions in a relaxed 

electric field and allowing them to rearrange their positions with their nascent 

velocities during a predefined time interval. During this interval ions redistribute in 

space and obtain a correlation between starting positions and velocities prior to the 

application of the extraction pulse. The method was introduced in the early days of 

TOF MS (Katzenstein and Friedland, 1955) and formulated into the time-lag focusing 

technique (Wiley & McLaren, 1955). Delayed extraction is an extension of this 

method to laser desorbed ions. A correlation between starting positions and initial ion 

velocities results in mass-dependent focusing conditions. The concept of space- 

velocity correlation focusing in MALDI TOF MS was essential to the work presented

91



in this thesis and a full account of the theory is presented. Ion pairs are then 

introduced and the analysis is extended to the space domain. Chromatic aberrations 

(mass dependent imperfect focusing) in MALDI TOF MS are investigated.

3.1.1 Single Stage Instrument with Delayed Extraction

In TOF mass spectrometers employing laser ionization at surfaces, the newly formed 

ions enter the gas phase with a common velocity distribution. Ideally, all ions start 

from the same equipotential plane. Under prompt acceleration conditions they fail 

through the same potential difference and no focusing is allowed since the faster ions 

are the first ones ejected into the field-free region. In the absence of an electric field, 

ions rearrange their positions according to their nascent velocities. At the end of the 

time delay, defined by the electric field pulse, the initial velocity spread of the ions is 

converted into a correlated distribution in electric potential and kinetic energies. The 

time-lag provides the initially slower ions with greater final kinetic energies and allows 

for focusing to occur. Figure 3.1 shows a single ion with initial velocity uj and its

position before and after the time delay in a single stage TOF system. Considering 

the mean velocity of a single ion along the mass analysis axis, at the end of the time 

delay r  the displacement is §x = uir .  The starting position for the accelerating

motion relative to the grid is s: = s — Tui .

*

«------- Sx = UjZ------- >

Si

■*
*

Figure 3.1 Initial conditions in a single stage acceleration system and the ion position before 

and after the time delay. The starting position for the subsequent acceleration motion is a 

function of the ion’s initial position, Initial velocity and the length of the time delay.
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The application of the electric field pulse provides the starting signal for the time-of- 

flight experiment. The ion is ejected into the field-free region with its final velocity:

us =y]uf +2sias (3.1.1)

For the single stage system the acceleration and field-free flight times are, 

respectively:

(3.1.2)

tD (3.1.3)

where st = s-u .T  correlates the initial ion position si and nascent velocity w( with

the length of the time delay r . In space-velocity correlation focusing, optimum 

conditions are identified by setting the first coefficient of the Taylor expansion to zero, 

dt /d ir  = 0 (Vestal & Juhasz, 1998), in accordance with the original method for space

focusing ions (Wiley & McLaren, 1955). The existence of the mass dependent 

stationary point in the arrival time distribution of the ions with respect to initial ion 

velocity was first reported in a numerical analysis (Colby et at, 1994). An alternative 

approach is to eliminate the mean initial velocity term from Eq. (3.1.2) and (3.1.3) and 

evaluate the rate of change in arrival times with respect to the mean starting position 

,s\ , at the end of the time delay:

dt, ' _ (ta s -«,■) + Vu- + 2s¡a, 

rasyjuf +  2 s  t.as

dtD _ D (n is
ds, /  7 \ 3 /2

i u , + 2  S,as )

(3.1.4)

(3.1.5)

The longer the acceleration distance (for a given acceleration voltage), the greater 

the acceleration time and the kinetic energy in the field-free region, since
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3/y / 3.9. > 0. The field-free path is a catch-up region for the ions, since 3tD /3Is. < 0.

Setting the total partial derivative of the time-of-flight equation to zero, the first-order 

focusing constraint can be solved to give the optimum field-free distance as a 

function of instrumental parameters:

D  =
(u ;  +  2s¡as ) ( r a x -  u, + y ju ]  + 2s p s ) 

a s ( T a s — wf)
(3.1.6)

Introducing the “correlated velocity” uc = zas - w. > 0 and substituting for the ion’s 

drifting velocity us , the first-order space-velocity correlated (svc) focusing condition is 

simplified:

D =
.2 (

*s  V
. +" (3.1.7)

In the derivation process it is assumed that a single average initial ion velocity is 

constant over the whole mass range. For the MALDI experiment this has been shown 

to be valid (Beavis & Chait, 1991). Figure 3.2 shows the mass dependent focusing 

properties of the system. A single m l z ratio is brought into focus at a distance 

defined by Eq. (3.1.7).

In contrast with the geometrical restrictions imposed by space focusing, the focal 

point in this case can be adjusted externally by either scanning the applied voltage or 

the time delay. For a constant accelerating voltage Vs, variations in the time delay

can bring different m tz  into focus at fixed distance. Relatively small fractional 

variations in the time delay can scan a broader mass range. For a fixed detector 

distance, voltage and time delay are coupled when a single m lz  is considered.

It has been demonstrated that the optimum time delay is proportional to the square 

root of the ions mass, r  ^fm (Colby & Reilly, 1996). Numerical simulations 

however show that the optimum time lag depends on the geometry of the system and 

that r  oc m ", where 0.5 < /? < 0.7 . Figure 3.3 shows the optimum time delay as a 

function of the m lz  ratio for a fixed TOF geometry and two different applied 

voltages. The stronger the applied electric field the shortest the time delay required to
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project ions in focus to the appropriate distance. Increased accelerating voltages can 

significantly reduce the arrival time spread of the ions with an overall enhancement in 

resolution despite the shorter flight times (Whittal & Liang, 1995; Brown & Lennon, 

1995).

— < *—  time spread resolution

S t  (ns) R

Figure 3.2 Arrival time spread and resolution as a function of mass-to-charge ratio. A single 
mass-to-charge ratio satisfies the first-order svc focusing condition.

Figure 3.3 The optimum time delay that satisfies first-order svc focusing is approximately 
proportional to the square root of the mass-to-charge ratio.
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A third-order approximation for the remaining time spread of the ions under first-order 

focusing is:

Si (*/ a) d2t {Sj - s j  yf 
1 ds2 6 dsf

(3.1.8)

The third-order terms gives precision down to a few picoseconds. Extending the 

analysis to second-order focusing, the partial derivatives to be determined are:

d2ts _ t 2as - 2 s  
ds2 ~ T2(u2+2Sia f 2

(3.1.9)

d2tn _ 3D (jas -w ,)2 - D (u2 + 2s ¡as) 
= t2(u2 + 2sias)5'2

(3.1.10)

The focusing condition is obtained by setting the total second-order partial derivative 

to zero:

(T2as -2s)(u2 +2s,as)  
3(Tas - u i)2- ( u 2 +2Sfls)

(3.1.11)

Introducing the “correlated distance” sc -'V2as -  2s the last expression is simplified:

D = (3.1.12)

Second-order focusing is achieved when both focusing conditions (3.1.7) and 

(3.1.12) are satisfied. The system to be solved contains six independent variables in 

two equations. For an arbitrary set of instrumental dimensions and a given initial 

average ion velocity and mlz  ratio, the remaining system variables (time delay and 

applied voltage) cannot be tuned to the second-order. Second-order, single stage 

MALDI TOF designs impose geometrical restrictions (Vestal & Juhasz, 1998). The 

focusing condition is m lz  dependent and therefore the arrival time distribution will 

exhibit a point of inflection for a very narrow mass range.
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The addition of a second electric field introduces two more variables, the acceleration 

distance d and the voltage drop across the second field, Vd. In a time-lag

experiment, the two stage configuration decouples the time delay from the total 

energy of the system i.e., a range of time delays can be applied and first-order 

focusing can be satisfied by adjusting the electric field ratio, V JVd while the total

acceleration voltage is constant. This is in contrast with the single stage geometry 

where variations in the time delay require that the system provides the ions with 

different final energies to achieve first-order focusing at a fixed distance.

The velocities of the ions at the end of each acceleration region are given by, 

respectively:

us = a/ w,2 +2 sias (3.1.13)

ud + 2s,ax + 2 dad (3.1.14)

where si is the post time-lag starting position for all ions, - s - x u r  The ion flight 

times in a two-stage system are respectively:

_ V»,2 + 2Sjas -u ,
.V

a,

, >/«,2 +2s,as+2dad +2sias
lcl ~

ad

D
h  > ~~ r-:

■sjUj + 2sjas + 2da(,

3.1.2 Two Stage Instrument with Delayed Extraction

(3.1.15)

(3.1.16)

(3.1.17)

The derivatives are similarly evaluated with respect to the mean starting position, st :

dts _ uc + us 
dsj

_ uc{ud - u j
ds: Taduxut,

(3.1.18)

(3.1.19)
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dtD _ Duc 
dSi ru ]

(3.1.20)

Setting the total partial derivative of the time-of-flight to zero, dt/dsi = 0, first-order

focusing in two stage systems is expressed as:

3 f

D = ^ -
a. V wv Uc J VWV 11 d )

(3.1.21)

The two stage system has the additional property that variations in the time delay can 

be compensated by variations in the voltage ratio, £ = VS/Vd , while the total

acceleration voltage is constant. An optimum time delay can therefore be identified, 

for a particular m lz  value. For this time delay, the arrival time spread of the ions is 

minimized as shown in Figure 3.4. The focused mass range is also enhanced. The 

optimum delay is shifted to greater values when greater m !z  ratios are considered.

Figure 3.4 Resolution as a function of the optimum time delay for two different m/z ratios 
under first order focusing. The focusing condition is satisfied by adjusting the applied voltages 
while the total energy of the system is fixed at 16 keV. There is an optimum m/z dependent 
time delay where the time spread is minimized. The simulation parameters are s=4 cm, d=5 
cm, D=1 m, Ui-650 ms'1.
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Figure 3.5 shows the effect of total acceleration energy for a single m lz  ratio. As the 

final kinetic energy of the ions is increased the improvement in the time spread 

compensates for the shorter flight times and the resolving power of the system is 

maximized. The optimum time delay is reduced as the voltage drop across the two- 

stage configuration is increased.
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Figure 3.5 Resolution as a function of the time delay for m/z = 10,000. As the final kinetic 
energy of the ions is increased the resolving power is enhanced. For this single m/z value the 
optimum time delay is shifted to lower values for the greater voltages applied.
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The second-order partial derivatives are:

(3.1.22)

(3.1.23)

(3.1.24)

and the additional requirement for second-order focusing conditions to be satisfied is:

D _ scul  (a<I ~ ) + UW,, (l<:  -  ” 1 ) (3 125)
a,ux(3uc - u d)

-\2, 2 2
_ UC~U.S

ds2 r 2« ,^

~\2 . 2 2 2 2 
d t < l = Uc ~ Us UC ~ U<1

^  r a du] T'adu]

d2tD _ D Q u ]-u ])  

ds? t2u\
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As with the single stage system, second-order focusing can be realized only for a 

very narrow mass range. Although the time spread for the focused m lz  is superior 

compared to first-order conditions, the focused mass range is not necessarily wider.

3.1.3 Energy Focusing in Linear TOF MS

The mathematical formulation of space-velocity correlation focusing is equivalent to 

space focusing and the application of a Taylor series to a function of a single variable 

(Wiley & McLaren, 1955). In Chapter 2 it was demonstrated that space focusing is in 

practice potential energy focusing. A similar analysis shows that the theory of 

delayed extraction can equally be developed in terms of the initial kinetic and 

potential energies of the ions. Energy focusing in TOF MS unifies the concepts of 

space and velocity focusing.

In delayed extraction, the focusing condition was originally developed by evaluating 

the rate of change of the arrival time of the ion with respect to initial position. The 

original analysis considered the rate of change in the arrival flight times with respect 

to initial ion velocity (Vestal & Juhasz, 1998). For the single stage system the first 

partial derivatives are respectively:

The partial derivative for the first electric field is a negative quantity, dts/du j < 0. The

acceleration time decreases with increasing velocity since the forward displacement 

during the time delay is greater. The faster moving ions have less distance to travel 

after the time-delay and will therefore acquire less kinetic energy as they traverse the 

first electric field. The partial derivative for the field-free region is a positive quantity, 

dtu /du j >0  . The flight time increases with the initial velocity of the ions, as a result 

of the lower initial potential energies that the ions are found with at the end of the

(3.1.26)

dtD D(ras -» .)
(3.1.26)

du, (u f+ ls p ,? '*
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time delay. Lower potential energies result in lower kinetic energies at the beginning 

of the field-free ion motion. In general, since sj -  s - r u , then:

dt _ dt _ 1 dt
dSj d (s -T u :) T dui

d2t =  1 d2t 
ds; ~ t 2 du2

(3.1.28)

(3.1.27)

The delayed extraction analysis can be expressed entirely in terms of energy. For the 

single stage system, the focusing condition can either be evaluated from the time-of- 

flight equation by correlating initial kinetic and potential energy according to, 

7). = m /2 r2[ s - ( U / q £ j f , and taking the derivative with respect to U , or simply by 

using that U = q £ s i :

The focusing conditions can then be derived by setting the total partial derivative to 

zero, d t/d U  = 0.

3.2 Ion-Pair Analysis of the Delayed Extraction Technique

Irregularities on the sample surface give rise to a small but finite spatial spread of the 

ions generated on a planar surface. The ion pair analysis allows for this spread to be 

incorporated in the focusing properties of the system and identifies a lower limit for 

the length of the time delay. With reference to Figure 3.6, an ion pair defines the 

extremes of the ionization volume at a surface. The spatial spread of the ion pair Ssi ,

is also characterized by the maximum velocity spread, 8u = u2- u x, so that the

extreme case is considered in the desorption process. The fastest and the slowest 

ions define the back and the front extremes of the spatial volume respectively. The 

time delay must be sufficiently long to allow for the fastest ion to overcome the 

slowest otherwise correlation between position and velocity cannot be achieved. A

dt dt 1 dt
(3.1.29)

dU d(q£ssj) q£s dst
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minimum time delay, r min > 5 s jS u , is therefore imposed by the spatial and velocity 

distributions following the ionization event. For a 100 ¡im initial spatial spread and a

velocity spread of the order of lOOOnw-1, the minimum time delay is 100 n s . The 

spatial spread of the ions at the end of the time delay is then defined by

Ss = tSn -  Ss..

Figure 3.6 The maximum initial spatial and velocity spread at the time of ion formation sets a 
lower limit to the length of the time delay.

3.2.1 Single Stage System

The trajectories of three isomass-to-charge ion pairs in terms of the distance traveled 

as a function of time are shown in Figure 3.7. The curve designated A represents two 

ions with a velocity spread undergoing prompt acceleration. Focusing is impossible 

since they fall through the same potential difference. B and C indicate the mass- 

dependent focal point of two isomass-to-charge ion pairs. Focusing can only occur if 

the ions are provided with a distribution in electric potential energy, in this case 

correlated with their initial velocities.

S

Ss.I min
Ss = sr  s2
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Figure 3.7 Time-distance trajectories of ions pairs in a single-stage system. The first ion pair 
A undergoes prompt acceleration. Ion pair B is dispersed during the time delay and brought 
into focus in the field-free region. A third ion pair C with different m/z ratio and the same 
velocity spread illustrates the mass dependent focusing property (chromatic aberration) of the 
system.

At the end of the time delay t  the spatial spread of the ions is defined by the two 

extreme ions and their final velocities at the end of the electric field are respectively:

-̂ /wj2 + 2 a s (s -  rw, ) (3.1.30)

i j u l  + 2 a s {s -  t u 2 ) (3.1.31)

The acceleration times for the ion pair are respectively:

_ ■>/iv,2 + 2as (s - tu{ ) - w,
(si —

a s

J u l + 2 as (.S' — tu2 ) — u2
(v2 =

Os

(3.1.32)

(3.1.33)
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where as is the constant acceleration experienced by the ions through the electric 

field. The focal point for the extreme ion pair in a single stage TOF configuration is:

D  _

U.i I W.s2
' (f,l f.s-2 ) (3.1.34)

And eliminating the acceleration times ts] and ts2, the focal point for an isomass-to- 

charge ion pair is:

D = l',\U,-2 i ~b -
Su

u . —u ,.y \  .vl a 2 /

(3.1.35)

Whilst in the case of space focusing there is a significant deviation between the 

Taylor expansion and the ion pair method in terms of their corresponding optimum 

distances, in delayed extraction this difference is negligible.

3.2.2 The Two Stage System

In a two stage system the ion pair undergoes a second acceleration step after 

traversing the first electric field. The flight times and ejection velocities for the first 

electric field are given in Eq. (3.1.30)-(3.1.33). The instantaneous velocities at the 

end of the second acceleration region are the remaining velocities of the ions 

throughout the field-free region:

ud\ =y ju f + 2a s (s — tw, ) + 2 dad (3.1.36)

ud2 = \]u j + 2 as (s -  ru2) + 2 dad (3.1.37)

The acceleration flight times through the second electric field of length d are 

respectively:

Jw,2 + 2s.a + 2da. -  J m,2 +2s.a^
td] = J - l ------- —-------- ‘ ------- —  (3.1.38)
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(3.1.39)4 u: + 2s., a.. + 2 da.J2 “ i — ■yjul +2 s2as
i a.,

where s^ s - tw, and s2 = s - fw 2 . The overall time-of-flight of the ions is determined 

by the drifting time through the field-free region D :

D
1 U1

1)2

yjuf + 2sxas + 2 dad 

D

4u\ + 2 s2as + 2 dad

The focal point for the two extreme ions is:

£) _ 11 d\U<12
U t l 1 U <I2

u sX- u s2 +  5 u  | U g - U ' i + U ' H - U d 2

V as

(3.1.40)

(3.1.41)

(3.1.42)

Eq. (3.1.42) can be applied to any isomass-to-charge ion pair within the finite initial 

space-velocity correlated distribution. The dimensions of the focal region are then

SD = \Dx- D 2\, where Dx = lim D  and D2 = lim D define the beginning and the 

end of the focal region respectively.

An example of the behaviour of the optimum time delay under first-order focusing 

conditions was provided in Figure 3.4. Figure 3.8 shows the distribution of ion pair 

focal points for a fixed two stage TOF geometry and a series of time delays. The 

starting positions of any ion pair are defined by the two horizontal axes. Their 

individual focal points (field-free distances) are projected onto the vertical axis 

providing a three-dimensional representation of the focal region. The range of D 

values for each time delay is a qualitative measure of the time spread of the ions at a 

particular distance. The range over which focusing occurs is proportional to the 

arrival time spread of the ions.
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Figure 3.8 Distribution of ion pair focal points under first-order focusing for a series of time 

delays. Longer time delays increase the spatial spread of the ions and larger surface areas 

are obtained. The vertical spread of ion pair focusing shows the focal aberration, minimized 

for r  = 10 jUs . For the longer and shorter time delays, the vertical spread of the focused ion 

pairs is greater and the arrival time distribution to a fixed distance is increased. The simulated 

parameters are s=4 cm, d=2 cm, D-1 m, m/z=10,000, Ui=300 ms'1, u2=1000 m s'1, Vtot=20 kV.

MALDI TOF systems satisfying second-order focusing conditions are rather difficult 

to implement and experimental results have not yet been reported in the literature. 

The probable reason for not constructing such a geometry is the complexity of the 

simultaneous equations and the great number of free variables to consider. Second- 

order focusing systems are considered herein and a method is presented to explore 

such optimum geometries theoretically.

Once the optimum time delay for first-order systems is computed, as discussed in 

Figures 3.4 and 3.8, the position of the detector can be displaced towards shorter 

distances until a point of inflection in the arrival time distribution of the ions is 

obtained at the mean position/velocity. This is the maximum distance to which the 

second-order focal point can be projected. An optimum configuration is therefore 

identified where the minimum time spread is obtained for a relatively longer field-free 

region and extended flight times. Any alterations in the acceleration geometry shift 

these properties of the system and the numerical analysis has to be performed from 

the start.
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Further analysis of second-order two stage MALDI TOF instruments is made with 

reference to Figure 3.9. Following the numerical example presented in Figure 3.8, 

the distance of the second-order focal point is maximized for r  = 10 ¡us . As the time 

delay is reduced, the focal plane is projected to shorter distances and the optimum 

time spread is minimized. The time spread for m lz  = 10,000 is presented on the left 

abscissa while the distance of the focal point to the right. Resolution can be further 

enhanced by increasing the voltage drop across the first field. Second-order 

conditions are then satisfied by reducing the time delay. For these shorter time 

delays the focal point is projected to shorter distances providing optimum virtual 

sources for reflecting geometries.

Figure 3.9 The arrival time spread of the ions under second-order focusing for a series of 

time delays. The length of the field-free region for which the time spread is computed is 

shown on the right vertical axis. The simulated parameters are s=4 cm, d=2 cm, m/z=10000, 

u-i-300 m s 1, u2= 1000ms \  Vtot=20 kV.

The pulsed nature of the first electric field sets an upper limit on the maximum 

voltage that can be applied when three-electrode two stage systems are considered. 

The advantage of the s < d  acceleration configuration is that it allows short time 

delays to be used with relatively short extraction voltage pulses.
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3.3 Remarks

The focusing properties of single and two-stage TOF MS with space-velocity 

correlated distributions, applicable to laser desorption ionization sources, have been 

developed. Optimum operating conditions are derived by setting the coefficients of 

the Taylor expansion over the starting position, to zero. The theory presented in this 

Chapter is a simplified version contrasted to the original theoretical analysis for 

MALDI instruments (Vestal & Juhasz, 1998). An additional characteristic 

demonstrated theoretically in this work is that the two stage system decouples the 

length of the time delay from the total acceleration voltage. The effect of the time 

delay on the final time spread can therefore be evaluated and an optimum time delay 

is identified. Although the duration of this delay is in the jus scale, which far exceeds 

the optimum values determined experimentally and found to be in the ns scale, it is 

an interesting theoretical argument for enhancing resolution. Optimum time delays 

are computed by both the Taylor truncation method and the ion pair model. The latter 

defines a lower limit of the order of ~ 100 ns. Finally, a method is presented for 

studying second-order two stage geometries. The ability to provide quality virtual 

sources for reflecting systems and wider mass range focusing has been discussed.

Focusing in TOF MS relies on the ability of the system to provide ions with a 

distribution in initial electric potential energies. Energy focusing for MALDI TOF is 

developed in Section 3.1.3. The fundamental property of the TOF mass analyzer was 

theoretically demonstrated by Wiley & McLaren for ions with zero initial velocity and 

was termed space focusing (Wiley & McLaren, 1955). The concept of the truncated 

Taylor series is extended in the delayed extraction experiment, known as velocity 

focusing (Westal & Juhasz, 1998) and is also expressed in kinetic energy terms for 

optimizing reflecting geometries (Alikhanov, 1957; Karataev et al, 1972). Since space 

focusing and the space-velocity correlation technique can be put entirely into kinetic 

and potential energy terms as discussed above, the concept of energy focusing is a 

rather more accurate description in TOF MS. The analysis is extended to an isotropic 

distribution of ions in the next Chapter 4 and the missing formula of the original time- 

lag focusing theory is provided.
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Chapter 4

A New TOF Theory



4.1 Space Velocity Correlation in Orthogonal TOF MS

Orthogonal Time-of Flight Mass Spectrometry (oTOF MS) can be considered as the 

latest major development in TOF instrumentation, and a very successful method for 

recording TOF spectra from continuous ion sources. The incorporation of the collision 

cell has greatly facilitated the interface of the oTOF mass spectrometer with 

atmospheric ion sources. Orthogonal TOF has become the favourite choice as the far 

end mass analyzer in hybrid instruments.

The formation of a low energy ion beam offers ideal starting conditions for high 

resolution experiments. Ideally, a slit provides a confined ion beam by reducing both 

the spatial extent of the ions and their initial velocity distribution along the TOF axis. 

The natural flight angle has greatly facilitated the incorporation of the reflectron. The 

undefeated advantage of oTOF instruments today is their ability to focus ions across 

the entire mass range, provided that monoenergetic beams are introduced into the 

orthogonal gate.

Since the reinvention of the technique in the late 1980’s, the focusing properties in 

oTOF MS have been a subject of sporadic investigations. The significant reduction in 

ion energies orthogonal to the beam axis, and the dimensions of the slit prior to the 

orthogonal gate {<2  mm), have established space focusing as the appropriate 

method for tuning the instrument. The focusing properties in oTOF have not been 

challenged by any theoretical analysis so far. An attempt is made herein to provide 

such a theoretical treatment and experimental results are presented in Chapter 6 to 

support the argument.

4.1.1 Theoretical Background

There are two basic concepts underlying the principles of operation of the oTOF 

analyzer. The first is the application of the space focusing theory. Space focusing 

provides an optimum set of voltages, specific to instrumental dimensions (Dawson & 

Guilhaus, 1989; Bondarenko & MacFarlane, 1997; Cotter, 1997; Guilhaus et al, 

2000). In general, when the spatial spread of the ions dominates over their velocity 

distributions, time focusing is approximated with a Taylor expansion of the time-of-



flight equation with respect to mean starting position. That is, the initial ion velocity is 

neglected and space focusing is applied. Second-order focusing conditions provide 

an optimum virtual source in the field-free region for a reflectron (Boesl, 1992). The 

application of space focusing cannot be justified since ions have thermal velocities, in 

addition to the energy transferred between the axes as they are directed through the 

ion optical system into the orthogonal gate. Velocity distributions can considerably 

limit the resolving power and especially alter the optimum operating conditions of the 

instrument.

The turn-around time is a mass dependent expression for the maximum contribution 

of the initial ion velocity to the final time spread of the ions and is given by (Wiley & 

McLaren, 1955):

S t = ^ -  (4.1.1)
q£,

where uj is the initial ion velocity of a mass m lq  accelerating in an electric field £ s .

Eq. (4.1.1) is considered by many authors as an upper limit to the maximum 

resolving power in oTOF (Wollnik, 1993; Chen et al, 1999; Muradumov et al, 2003). 

The application of space focusing and the concept of the turn-around time are 

contradictory. An imperfect space focus (Chen et al, 1999) is a rather polite way of 

expressing the inapplicability of the focusing conditions adopted for orthogonal 

geometries.

An interesting relationship has been developed between space focusing theory and 

the turn-around time in terms of designing the orthogonal gate. To start with, the two 

stage geometry has to satisfy Eq. (4.1.1). The effect of the turn-around time can be 

reduced by increasing the electric field strength in the first field. There are two ways 

of doing so. The first is to increase the magnitude of both fields so that their ratio is 

fixed and space focusing is not violated. However, in this case the turn-around time is 

reduced at the expense of shorter flight times. The second and widely adopted 

method is to select the relative lengths s and d so as to maximize £ s, while ions

are space focused at a fixed distance. The preferred geometry in oTOF MS is a two 

stage system with s «  d  . Although this configuration has the additional advantage 

of reducing field penetration between the two consecutive electric fields, it also 

reduces the angle of approach to the grid separating the adjacent electric fields.



Scattering and significant loss in resolution is observed when the angle of approach 

to the grids deviates from the normal (Guilhaus et al, 2000). The effect is more 

pronounced in the early grids where the velocity of the ions is smaller and the ions 

spend more time accelerating through the non-linear fields (Selby et al, 2001). 

Another problem related to this particular configuration is the restriction imposed on 

the cross section of the ion beam. Wider slits and longer fields in the s dimension 

can accommodate wider spatial and velocity spreads and increase throughput.

Figure 4.1 shows a dc ion source and the orthogonal acceleration configuration 

gating the ions into the TOF mass analyzer. A continuous ion beam is transported 

through a lens and directed into the relaxed first field of a dual-stage extraction 

system. The lens corrects for the initial angle of divergence and generates a focal 

point at the region where ion extraction for mass analysis can take place. The lens 

minimizes the spatial dimension of the ion beam at the point of extraction. The final 

time spread at the detector is then defined by ions with opposite velocity vectors and 

overlapping positions i.e, the turn-around time.

SOURCE: Wollnik, 1993

Figure 4.1 Orthogonal TOF MS operating with a dc ion source. The ion beam is transported 

through the lens into the orthogonal gate. The focal point of the source is projected at a region 

where ions are sampled into the TOF analyzer and detected. The spatial spread of the ions 

within the sampling region is therefore minimized and the final time spread is limited by the 

turn-around time.



The concepts of space focusing and turn-around time serve as the underlying 

principles for focusing to occur rather as accurate mathematical tools for optimizing a 

particular geometry. An exception is the extension of the time-lag concept to MALDI 

TOF MS. Correlation between initial positions and ion velocities has proved to be a 

valuable method for designing both linear and reflecting geometries. A similar 

concise theoretical analysis related to orthogonal TOF instrumentation has not been 

presented. Optimization considers the turn-around time effect for selecting the 

dimensions of the orthogonal gate, a rather rough estimation of the voltages 

according to the space focusing principles, and then a trial and error procedure to 

optimize the system experimentally.

4.1.2 The Argument

The projection of the source focal point into the effective region of the orthogonal 

gate introduces turn-around time effects. Ions that are spatially focused to a point into 

the first region of the orthogonal system have their initial velocity vectors along the 

TOF axis in opposite directions. The effect cannot be corrected by the pulsed 

extraction scheme and defines the minimum arrival time distribution at the detector. 

The angular divergence of the ion beam at the focal point can considerably increase 

the velocity of the ions in the TOF direction and further limit resolution. Even though 

the spatial spread can be made wide, the contribution of the initial ion velocity cannot 

be considered negligible. The focusing technique must address both distributions.

Focusing in TOF MS employing static or uniform time-dependent electric fields is 

practical when ions are provided with a distribution in their electric potential energies. 

Turn-around time effects can therefore be removed if ions obtain a spatial separation 

prior to their acceleration. The time-lag concept has successfully evolved into 

delayed extraction. Unfortunately in both cases time focusing is mass dependent. In 

the time-lag method ions start from a point source with equal energies. During the 

lag, the initial velocity spread transforms into a mass dependent spatial distribution, 

hence focusing condition. In delayed extraction, ions have a common velocity 

distribution and have the same spatial spread at the end of the delay. Flowever, their 

initial kinetic energies are mass dependent and again only one mass can be brought 

into focus. Only a single m /z  ratio can be time-focused at the detector plane.
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A different situation arises with the orthogonal geometry. A point source with a mass 

independent isotropic distribution in initial energies is considered. The initial 

conditions are equivalent to those in the time-lag focusing experiment at the 

beginning of the time delay. In this case, the newly formed ions undergo prompt 

acceleration and are directed through the ion optics into a field-free region. A lens 

system is usually incorporated to correct for the initial angular divergence of the ions 

and produces an astigmatic focus at the source exit slit. The cross section of the ion 

beam at any distance thereafter, is a function of the angular divergence at the source 

focal point and the total energy of the ions. Considering the properties of the beam in 

the orthogonal direction, all ions will exhibit a time-dependent lateral spread and 

acquire a common spatial and kinetic energy spread, provided that enough time is 

allowed for the slowest ion to fill the orthogonal gate. The concept of a space-velocity 

correlated distribution is therefore introduced, specific to the orthogonal TOF 

geometry. A distinction is drawn between the time-lag concept and space-velocity 

correlation in oTOF MS. In the former case the spatial spread prior to the extraction 

pulse is mass dependent since the time lag is common for all masses. In the latter 

case, the arrival time of the ions at the effective region of the orthogonal system is 

mass dependent and a common spatial spread is obtained. The time dependence of 

the filling up mode of the orthogonal gate is responsible for the discrimination effects, 

as discussed in Chapter 1.

An analytical solution is developed based on a linearly correlated distribution in the 

following section. New insights into the focusing properties in oTOF MS are 

presented and evaluated by comparing the theoretical argument with experimental 

results. Linear and non-linear correlated functions are investigated. A SIMION1 study 

reveals the ability of the ion optics to generate such correlated distributions at the 

effective region of the orthogonal gate. The analysis demonstrates the inapplicability 

of space focusing principles for optimizing orthogonal TOF MS and shows how the 

turn-around time aberration on the final time spread of the ions can be significantly 

reduced.

The theoretical argument is supported experimentally by comparing the focusing 

properties of an electron impact (El) source and a thermal/surface ionization (TI/SI) 

source on the same oTOF analyzer. Results are presented in Chapter 6 . The

1 Dahl DA. and Delmore J.E., SIMION PC/PS2 v4.0, Idaho National Engineering Laboratory, Idaho 
Falls, ID 83415



different mechanisms of ion formation and variations between the two ion optical 

systems provide substantially different starting conditions for the TOF experiment. 

The difference in the applied voltage required to project the focal points to a fixed 

detector distance provides information on the initial conditions in the extraction 

region. The optimum operation of the system is determined by both the initial spatial 

and velocity spreads of the ions and these can be extrapolated from the experimental 

results. It is shown that the turn-around time, usually defined by time spread at the 

detector, can be an underestimation of the actual velocity distribution in the 

orthogonal direction.

First-order focusing conditions for a linear distribution using the ion pair approach 

were presented in the ASMS conference in 2004 (McMahon & Papanastasiou, 2004). 

First and second-order focusing conditions were derived by a composite Taylor 

expansion of the time-of-flight equation and are the main topic of this chapter. 

Theoretical and experimental findings were summarized in the 2005 ASMS 

conference (Papanastasiou & McMahon, 2005).

4.2 Linear Correlation

A schematic diagram of the orthogonal TOF geometry is shown in Figure 4.2. Ions 

formed in the source are directed by an ion optical system through an exit slit and 

into the orthogonal region. A correlated distribution for the TOF experiment can 

develop if ions are allowed to disperse according to their velocity vectors in the 

orthogonal direction. By projecting the source focal point before the orthogonal gate, 

the lateral dispersion of the ions is velocity dependent and the faster moving ones 

define the mass independent extreme starting positions prior to acceleration. Ideally, 

a linear correlation distribution between position and velocities is developed and 

shown in Figure 4.3.

Two main features are identified for the proposed mode of operation. The projection 

of the source focal point at the exit slit offers a unique advantage for maximizing ion 

throughput. The use of a narrow slit to define a low energy parallel beam with 

reduced spatial and velocity spreads is no longer a strict requirement. In addition,
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turn-around time effects are expected to be minimized since the focal point is 

established well before the effective region of the orthogonal geometry. The lateral 

dispersion provides ions with a spatial separation as they move towards the centre of 

the orthogonal gate. Ion pairs with opposite velocity vectors and overlapping 

positions at the source focal point move further apart and practically eliminate turn­

around time effects in the oTOF MS. Once the ions are provided with a distribution in 

their initial electric potential energies, a focal point exists and can be projected at the 

detector plane by varying the electric fields. The symmetry of the lateral displacement 

is critical to the operational characteristics of the proposed configuration.

Source

Lens

Slit

TOF

y
i .

- >  X

Figure 4.2 Simplified representation of the ion 

travel from the source through the ion optics 

and into the orthogonal region.

Figure 4.3 Linear space-velocity correlated 

distribution of the ions in the TOF axis.

The forward and backward correlated distributions are considered separately and the 

time-of-flight of the whole ion ensemble can be expressed by two ions with the mean 

position-velocities corresponding to each of the two distributions:

Ui> (S„ U i>0)

W  (‘V  uj  -  °)
(4.2.1)
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where the i and j  subscripts represent the ions in the forward and backward 

distributions respectively. Eq. (4.2.1) is a continuous function of the initial ion velocity 

since lim b = lim /. ~ t ( s  , 0 ) where t(s , 0 ) is the time-of-flight of the reference ion
u,-»0 ' uj —>o 1

with zero initial velocity that is accelerated over a distance sa within the s field. Ions 

in the forward distribution undergo an accelerating motion once the extraction pulse 

is applied. In a two-stage acceleration geometry, the ith ion with the average 

velocity ui accelerates over a distance sj and the overall time-of-flight is:

, udj~us + -
D

a. a.
(4.2.2)

where as and ad are the constant accelerations experienced by the ions in the first

and second electric fields of lengths 5 and d  respectively. The position of the 

detector is defined by the length of the field-free region D . The velocities at the end 

of each electric field for the /th ion are:

usi = yjuf + 2s)as (4.2.3)

udi = < J u f +  2 s ia s + 2 d a d (4.2.4)

The second distribution encompasses the ions with initial velocities in the opposite 

direction. The /th ion with the average velocity uj - - u i decelerates, stops and 

accelerates back to its starting position. The subsequent motion in the first field is 

that of an ion with a starting velocity ut accelerating over a distance s Jt Sj > s r  It is

this difference in the acceleration distances of the two ions considered that allows for 

focusing to occur. The time-of-flight of the /th ion is:

t  _. »V "  | U ' t ~ U sj | D

a, ad Udj
(4.2.5)

and the velocities at the end of the first and second electric fields are respectively:
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(4.2.6)Us j = ^ I  + 2 sA -

Udj = VW'2 + 2Sjas + 2dad (4-2-7)

The forward and backward distributions are symmetric relative to the sa starting

position. The symmetry arises from the isotropic distribution in the source and the 

ideal Ion optics considered in this case directing ions into the orthogonal gate. By 

assuming a point source for the ions at the sa starting position, correlated

distributions develop during a “virtual time delay”, which represents the mass 

dependent arrival time from the source into the effective region of the orthogonal 

gate. During this time interval, ions are allowed to rearrange their positions according 

to their initial velocities, as shown in Figure 4.4.

11, 

0

-u,

Figure 4.4 Correlated space-velocity distribution in the orthogonal direction. The analysis 

considers a point source and introduces a “virtual time delay” r. At the end of the time delay 
the ions obtain a linear correlation between their position and velocities prior to the application 
of the extraction pulse. For the orthogonal configuration system this time delay is mass 
dependent and represents the time required for each mass to travel from the ion source into 
the orthogonal gate.

The analysis considers the two ions with the average initial velocities, one for the 

forward and one for backward distributions. The correlated starting conditions for the 

TOF experiment are respectively: I

oII t = r
o------- 9-----------
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Si=so- u iT (4.2.8)

(4.2.9)Sj =Sa+UlT

where r  is the virtual time delay introduced to facilitate the following computations. 

The physical meaning of the virtual time delay distinguishes between space-velocity 

correlation in orthogonal TOF MS and the time-lag technique. If r  is mass 

independent, ions at the end of the fixed time interval have travelled different 

distances. The heavier the mass the smaller the velocity during the displacement and 

a mass dependent spatial spread is generated. This is the case examined by the 

time-lag focusing technique. However, if r  is mass dependent, ions are allowed to 

disperse until they all obtain a common spatial and energy spread as a result of an 

isotropic distribution of ions with equal energy. As we discussed above, the mass 

dependency of the virtual time delay in orthogonal TOF MS is responsible for the 

discrimination effects exhibited by this particular mass analyzer.

Eq’s (4.2.8) and (4.2.9) allow for the acceleration distances sj and s. to be

eliminated from the time-of-flight expressions (4.2.2) and (4.2.5) and the latter can 

then be expanded into a Taylor series over the average initial ion velocity «.. A

backward difference approximation method2 is used to describe the time-of-flight of 

the reference ion in terms of the time-of-flight of the ion with the positive initial 

average velocity in the forward part of the distribution. Neglecting third and higher 

order terms:

3/,. (0 -w  ) 2 32/.
(4.2.10)

and the time spread is:

St; = / ~t;
dt. w 2 d2t

-U.----  + —------7
dir 2 dnj

(4.2.11)

For the backward part of the distribution the forward difference approximation gives:
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(4.2.12)
dt. [ O - ( - w )]2 d2t.

, . = / J + [ o - ( ^ + L - L 4 L  ̂

and the time spread is:

S t , =  =  M.
3/,

O J

M,2

2
(4.2.13)

By summing the time spread expressions:

St - u. d t J di,
Kdu, d u , j

\  2 

2

\

v a, 2 duf J
(4.2.14)

where St is the maximum time spread of the whole ion ensemble, defined as the 

sum of the two individual space velocity correlated distributions, St =  Stj +  Stj . First

and second-order focusing conditions are obtained by setting the successive terms of 

the composite Taylor series to zero. The first-order focusing condition is:

i - 3 i =0
du du.

(4.2.15)

and the optimum distance where the arrival time distribution of the ions exhibits an 

extremum is:

a.,

D
as v

2 + ucL+un.
* '» •  Usj j

lJ cL U .
_____g_

"d i « si Usj

a,ud “ ci + adUcj
(4.2.16)

where ud =Tas- u i and uc = ta s + ui are the correlated velocities for the forward

and backward distributions respectively. The velocity ratios are defined according to 

the following dimensionless mass independent relationships:

See for example: Numerical Methods for Engineers, Chapra & Canale, Chapter 4, (2002)
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(4.2.17)L = ^  =

h

2 V
A
sk. - A K,

V A + a

(4.2.18)

h

«d _ 2  V
A
■VA-„

/r.

m, = —  = I =====
udi Js ,A  +  d ( l  + /c(1)

h A

m = a ± = 2  v ^ v
+ ̂ drct/

udj sjsjA + diX + K,)

(4.2.19)

(4.2.20)

and the “effective flight paths” for the two ions that define the units for the optimum 

distance D :

"A -/
wrf/ 2 + i/(l + â )]

3/2 (4.2.21)

A
_ _ 2 V

+
,VA'

*‘!i 2 + if (1 + X*f/) J
(4.2.22)

where A is the ratio of the electric fields, A = a ja d = £ j £ d , ks and /r(/ are the 

ratios of the average initial ion kinetic energy to the total energies stored in the two 

fields respectively, Ks = T jU s and Kd = T /U (l and h = s0- s i = s j - s o. The first- 

order focusing constraint is then reduced to:
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T  (  2  +  / ; +  [ /  )  +  m j +  m j  -  l , ~  !  j

D  = —---------------------------------------
n, +n j

(4.2.23)

Eq. (4.2.23) is the mass independent focal distance for the ions in oTOF MS when a 

linear space-velocity correlated distribution is considered. The distance of the focal 

point is kinetic energy dependent. An example of the focusing properties of the 

system is shown in Figure 4.5. The condition for second-order focusing is determined 

by:

du2 du2
(4.2.24)

l I

and the additional focusing requirement is:

1 - A

D _ /l Lp l, ( 1 “  /?) + l j  ( 1 -  lj ) + Pmi + rrij (1 -  m ))

pni (1 -  3m: ) + nj (\-3m ~)
(4.2.25)

where p  is the ratio of the correlated initial ion velocities:

h + 2sKs 
h -  2 sKs

(4.2.26)

An example of the arrival time distribution of the ions for a second-order configuration 

is shown in Figure 4.6.
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Figure 4.5 First-order focusing conditions in oTOF MS. The distance of the focal point is a 

function of the electric field ratio A and can be projected to any distance by altering the 

values of the latter. Increased initial kinetic energies are compensated by higher A values. 

When the average initial ion kinetic energy is increased from 5 meV to 50 meV, the correction 

on the voltage across the first electric field for 5 keV ions on a 60 cm long instrument is ~200 

V. The parameters of the one-dimensional numerical simulation are s=0.38 m, d-0.18 m and 

Ss=2mm.

v>c
LI.
o

S| (rn) U| (m  s‘1)

Figure 4.6 Second-order focusing and arrival time distributions as a function of starting 

positions and initial ion velocities uj respectively. The simulated parameters are s-3.8 cm, 

d~1.8 cm, D=67.5 cm, Vs=1244, Vd=3452, m/z=150, 5s=2 mm and Tj-19 meV.
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4.3 Non-Linear Correlation

The linear correlation between position and initial ion velocity in the orthogonal 

direction is a rather ideal situation and was developed to demonstrate the basic 

principles of the method. Non-homogeneous electric fields and variations in the 

position of ion formation in the source distort the linearity. Non-linear phase space 

distributions of the ions with finite dimensions are a more accurate description of the 

starting conditions for the TOF experiment. Prompted by SIMION studies, non-linear 

distributions are investigated and the corresponding arrival time spreads at the 

detector are examined by one-dimensional numerical analysis. Results are presented 

in Chapter 6 and compared with experimental data. A brief description of non-linear 

distributions and their application to oTOF MS is discussed in this section.

Distortion of the linear phase space defines a lower limit for the arrival time spread of 

the ions. Linear distributions exhibit infinite-order focusing and practically zero arrival 

time spread at the optimum distance. However, this remains an elusive goal in TOF 

MS and in practise there is always a finite error associated with the initial conditions 

of the ions. An important observation with non-linear distributions is that any turn­

around time effects occur only for the ions at the centre of the ion beam which is not 

clearly resolved into its spatial and velocity components in phase space. An example

is shown in Figure 4.7. Three
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Figure 4.7 Non-linear phase space distributions 
in the orthogonal direction prior to the application 
of the electric field pulse. An initial ion kinetic 
energy of 15 meV is considered for m/z=150.

non-linear distributions are 

considered. For a fixed energy 

spread, a reduction in the cross 

section of the beam (spatial 

spread of the ions) brings ions 

with opposite velocity vectors at 

the same position before 

extraction. Interestingly enough, 

these ions are close to the 

centre of the beam and their 

turn-around time effects are 

much smaller compared with the 

rest of the ions, since velocity 

increases with the distance from
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the centre. As we move to the outer positions, ions with opposite velocity vectors 

have a spatial separation and the error in their flight times can be corrected.

Figure 4.8 is a numerical time-of-flight analysis for the three distributions presented in 

Figure 4.7. The arrival time spread of the ions is plotted over the ratio of the electric 

fields £ = Vs /Vd of the two-stage orthogonal geometry. An optimum ratio is identified

for each distribution for which the focal point is projected to the detector plane. The 

optimum ratio is mass independent, only if the energy spread is the same for all 

masses. A reduction in the spatial spread of the ions requires stronger voltage ratios, 

that is, stronger pulsed fields to project the focal point to the appropriate distance. 

The final time spread is also reduced. The method suggests that a unique focusing 

curve exists for a particular set of initial conditions and a non-linear distribution can 

be extrapolated by fitting theoretical curves to experimental data. Estimation of the 

initial conditions of the ions prior to acceleration is therefore possible.

Figure 4.8 Focusing curves for the three distributions shown in Figure 4.7. The parameters 
for the one-dimensional analysis are s=3.8 cm, d=1.8cm, D=67 cm, m/z=150 and Ti~15meV. 
The voltage ratio ¿¡ = V / Vd is scanned so that the total voltage drop is fixed at 3.5 kV.

An important observation is made with respect to the turn-around time. For an ion of 

m /z = 150 in an electric field of £ s = 29,000 Vm~ ', which corresponds to the 

optimum operating conditions of the lower curve in Figure 4.8 with ¿>.v = l mm, the
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time to decelerate and accelerate back to its original position in the field is 14.9 ns. 

The arrival time spread of the whole ensemble is 3.09 n s , considerably lower than 

that calculated by Eq. 4.1.1. The turn-around time is an underestimation of initial 

kinetic energy spread of the ions since the 3.09 ns gives an estimation of an energy 

spread of the order of ~1 meV, far below the 15 meV considered in the numerical 

analysis.

Figure 4.9 shows the effect of the initial energy spread on the characteristic focusing 

curves for the same oTOF system. If the spatial spread of the ions and their drifting 

energies are constant, higher initial velocities require stronger pulsed fields. The 

optimum time spread increases with initial ion energy as expected. Ions with 1 meV 

energy approach the space focusing limit. The latter is the lower voltage that can be 

applied across the first field to provide any kind of focusing.

1 meV — 11 meV —»— 20 meV ——  30 meV

Figure 4.9 Velocity focusing characteristic curves for Ss=2 mm and a total energy of 3.5 keV. 

The simulated parameters are those of Figure 4.8.
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4.4 Discussion

A theoretical analysis of linear phase space distributions is developed and first and 

second-order analytical solutions are provided. The focusing conditions can be 

considered as the missing solutions from original time-lag technique. The mass 

dependent focusing properties of the latter method can be explored by identifying the 

“virtual time delay” r a s a  mass independent parameter.

Non-linear phase space distributions are a more appropriate description compared to 

the infinite-order focusing achieved by the linear case. These studies are prompted 

by SIMION results. A method is proposed for extrapolating the initial conditions of the 

ions by fitting theoretical focusing curves to experimental data. Results are presented 

in Chapter 6 from both El and TI/SI sources.

The concept of the turn-around time in orthogonal TOF MS is re-evaluated. Turn­

around time effects can be reduced by generating distributions where positions and 

initial ion velocities are correlated. A direct correlation of the arrival time spread of the 

ions with the initial energy spread in the orthogonal gate by Eq. (4.1.1) is an 

underestimation and the actual number can be an order of magnitude greater.

The analysis suggests that virtual sources for incorporating a reflectron are strongly 

dependent on the starting conditions for the TOF experiment. In the ideal case where 

a linear correlation is considered, the optimum is defined by second-order focusing. 

Non-linear distributions require a more detailed analysis.
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Chapter 5

Experimental



5.1 The Prototype Orthogonal TOF MS

The first orthogonal TOF MS coupled to a thermal/surface ionization (TI/SI) filament 

source was reported in the 50th ASMS conference in 2002 (McMahon et al, 2002). 

Thermal ionization mass spectrometry is an invaluable tool for isotopic studies and 

trace analysis by isotope dilution. Instruments must exhibit high isotope ratio 

precision for most of these applications and therefore ideally incorporate a spatially 

dispersive spectrometer with multiple detectors. Instruments have been built with 

quadrupole mass analyzers but they offer lower precision. Time of flight mass 

analyzers do not appear to be appropriate for these applications, however, the 

continuous thermal ion beam from a heated filament can be efficiently sampled into a 

TOF instrument by the pulsed orthogonal acceleration technique. A number of 

advantages and disadvantages are associated with the combination of thermal 

ionization and TOF-MS, which are outlined below.

The instrument has been built for diagnostic purposes, allowing investigation of 

physico-chemical parameters that influence the thermal ionization process. In this 

context, the spectrometer has the advantage that the complete mass spectrum can 

be monitored continuously over the lifetime of the filament. The instrument also 

allows optical access to the filament for pyrometric measurements and laser 

ionization of neutrals. In orthogonal TOF MS, isotope ratio precision is compromised 

by the inherent discrimination effects of the orthogonal gate. Since a single detector 

is used to detect all isotopes, the recovery time of the detection system precludes the 

measurement of a low abundance isotope immediately following a high abundance 

isotope, even at very low ion count rates. In addition, the dead time associated with 

the time-to-digital-converter (TDC) discriminates against high abundance species 

and accurate measurements can only be performed for the low count rates.

A schematic diagram of the instrument is shown in Figure 5.1. Thermal Ionization 

filaments (Cathodeon, Cambridge, UK) were resistively heated at currents between 

2.0 and 5.0 A using a lab-made filament power supply that could be electrically 

floated at the source potential. Accelerating potentials in the range 5 to 50 V deliver 

ions through a 2 mm slit to the orthogonal acceleration region. A Wiley & McLaren 

two-stage acceleration configuration samples the low energy beam into the vertical 

flight tube. The first accelerating region was initially 30 mm in length and a uniform 

field is defined by the back plate and two plane parallel grids (Buckbee-Meers, St. 

Paul, MN, US). The first grid is at ground potential and the back plate with the second
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grid are pulsed symmetrically to approximately ± 350 V by a PVM-4210 high voltage 

Pulse generator (DEI, Fort Collins, CO, US) with a rise time of <12 ns. The second 

accelerating field (15 mm) is defined by a third grid electrically connected with the 

flight tube, floated at -3.5 kV. The end of the flight tube is defined by the grid at the 

front of the detector. Ions are post accelerated to -5.0 kV and strike the conversion 

dynode of an ETP electron multiplier (SGE, Milton Keynes, UK). The output signal of 

the multiplier was amplified by an ORTEC 9305 d.c. preamplifier (Advanced 

Measurement Technology, Berkshire, UK) and recorded by an SR430 Multichannel 

Scaler (Lambda Photometries Ltd. Harpenden.UK) with a bin size of 5 ns.

Figure 5.1 Instrument Schematic. 1 -  Magnetic Transfer Arm. 2 -  Fast Entry Port. 3 -  

Filament Holder. 4 -  Gate Valve. 5 -  Thermal Ion Source. 6 -  Orthogonal Acceleration 

Region. 7 -  Electron Multiplier. 8 -  Ion Pump. 9 -  Turbomolecular Pump. 10, 11, 12 -  

View-ports.
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A photograph of the prototype Tl oTOF MS is shown in Figure 5.2. The first six-way 

cross chamber, the “dirty chamber”, is designed for filament pre-heating and 

outgassing. The manual valve maintains the high vacuum in the source and analyzer 

when new samples are introduced into the system. The magnetic transfer arm 

pushes the filament holder into a PTFE block, part of the source assembly, which is 

used for positioning the filament with respect to the ion optical system. Typical 

pressures in the source during operation are < 1 0 '6 torr, measured by a penning 

gauge. The 250 Ls' 1 turbomolecular pump in combination with the ion pump achieve 

pressures of the order of ~ 1 0 '9 torr in the flight tube, measured by an ionization 

gauge at the lower part of the vertical chamber.

Figure 5.2 Photograph of the prototype Tl oTOF MS

A top view into the vertical flight tube is shown in the next Figure 5.3. PTFE washers 

isolate electrically the inner tube from the main chamber. Voltages up to 10 kV have 

been applied successfully. The bottom plane of the inner tube lies in parallel with the 

top gridded plate of the orthogonal gate. In this case the gate is unmasked and the 

whole area of the grid can be seen. A circular hole is situated next to the orthogonal 

gate to support the detector for a reflectron geometry. The grid on the left side of the 

inner tube facilitates pumping by allowing gas molecules to pass through and get
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trapped in the ion pump. A  strong background noise during operation of the system  

w as observed and is attributed to the stray fields betw een the grid and the pump and  

the ions draw n into the flight tube and directed tow ards the detector. T h e  o T O F  M S  

w as operated with the ion pum p switched off.

Figure 5.3 Inside view of the vertical flight tube.

5.1.1 Date of Birth 18-01-02

The first spectrum  recorded by the prototype Tl T O F  M S is shown in Figure 5.4 . T h e  

peaks from left to right correspond to the m ono-isotopes sodium and alum inium ,

n N o ,  H A l , the two isotopes of potassium, and \ \ K  , and finally the strontium

and barium isotopic clusters shown by single peaks. T h e  noise from the electric pulse 

on the orthogonal gate is seen on the left side of the spectrum . In this case the  

duration of the pulse is - 2 .4 5  gs and two spikes are generated, one at the onset and  

one at the offset of the pulse. T h e  ion signal is generated by passing 3 .5  A  through  

the filam ent. T h e  S r  sam ple  is dried on a Re  filam ent at atm ospheric pressure and
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the S r  isotopes are the most abundant species in the spectrum . T h e  rem aining  

peaks are filam ent impurities and are tem perature dependent. T h ey  can be rem oved  

by progressively increasing the tem perature of the filam ent until the surface is no 

longer supplied from the bulk m aterial. The heavier the m ass the higher the  

tem perature required to deplete the filam ent of its constituent.

8000

7000
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coc:
^  4000
.c

3000

2000

1000

0

Figure 5.4 The first atomic spectrum of a strontium sample loaded on a rhenium filament with 
the prototype Tl oTOF MS.

0 2 4 6 8 10 12

Time-of-FHght (us)

S r  resolution in this first spectrum  is ~ 4 0  with a tim e spread of - 1 2 0  ns at full-width  

half-m axim um  (fwhm ). T h e  S r  cluster peaks at 9 .6 2 5  gs in a - 7 0  cm long flight tube. 

The energy of the ion beam  is - 6 0  eV  and the total energy of the ions in the flight 

tube is 4 .2  keV, resulting in a flight angle of 83 .22°. T h e  period of the extraction pulse 

is of the order of - 1 0 0  gs (10  kHz), enough to allow  the heaviest atom ic ion to travel 

through the analyzer. For the m ajor strontium isotope, ™ S r , with 60  eV  source

energy, the residence tim e for a 3 cm long grid area is 2 .6 1 5  gs. T h e  duty cycle for a 

10 kH z extraction pulse is then 2 .6 1 5  %.

Chapters 5 & 6 chronicle the im provem ents achieved from the very first days of this 

project and selected experim ents are presented and accom panied with sim ulations of 

ion trajectories and num erical analysis of the tim e-of-flight of the ions.
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5.1.2 Thermal Ionization Ion Source

A  single filam ent therm al ionization source w as initially installed. A  side view  of the 

ion source under vacuum  is shown in Figure 5 .6 . A  single filam ent is situated on the  

left is positioned by the P T F E  source block so that the plane of the filam ent is parallel 

with the first electrode. The  three electrodes are insulated from each other by 1 cm  

long ceram ic spacers and direct the ions through the optical system  tow ards the  

source exit slit. The surface of the filam ent is 2x8 mm and the dim ensions of the  

rectangular slits are 2x10  m m. A set of steering plates is situated at the front end of 

the ion optics to correct for the lateral and/or transverse dispersion of the beam  and 

m axim ize the ion current in the orthogonal gate. C opper electrodes w ere  installed at 

the far end of the source axis to collect and m easure the positive ion current with an  

electrom eter.

Figure 5.5 Side view of the single filament Tl source under vacuum.

“B um ” m arks on three elem ents of the ion optical system  are shown in Figure 5.6. 

From left to right these are  the m ount plate for the rem aining electrodes, the m iddle  

elem ent w hose surface is facing the filam ent and finally the source exit slit. 

Sym m etric deposition of the evaporating m aterial can be seen from  the diffraction 

patterns on the surfaces. T h e  side cut on the electrodes allows for laser access onto  

the filam ent surface. The  transverse and lateral spread of the ion beam  can be seen  

from the patterns on the surface of the last electrode.
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Figure 5.6 Ion optical elements of the single filament Tl source.

Single and triple filam ent configurations are shown in Figure 5.8 . Tem perature  

distribution m easurem ents of rhenium  filam ents using infrared pyrom etry have been  

perform ed (Papanastasiou, 2 0 0 1 ). Figure 5 .8  shows the distributions obtained for the  

different filam ent currents. T h e  differences betw een the centre and the edges of the  

filam ent can reach 5 00  °C  for the high currents.

Figure 5.7 Single and triple filament configuration in Tl MS

SOURCE: Papanastasiou, 2001
Filament Length (mm)

Figure 5.8 Temperature distribution of a rhenium filament using infrared pyrometry.

135



5.1.3 Time-Evolution Experiments

A  few  exam ples dem onstrate the ability of the prototype to m onitor the entire m ass  

spectrum . Information on the chem istry of the filam ent and kinetic studies can be  

perform ed as a function of tem perature and sam ple preparation. A queous sam ples  

are  deposited and dried on rhenium , tantalum  or tungsten surfaces as nitrates. 

During the drying-out procedure, nitrates reduce to N O ,  which evaporates in the  

atm osphere. T h e  oxide species rem ain on the filam ent surface. Rhenium  is usually 

the preferred polycrystalline substrate since it com bines both a high melting point, 

3 4 5 3  K, and the second highest w ork function, 4 .9 8  eV , after that of platinum with 

5 .13  eV.

Figure 5 .9  shows the neodym ium  and neodym ium  oxide clusters from a Re filam ent 

loaded with the nitrate. T h e  tim e spread is of the order of 15 ns and a resolving 

pow er of 4 0 0  is achieved. The ability of the o T O F  an a lyzer to m onitor the entire m ass  

spectrum  is shown in Figure 5 .10 . All the isotopes and oxide form s of the sam ples  

and impurities are sim ultaneously detected. T h ese  include uranium , neodym ium  and  

strontium nitrates loaded on the filam ent, and sodium , alum inium , potassium and  

barium that constitute the m ajor rhenium impurities. S e lf ionization of rhenium  is also 

observed at the higher tem peratures. The chem istry of the filam ent can be m onitored  

as function of tem perature variations.

Time-of-Flight (jus)

Figure 5.9 The neodymium and neodymium oxide clusters with a resolution of 400.
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— • —  UO 2 -+ — UO — • —  U-238

—•—  Re-185 — — Re-187

—♦—  Na-23 —+— AI-27 — «—  Sr-88 — — Ba-138

Figure 5.10 Intensity variations for the most abundant species in a single run as a function of 
time. The system allows for the chemical composition variations on the filament surface to be 

studied as a function of temperature.
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With reference to Figure 5 .10 , intensity m axim a correspond to the higher currents 

that a Re filam ent is driven to. The uranium and neodym ium  signal evolutions show  

the lower availability of oxygen on the surface as the tem perature of the filam ent is 

raised. The oxides are reduced enhancing the atom ic signal. For the higher 

tem peratures self-ionization of the filam ent becom es significant. At the sam e time 

impurities from the bulk of the m aterial reach the surface by diffusion and sublim e as 

ions. Depletion from impurities can be achieved by careful control of the tem perature  

well below the melting point, and provide clean surfaces.

The evolution of uranium dioxide, the m onoxide species and atom ic ions as a 

function of tem perature is shown in Figure 5 .11. In this exam ple, the sam ple is 

loaded on a carburized Re filam ent. It is not clear w hether the reduction of the 

dioxide species to the m onoxide and finally to the atom ic species as the tem perature  

rises is the only process taking place. An alternative explanation would be the faster 

evaporation of the oxides in the form of neutrals and the greater ionization efficiency  

of atom ic uranium at the higher tem peratures. T hese com bined effects can be 

studied by laser ionization of the neutral evaporates.

Figure 5.11 Evolution of the uranium species as a function of temperature.
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Figure 5.12 shows the variation of K  and Rb signals as a function of time. The Rb 

loaded Re filament runs at 3 A until the K  impurity decays exponentially to almost 

zero levels. Rb ion emission is in a semi-equilibrium state. The temperature of the 

filament is then raised by increasing the current to 3.3 A. The initial jump in the signal 

intensity is followed again by an exponential decay. The isotope ratio for the Rb 

isotopes over time is shown in the next Figure 5.13. The accepted value is 

37 Rb/f7 /?& = 0.385617 (CRC, Handbook of Chemistry & Physics, 67th Edition, 1987). 

The experimental average isotope ratio over the period of 340 min is 

37 Rb!% Rb = 0.3850 with a standard deviation of 0.0174.

K-39 Rb-85 — o —  Rb -87

Figure 5.12 Time evolution for potassium and rubidium on a rhenium filament.

Figure 5.13 Variations in the rubidium isotope ratio measured in the oTOF MS.
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5.1.4 The Early Detection System

The first experiments were carried out with a robust ETP electron multiplier model 

AF850H. The gain of the multiplier is 107 when 2 kV are applied across the discrete 

dynodes and a maximum current of 30 pA can be delivered at the output. The pulse 

width for single pulse events is 4.5-6.0 ns and the dead time 1 ns. The dynode of the 

detector has been successfully floated to 10 kV to perform resolution studies. A 

photograph of the detector housing is shown in Figure 5.14. The fast pre-amplifier 

was the ORTEC model 9305 with DC coupling. The gain of the pre-amp is a  = 5 -10  

with a rise time of <3 ns. The maximum input is +/-1 V and the input impendence is 

Z = 50 Q. . The output voltage pulse follows the relationship Voul - Z  (a I in) and the 

maximum output for 30 pA input pulse is 15 mV.

Figure 5.14 Photograph of the detector assembly showing the discharge developed between 

the detector mount plate and conversion dynode when the flight tube was floated at ~10 kV.

Time-digitization of the signal processed by the 200 MHz Multichannel Scaler model 

SR430 eliminates problems such as the slow rise times and extended pulse widths of 

the ETP multiplier and the DC coupled ORTEC pre-amplifier. Time digitization 

however is jitter sensitive and can set a lower limit to the time spread of the ions.
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5.2 Resolution Experiments & Simulations

Initial studies with the ETP multiplier and the 200 MHz multichannel scaler, as a 

detection system, where performed with the dynode voltage floating at the same 

potential as the flight tube. The energy of the positively charged atomic ions was 

maintained >3.5 kV to ensure high electron conversion efficiency on the active film of 

the dynode. The idea for not post-accelerating the ions is justified by the space 

focusing conditions, initially adopted for simulating and tuning the oTOF MS, and the 

theoretical requirement of a definite field-free path length for the ions. Experiments 

with the prototype showed that field penetration from the discrete dynode 

arrangement introduced fringing fields and had a significant contribution to the final 

time spread. Jitter was therefore an important parameter when the system was 

operated with the ETP multiplier. A series of experimental observations is presented, 

that led to resolution enhancement and finally to the fruitful comparison between 

experimental results and the theory of space-velocity correlation in TOF systems.

Numerical analysis was extensively used to reproduce experimental results and 

study the initial conditions of the ions. The first step in the process was the 

determination of the field-free path length. Although the dimensions of the orthogonal 

gate and the spacing of the electrodes are clearly defined by the insulating material, 

measuring the length of the field-free region is not a straight forward process. A 

simple one-dimensional time-of-flight analysis was used to compute the arrival times 

of all the ions detected. The model neglects initial ion velocity and scattering of the 

ions at the grids. It also does not incorporate the delays introduced by electron transit 

times through the discrete dynode as well as delays inherent with the triggering 

circuit. These can be estimated by time differences between theory and experiment, 

according to the following.

The optimum voltages determined experimentally define the electric fields used in the 

simulation. The arrival times are then simulated for a series of detector distances. 

The three curves shown in Figure 5.15 are obtained by subtracting the experimental 

from the theoretical values, St = /ejip - tsim. Arrival flight times are also shown. An

estimation for the length of the field-free region can therefore be made, based on the 

idea of a constant arrival time difference, S t. A constant time difference is justified by 

the mass independent delay introduced by electron transit times and the electronic
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circuit. In addition, incorporation of the initial ion velocity reduces the flight times by 

only a few ns. Since the Tl source provides a nearly monoenergetic ion beam, the 

corresponding error is m lz  independent and small.

•  D =  67.4 cm m D =  68.4 cm a  D = 69.4 cm

Figure 5.15 Estimation of the length of the field-free region by the difference between 

experimental and simulated arrival times on the left. Experimental and simulated arrival times 

are shown on the right.

The following example demonstrates the resolving power achieved with the 

prototype, and discusses space focusing conditions and their applicability to this 

initial instrument design. Dimensions and optimum parameters determined 

experimentally are given in Table 5.1. Results were obtained from a rhenium filament 

operating at 3.5 A. The corresponding neodymium and uranium spectra are shown in 

Figures 5.16 and 5.17 respectively. The signal was digitized by the 5 ns bin size 

SR430 multichannel analyzer. The time spread of the ions, as determined 

experimentally, was 15 ns and the resolution was limited to -400. A resolving power 

of -400 was observed across the atomic spectrum for all the experiments carried out 

with this configuration.

Figure 5.18 shows an example of the model used for simulating the prototype. For 

the same instrumental parameters, space focusing theory predicts a resolution of 

-17,000, far exceeding the values observed experimental. Numerical analysis 

showed that the arrival time spread of the ions was very sensitive to voltage 

variations, in contrast to the experimental results. In theory, the arrival time spread of 

an ion ensemble with zero initial velocity distribution exhibits a sharp minimum when
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scanning the applied voltages. The experimentally determined resolving power of 

~400 could be maintained by varying the drifting energy of the ions over -1000 eV, in 

direct contrast to theory.

Table 5.1 Comparison of experimental parameters and space focusing theory.

Instrum ental Param eters Resolution

Dimensions (cm) Voltage - Energy Experimental Space Focusing

s = 2.9 Vs = 725 m/z = 158 m/z = 158

d = 1.5 Vd = 3133 TOF = 12390 ns TOF = 12235 ns

D* = 68.5 K E tof = 3858 eV 5t= 15 ns 5t= 361 ps

slit = 2 mm K E beam = 50 eV R = 410 R = 16,900

0** = 83.55° 5s*** = 3 mm

* The value of D is estimated according to Figure 5.15 

** The flight angle 9 is determined by Eq. (1.3.9)
*** The space focusing conditions assume a spatial spread of 3 mm and the voltages are those used in the

experiment.

Figure 5.16 Neodymium and oxides with a resolving power of -400.
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Figure 5.17 Uranium and oxides with a resolving power of -400.
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Figure 5.18 Numerical analysis of the two stage oTOF MS. The simulated parameters are 

presented in Table 5.1. A 3 mm initial spatial spread is assumed, and for the experientially 

applied voltages, a resolution o f -17,000 is predicted for the neodymium oxides. The graph at 

the lower left part of the figure shows the arrival time distribution of the ions as a function of 

starting position. The initial velocity in this case is neglected. An extremum is observed for the 

ion situated at the centre of the distribution, in accordance with space focusing theory and Eq. 

(2.3.5).
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With the experimental parameters defined above it was impossible to infer whether 

space focusing could be used as a method to provide an optimum set of voltages for 

operating the system. The effect was attributed to the poor resolving power of the 

system and the minimal variations in the arrival time spread of the ions over a wide 

range of applied voltages. Therefore, an optimum voltage value could not be 

determined and no comparison between theory and experiment was made.

Several instrumental modifications followed, including variations in the orthogonal 

geometry, higher extraction voltages, and the use of a 1 mm slit before the 

orthogonal gate, with no substantial improvement on resolution. Attention was then 

directed towards the detection system and signal processing. A minor resolution 

enhancement is reported by increasing the extraction voltages to Vs=1400 and 

Vd=5450. Rubidium and rhenium spectra with a resolution of 700 and 1000 are 

shown in Figures 5.19 and 5.20 respectively. Resolution is mass dependent since in 

both cases the time spread of the ions at FWHM is limited by the bin size of the 

multichannel scaler.

Figure 5.19 Rb & Sr spectrum with 5 ns time Figure 5.20 Re spectrum with 5 ns time 

spread and a resolution of 700. spread and a resolution of 1000.
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5.3 Advances with the TI/SI oTOF Analyzer

Three decisive modification steps were made and their influence on resolution is 

discussed in the following sections. They include a new “open” orthogonal gate, the 

installation of the ORTEC time-to-digital converter (TDC) and the replacement of the 

ETP multiplier with a Photek microchannel plate. A significant improvement in terms 

of the resolving power is reported. The concept of space-velocity correlation and its 

relevance to orthogonal geometries was tested using this advanced final 

configuration. The theory of space-velocity correlation was presented in Chapter 4 

and the corresponding experimental work is developed in Chapter 6.

5.3.1 The Open Orthogonal Gate

A schematic diagram of the “open” orthogonal design is shown in Figure 5.21. The 

area of the electrodes is 95x95 mm and the gridded slot is 30x20 mm with the long 

dimensions along the source axis. The large surface are permitted wide spacing 

between the electrodes. The first field is defined by the first three elements and is 38 

mm long. The second electric field is 18 mm, defined by the position of the final grid. 

A mask is incorporated at the top of the gate which facilitates high resolution 

experiments. However, this is at the cost of ion throughput. Two different masks were 

tested with slot areas 10x10 mm and 20x20 mm respectively. For the unmasked 

gate, the duty cycle for m/z=150 and a source energy of 20 eV is 6%. The sampling 

efficiency reduces to 4% and 2% by reducing the effective are to 20 mm and 10 mm 

respectively.

X L
Ir 40

18 mm

19 mm

19 mm

K
40 mm

Figure 5.21 Schematic of the “open” orthogonal gate configuration. The first and third 
electrodes are pulsed symmetrically while the second one is grounded. The length of the 
second static electric field is defined by electrodes three and four.
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Figure 5.22 Mass independent trajectories for a monoenergetic beam in the “open” 
orthogonal gate design. Ions experience sharp boundaries between the grids and the voltage 
drop across the two-stage acceleration configuration is 1400 and 4870 V respectively. The 
flight angle in the field-free region is 86.8° for a source energy of 20 eV.

The new position for the detector is 67.5 cm, determined by the arrival time 

difference method as described above. Figure 5.23 shows a rhenium spectrum 

where the ions are ejected in the field-free region with energies ~8.2 keV. Over 85% 

of the time spread of the ions falls into one 5 ns bin. The isotope ratio for 185Re/187Re 

determined experimentally is 0.60213 with an error of 2.2% relative to the accepted 

value of 0.58906.

Figure 5.23 Self-ionization of a rhenium filament at ~5.0 A corresponding to a temperature of 
-2100 °C. The error in the experimentally determined isotope ratio is 2.2%.
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5.3.2 Time Digitization

The performance of instrument in terms of resolving power was limited by the bin 

size of the multichannel scaler model SR430. Spectra like those presented in Figure 

5.23 were obtained for a range of drifting energies ranging from 4 to 9 keV and where 

convincing enough for the laboratory authorities to invest in faster electronics. Soon 

enough, the ORTEC model 9353 time digitizer with 100 ps resolution and 1 ns pulse- 

pair resolving time was installed in our system. The rhenium spectrum processed by 

the TDC with a 400 ps resolution is shown in Figure 5.24. Experimental parameters 

are equivalent to those in Figure 5.23. The time spread for the two rhenium isotopes 

is ~3.8 ns at FWHM and the resolution is 1250. Figure 5.25 shows the potassium 

peaks with a time spread of 3.2 ns for the major isotope 39K.

Figure 5.24 Rhenium spectrum recorded with the ORTEC TDC with a 400 ps resolution.

Figure 5.25 39K and 41K spectrum with a time spread of 3.2 ns a resolution of -700.
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5.3.3 Flight Angle and Detector Rotation

The following experiment demonstrates that fringing fields in the conversion dynode 

box had a significant contribution to the final resolution of the instrument, which had 

not permitted studies on the initial phase space distribution of the ions. The 

experimental curves shown in Figures 5.26 to 5.28 were obtained as follows. The 

voltages on the orthogonal gate were optimized for maximum resolution. Three final 

ion energies were examined, these are 8.2, 6.4, 5.0 keV for the three Figures 

respectively. In all cases the space focusing conditions were violated by a similar 

amount. Lower electric field ratios X were required for optimum resolution. The flight 

angle 6 was then scanned by varying the energy of the ions in the source direction. 

As 0 increased, the time spread of the ions was reduced and resolution was 

maximized. There is a threshold on the minimum voltage that can be applied to the 

source for directing ions into the orthogonal gate. The minimum voltage defines the 

maximum flight angle and is usually accompanied by a significant reduction in the 

count rate. Maximum resolution is observed for the slightly smaller flight angles 

where a reasonable count rate is maintained.

-o — Time Spread (ns) —©— Resolution

4.2 

4

3.8 

3.6 

3.4

3.2 

3

2.8
86 86.2 86.4 86.6 86.8

Flight Angle 0

Figure 5.26 Time spread and resolution for m/z=39 as a function of the flight angle 9. The 
total acceleration energy is 8.2 keV.
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4.8
Time Spread (ns) Resolution

Figure 5.27 Time spread and resolution for m/z=39 as a function of the flight angle 0. The 
total acceleration energy is 6.4 keV.

—a— Time Spread (ns) — Resolution

Flight Angle 0

Figure 5.28 Time spread and resolution for m/z=39 as a function of the flight angle 0. The 
total acceleration energy is 5.0 keV.

The experimental results obtained inidcated that the flight angle was a significant 

parameter for enhancing the resolving power of the system. The effect was initially 

attributed to the grids and the stronger deflection experienced by the ions as their 

angle of approach was reduced. Potassium spectra and the two isotopes 39K and 41K 

are shown in Figure 5.29 for the three optima, as determined in 5.26-5.28. As the 

final energy of the ions is increased both time spread and time-of-flight are reduced.
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Maximum resolution is observed for the medium energies of 6.4 keV where a 

compromise between time spread and time-of-flight is made.

Figure 5.29 Potassium spectra for three different ion energies. Intensities and the flight angle 
of 86.75° are identical for reasons of comparison. Time spread and resolution are shown for 
the major isotope 39K in each case.
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The time differences between the two masses are 108.8, 122.8 and 139.2 ns for the 

8.2, 6.4 and 5.0 keV energies respectively. Both time spread and the time difference 

between adjacent masses increase as the energy of the ions is reduced and longer 

flight times are observed. Several experiments were carried out by reducing the 

energy of the ions in the source axis as low as possible (~20 eV) while the final 

energies of the ions were maintained at ~6.4 kV. Figure 5.30 shows baseline 

separation for Nd and NdO ions with a time spread of 4.4 ns and a resolution of 

- 1100.

Figure 5.30 Baseline resolution for Nd and NdO ions.

Attempts to increase the flight angle as close to the normal as possible followed. The 

maximum flight angle achieved by this configuration was -  86.85°, allowing for an 

improvement of 3.15°. One possible way to fly ions with a greater angle was by 

positioning the orthogonal region further down the source axis. A displacement of 1.5 

cm increased the instrumental angle to 87.5°. Significant loss in resolution was 

observed and was attributed to the lateral spread of the ion beam, since the 2 mm slit 

had a fixed position. An equivalent improvement in the flight angle was achieved by 

rotating the detector housing by 180°. Surprisingly, the relationship between the flight
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angle and the time spread of the ions reversed. The effect is shown in the next two 

Figures 5.31 and 5.32 for 8.2 keV and 6.4 keV total energies respectively.

— Time Spread (ns) ----- Resolution

Figure 5.31 Time spread and resolution for m/z=39 as a function of the flight angle 0. The 
total acceleration energy is 8.2 keV.

Figure 5.32 Time spread and resolution for m/z=39 as a function of the flight angle 0. The 
total acceleration energy is 6.4 keV.

It became then apparent that the fringing fields, inherent in the design of the electron 

multiplier, masked resolution in all the experiments performed so far. By varying the 

energy of the ions in the source axis, the arriving ion packets scanned the electric 

field across the conversion dynode. The effect is reflected by the characteristic time
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spread curves. By rotating the multiplier the reverse effect was seen. In this case, the 

optimum angle was found to be at a lower value. A Re spectrum is shown in Figure 

5.33 obtained with the reversed detector configuration.

Figure 5.33 Re spectrum with a time spread of the order of ~3.5 ns and a resolution of 1500. 
The ion energy is 6.4 keV.

Any attempts to improve resolution were unsuccessful since the minimum time 

spread was defined by the multiplier. That was further justified by two experiments. In 

the first, the 2 mm slit prior to the orthogonal gate was replaced by a 1 mm slit. No 

effect on the time spread of the ions was observed. In the second, the four electrode 

structure of the orthogonal gate was pulsed so that s < d , in contrast with the 

standard mode of operation were s ~ 2 d . Again, the same minimum time spread was 

achieved. Resolution was therefore further enhanced by replacing the detector with a 

microchannel plate.

5.3.4 MicroChannel Plate Detector

The microchannel plate is the chevron Photek model VPM340 with a 50:1 length over 

diameter ratio. The device is designed to operate at pressures below 10‘6 mbar. The 

gain is x2 per 50 V and the maximum output current is 50 pA. The detector surface 

area is 40 cm in diameter and a maximum of 3100 V can be applied across the 

plates. The output signal was amplified with the ac coupled 9306 ORTEC 1 GHz
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preamplifier. The gain of the 9306 model is 100, x10 that of the 9305 dc coupled 

model. Typical output rise times are -350 ps. In combination with the ORTEC 9353 

TDC, a fast detection system was available for high resolution studies.

Figure 5.34 shows an analog-to-digital spectrum recorded with the Tektronix 

TDS3064B 600 MHz oscilloscope. The baseline of the ac coupled fast preamplifier 

shoots off at the onset and offset of the pulse, thus limiting in some sense the pulse 

duration and the period for mass analysis when light ions and the corresponding 

short flight times are considered (<4.5 ps). For example, the flight time for the sodium 

monoisotope 23Na is of the order of 5 ps, overlapping with the onset pick-up. The 

flight time for the heaviest mass detected in the prototype, the uranium dioxide 

238U160 2, is 17 ps restricting the duration of the pulse hence the sampling frequency 

of the ion beam to -50 kHz (20 ps pulse period). In Figure 5.35, the pulse duration is 

30 ps and the frequency is 20 kHz (50 ps period).

Figure 5.34 Analog-to-digital spectrum of the detection system

A single ion event for 39K is shown in the next Figure 5.35. The peak height is 78 mV 

and the pulse width is 3 ns (fwhm). The discrimination levels set on the TDC were 

accordingly adjusted ranging from -8 to -12 mV. Figure 5.35 also shows the random 

pick-up from the turbo pump with a frequency of 71 MHz (-14 ns). The pick-up could
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not be removed with chokes or capacitors and was the main source of noise in the 

system.

39Figure 5.35 Analog-to-digital spectrum of a single K ion event and the characteristic pick­
up noise from the turbo pump. The transient signal is sampled every 200 ps.

Figure 5.36 is a high resolution mass spectrum of the neodymium oxides. The time 

spread is ~3.15 ns and resolution slightly exceeds 2000. It is interesting to note that 

the total energy of the ions for this system is ~3.5 keV. Acceleration to these 

energies with the original detection system gave a time spread for the neodymium 

species of the order of 15 ns. The best resolution achieved with the electron 

multiplier was 1100 with a 4.4 ns time spread for NdO at energies of ~6.4 keV. Figure 

5.37 is another NdO spectrum from the same scan, obtained by tuning the source 

voltages. The time spread of the ions is further reduced to ~2.8 ns and resolution 

exceeds 2300. These latest results were reported in the ASMS conference in San 

Antonio (Panastasiou & McMahon, 2005). To the best of the authors knowledge, this 

is the highest resolution achieved on a 66 cm long oTOF MS operating in the linear 

mode. Resolving powers of 4000 (FWHM) have been reported for a linear instrument 

almost three times as long as our orthogonal prototype (~1.5 m) for m/z=1166 with 

time spreads of the order of 9 ns (Coles & Guilhaus, 1993).

The installation of the MCP detector with the ORTEC 9306 fast preamplifier and the 

9353 TDC provided the means for studying the effects of the initial ion conditions on
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resolution. Experiments carried out with the system at its final stage showed that the 

source optics, and the spatial and energy characteristics of the ion beam in the 

effective region of the orthogonal gate, were key parameters for enhancing the 

resolving power. High resolution mass spectrometry was performed with our 

prototype and the theory of space-velocity correlation focusing is developed in the 

following Chapter 6.

Figure 5.36 NdO spectrum with a time spread of 3.15 ns and a resolution of 2000.

Figure 5.37 NdO spectrum with a time spread of 2.8 ns and a resolution exceeding 2300. 
Spectra are accumulated over a period of 90 s.
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Chapter 6

Theory & Experiment



6.1 Experim ental Studies of Correlated D istributions in oTOF MS

In Orthogonal Time-of-Fllght Mass Spectrometry (oTOF MS) the mass analysis axis 

Is normal to the direction of propagation of an ion beam. Monoenergetic ion beams 

with narrow spatial cross sections offer ideal starting conditions for high resolution 

TOF MS. The inherent flight angle of the ions has greatly facilitated the incorporation 

of the reflectron device. The orthogonal TOF technique has become the favourite 

choice for mass analysis in hybrid instrument design.

The widely adopted two-stage acceleration region prevails in orthogonal designs. In 

oTOF MS a continuous ion beam enters a relaxed electric field at right angles. This 

first region is operated in the pulsed mode and ions, undergoing a second 

acceleration step through the second static electric field, are ejected with their final 

energies into the field free region. Slow monoenergetic beams can be sampled with 

relatively high efficiencies (<50%) at a frequency of ~10 kHz (1 spectrum per 100 

(is). Discrimination against the low m/z values is an inherent limitation of the 

orthogonal acceleration technique.

The purpose of a two-stage orthogonal acceleration region is two-fold. High electric 

fields are usually preferred for increasing the total energy of the ions relative to their 

initial kinetic energy distributions, thus reducing the effect of the latter on the final 

time spread at the detector plane. The restrictions imposed by the pulsed nature of 

the first field are eliminated by an additional acceleration step. The consecutive field 

is a static one and has no practical limitation on the maximum voltage required. Most 

important is the ability of the two-stage geometry to provide a focal point at variable 

lengths in the field-free region of the TOF MS. Such focal points, known as virtual 

sources, are fundamental to the operation of the reflectron. Interestingly enough, 

there is little or no information available in the literature on the ability of the 

orthogonal gate to focus ions in the field-free region. Space focusing is generally 

assumed applicable as the kinetic energy spread of the ions in the direction 

orthogonal to the beam is reduced and the cross section of the beam is considered 

as the dominant spread.

Results presented in this Chapter demonstrate that the energy spread of the ions is 

equally important when the focusing properties of the two-stage orthogonal region 

are considered. Space focusing is a special case and cannot be widely adopted for
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identifying optimum operating conditions. The position and the quality of the virtual 

source in the field-free region is a function of both the initial energy and spatial 

distributions of ions prior to acceleration.

In this context, the concept of space-velocity correlated ion beams is introduced and 

its relation with the oTOF analyzer is demonstrated in the remainder of the thesis. 

The theory of linear correlation was developed in Chapter 4. The analysis is 

extended to non-linear phase space distributions motivated by SIMION studies. Ion 

optical systems are investigated and experimental results are presented from the 

prototype oTOF MS equipped with a thermal/surface ionization (TI/SI) source and an 

electron impact (El) ion source. Fundamental differences on the mechanism of ion 

formation between the two sources define beams with different characteristics. 

Coupling two ion sources on the same oTOF analyzer provides an excellent 

opportunity to study and compare the focusing properties of the ions.

Fundamental studies, such as the effect of grids and estimation of the initial ion 

conditions have been performed on reflecting geometries. The deceleration of ions 

and any additional grids in the reflectron distort any information on the virtual source 

in the field-free region. Optimization of the orthogonal gate as a stand-alone TOF 

element and its ability to project an optimum focus for the ions in the field-free region 

is the subject of this investigation.

The analysis involves a series of steps that allow for an estimation of the initial spatial 

and velocity distributions of the ions to be made. Improvements in the resolving 

power of the mass analyzer can also be achieved. A fruitful comparison between 

theory and experiment is presented. The characteristics of the ion beam can be 

inferred from the following steps: (i) Determination of the phase space of the ions in 

the effective area of the orthogonal gate and the effect of the ion optical system using 

SIMION. (ii) One-dimensional time-of-flight analysis for the specified starting 

conditions. Focusing curves are plotted where the time spread of the ions is 

computed as a function of the parameter the voltage ratio of the two stage 

system, (iii) Experimental determination of the focusing curves. The time spread of 

the ions is observed for a series of t; values, (iv) Any variations in the starting 

conditions for the TOF experiment shift the focusing curves and allow for an 

estimation of the initial phase space distribution of the ions to be made when 

compared with the corresponding theoretical results. The effect of detector
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displacements is examined. Deviations between theory and experiment and the 

associated errors are then discussed in terms of the approximations adopted 

throughout the analysis.

6.2 Therm al/Surface Ionization Source

A photograph of the triple filament TI/SI source is shown in Figure 6.1. The filament 

holder, mounted onto the magnetic transfer arm, carries six pin hole extensions to 

support the triple filament geometry. Electrical contact is made by brass strips on 

each side of the PTFE source block as the arm pushes the holder into position. A 

groove at the top of the holder is used for alignment and positioning the filament with 

respect to the ion optical system. Four lenses are mounted independently on the 

main supporting disk, which in turn is connected to the inner walls of the six-way 

cross chamber. A set of four deflectors is used to steer the beam and direct ions from 

the first lens system into a short field-free flight tube. A closer look on the lens system 

and the steering plates is shown in Figure 6.2. The tube incorporates 12 electrodes, 

which remained grounded for all the following experiments. The flight tube extension 

protects the ions from the high voltage fringing fields in the TOF chamber and shapes 

the beam with a 1 mm slit at the left far end.

Figure 6.1 Side view of the prototype triple filament thermal/surface Ionization source.
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Figure 6.2 A closer look on the triple filament, the lens system and steering optics. The 
curved element in the lens system was designed for studying chemical interactions between 
filaments and for the following resolution experiments was replaced by a flat electrode for 
enhancing transmission.

6.2.1 TI/SI SIMION Study

Space-velocity correlated distributions are conveniently represented by phase space 

diagrams. SIMION was used to simulate the ion optical configuration and the 

corresponding initial phase space of the ions at the start of the TOF experiment. The 

three-dimensional geometry of the TI/SI source is shown in Figure 6.3. The 

rectangular slits were approximated with planar symmetry (z-axis). The assumption 

here is that with 10 mm long slits, edge effects are negligible for ions sampled from 

the centre of the filament. The z-dimension was therefore omitted. The original two- 

dimensional potential array was defined in the (x, y) plane with a resolution of 0.5 mm 

per grid unit (mm/gu). Ion trajectories were simulated for the major isotope of 

Neodymium, 142Nd. The lower temperature threshold of the emitter for which Nd ions 

are generated is 1800 K (2.9 -  3.0 A). The initial kinetic energy at the point of ion 

formation is 230 meV, determined by thermal energies at this temperature. The initial 

angular divergence, defined by the elevation angle in SIMION (x,y-dimension) is 90°, 

ranging from -45° to 45° in the x-y plane. The phase space distribution of the ions in 

the TOF direction was recorded at the centre of the field-free region of the orthogonal 

gate, in this case defined by the end of the potential array.
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Figure 6.3 Three-dimensional representation of the potential array of the Thermal/Surface 
Ionization source with planar symmetry. Ion trajectories are shown in the (x, y) dimension.

Two modes have been studied for operating the source and providing correlated 

phase space distributions in the orthogonal region for the TOF experiment. Mode A 

and B are examined independently in the following sections. The potential energy 

surfaces are shown in Figures 6.4 and 6.5 respectively. In both cases, ions 

experience an accelerating field followed by a decelerating step. The curvature of the 

electric field provides an astigmatic focus for the ions along the source axis, which 

can be altered by scanning electrode dimensions and voltages. The aim is to 

maintain the source focal point at the exit slit and simultaneously optimize the phase 

space distribution in the orthogonal region. The former enhances transmission while 

the latter seeks optimum starting conditions for the TOF experiment by minimizing 

both the spatial and velocity spread of the correlated distribution.

In the particular case of orthogonal TOF systems, low energy beams are a 

requirement. Efficient beam sampling, minimization of scattering at the grids by 

increasing the angle of approach, and the necessity to avoid the use of deflectors in 

the field-free region since it degrades resolution, are all satisfied by slow ions. Ideally, 

the energy in the source direction can be as small as possible, as long as a 

collimated ion beam can be extracted from the source. However, slow ions are useful 

in linear geometries only. In reflectron designs the flight angle is an essential feature 

and energies of the order of 15-20 eV are more practical. The TI/SI prototype 

operates in the linear mode and an effort was made to provide the TOF analyzer with 

the slowest possible ion beam. 10 V on the filament was the minimum value at which 

ions could be efficiently extracted and directed into the orthogonal gate.
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F i g u r e  6 . 4  Potential energy surface in mode A. Mode A produces a greater kinetic energy spread and a 

wider spatial spread of the ions in the TOF direction.

Figure 6.5 Potential energy surface in mode B. Mode B produces a low kinetic energy spread and 

relatively narrow spatial spread of the ions in the TOF direction. Transmission is reduced.

6.2.2 Source Mode A & Numerical Analysis

The ion optical bench and ion trajectories are shown in Figure 6.6 for mode A. Ions 

generated on the filament plane are directed through 4 electrodes and 2 pairs of 

deflectors into a field-free region before the reach the exit slit. The extended field-free 

region defined by a 10 cm long tube allows for a narrow divergence focal point, which 

is translated into minimum energy transfer between the axes in the x-y plane. The set 

of voltages applied on the electrodes from left to right are Vfl|=10, V^IO , V2=-9, V3=- 

20, V4=-40 and Vdef=-0.4. The phase plane of the ions in the TOF direction (y-axis) is 

defined by recording velocity uy and position y  at the end of the potential array. The 

dimensions of the potential array are chosen so that the end of the ion optical bench 

in the x-direction coincides with the centre of the effective area of the orthogonal 

configuration. The source focal point is generated before the source exit slit. For the
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wide initial angular spread on the filament plane, ions are lost on the mount plate and 

at the exit slit. Transmission exceeds 75%.

V, v2 v3 v4

Figure 6.6 Ion optics bench and electrode voltage definitions in mode A.

The effect of the V4 scan on the y phase plane of the ions is shown in Figure 6.7. By 

increasing the applied voltage on electrode V4 the sigmoidal distribution incorporating 

ions with the same starting position having opposite initial velocities, the case 

examined by the turn-around effect (Wiley & McLaren, 1955), transforms into a linear 

correlation between initial position and velocity. With the current setup, the ideal case 

of a linear correlation is counterbalanced by poor ion transmission. Intermediate non­

linear distributions are identified, where turn-around time effects are eliminated and 

ion transmission is acceptable. Figure 6.8 is a transformation of the velocity axis to 

initial ion kinetic energy. TI/SI sources produce mono-energetic ion beams and 

Figure 6.7 is a mass independent representation of the initial conditions of the ions 

prior to acceleration. For V4=-40, the optimum voltage, the initial spatial spread of the 

ions is ~2.8 mm and the kinetic energy spread is ~8.5 meV.

Figure 6.7 Phase plane of the ions in TOF direction (y-axis) for a series of voltages on 
electrode V4. The abscissa defines the starting positions relative to the back plate of the 
orthogonal system. The ordinate defines the starting velocity for m/z=142.
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Figure 6.8 Mass-independent initial kinetic energy as a function of starting position for a 
series of voltage values on V4.

Variations in the starting phase plane of the ions were studied by scanning the 

applied voltages on the remaining electrodes of the ion optical system. While V4 

exhibited the greatest effect on the initial conditions, small alterations can further 

enhance ion transmission and reduce the non-linearity of the phase plane curve. 

Figure 6.9 shows the effect of the second electrode V2. Figure 6.10 is a 

transformation of the mass dependent velocity axis to the mass-independent kinetic 

energy plot.

Figure 6.9 Phase plane of the ions in TOF direction (y-axis) for a series of voltage values on 
V2. The abscissa defines the starting positions relative to the back plate of the orthogonal 
system. The ordinate defines the starting velocity for m/z=142.
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Figure 6.10 Mass-independent initial kinetic energy as a function of starting position for a 
series of voltages on V2.

One-dimensional time-of-flight numerical analysis was used to obtain the focusing 

curves and characterize the time focusing properties of the system. The 

computational method requires a unique set of initial conditions and cannot 

incorporate the finite phase space distribution of the ions. Specific functions were 

used to approximate the phase space distributions of the ions determined by 

SIMION. An alternative approach was to approximate the mass independent energy 

plots, as shown in the following example.

Figure 6.11 Mass-independent energy Figure 6.12 Phase plane distribution 
distribution of the ions. in the TOF direction for m/z=142.

Figures 6.11 is the mass independent energy plot of the optimum conditions 

identified in mode A. Two linear segments were used to approximate the energy
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distribution as a function of initial position. A transformation of these two curves into 

the mass dependent phase space distribution for m/z=142 is shown in Figure 6.12. In 

this case, the mass independent spatial spread of the ions is 2.8 mm and the energy 

spread is ~8 meV.

Numerical analysis of the ion’s time-of-flight determined the optimum voltages for 

which the arrival time distribution exhibits a minimum. The simulated parameters of 

the mass spectrometer are s=3.8 cm, d=1.8 cm and D=67 cm. The arrival time 

distributions, plotted as a function of starting positions and initial ion velocities for 

m/z=142, are shown in Figures 6.13 and 6.14 respectively. The shape of the 

distributions where the time spread is minimized deviates from the typical ideal cases 

where a minimum, a maximum or a point of inflection is obtained. The minimum time 

spread is no longer infinitely small and for the 142Nd isotope is 2.716 ns. The optimum 

set of voltages is \ZS=896 and Vd=2652, defined by the maximum voltage applied to 

the MCP, -3100 V. It must be noted that the turn-around time for the m/z=142 ion with 

an initial kinetic energy of 8 meV in the first electric field Es=23579 V m'1 is 13.016 ns. 

The turn-around time is much greater than the final time spread indicating the ability 

of the system to focus ions with a spatial separation and highlights the error 

associated with the concept when space velocity correlated distributions are 

implemented. The effect of the relative position of the initial spatial spread of the ions 

on the optimum set of voltages is rather small. An adjustment of less than 2 V is 

required for a relative shift of 4 mm within the first electric field. In contrast, the 

optimum set of voltages and the behaviour of the focal point in the field-free region is 

very sensitive to variations in the initial ion kinetic energy.
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Figure 6.13 Arrival time distribution as a Figure 6.14 Arrival time distribution as a 
function of acceleration distance. function of initial ion velocity.
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6.2.3 Source Mode B & Numerical Analysis

The ion optical bench and ion trajectories in mode B are shown in Figure 6.15. The 

set of voltages applied on the electrodes from left to right, according to the definitions 

in Figure 6.6, are Vfi|= 11, Vi=11, V2=-27, V3=-35, V4=-0 and Vdef=1. Figure 6.16 shows 

the effect of V3 on the phase plane distribution of the ions. The spatial and kinetic 

energy spread for V3=-35 is 2.1 mm and 2 meV respectively.

Figure 6.15 Ion optics bench and trajectories in mode B

Figure 6.16 Phase plane of the ions in the TOF direction for a series of voltages on V3.

Figures 6.17 and 6.18 show the non-linear correlated distributions determined by 

SIMION and the linear approximation of the former adopted for numerical analysis of 

the TOF system.

169



Figure 6.17 Mass-independent energy Figure 6.18 Phase plane of the starting ion
distribution of the ions in the TOF direction. cloud in the TOF direction.

The operating modes A and B, the corresponding phase plane distributions and the 

differences in the focusing action of the orthogonal TOF MS are examined in Figure 

6.19. The arrival time spread of the ions is plotted as a function of the voltages and 

an optimum ratio is observed. The voltage profile across the two-stage geometry is 

scanned according to the relationship V J 2 + Fy =3100, defined by the maximum

voltage on the front MCP. The starting positions and initial ion velocities are defined 

by the phase planes as determined by SIMION and presented in Figures 6.12 and 

6.18 for modes A and B respectively. Mode B is characterized by a low kinetic energy 

spread 2 meV and a 2.1 mm spatial spread. The optimum voltage ratio defined 

numerically is ^=0.322967 where Vs=862 and Vd=2669. The phase plane of the ions 

in mode A is characterized by a greater kinetic energy spread of 8 meV and a wider 

spatial spread of 2.8 mm. The minimum time spread is increased and a greater value 

in ^ is required to project the focal point at the detector plane where £=0.337858 and 

Vs=896, Vd=2652.
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Figure 6.19 Mode A and mode B focusing curves. A mass-dependent minimum time spread 

and a mass independent voltage ratio is identified in each mode. The turn around time of the 

ions with 8 and 2 meV initial energies respectively is also shown to demonstrate the effect of 

uncorrelated distributions on the final time spread. Double lines refer to an isotope 2 amu 

heavier.

The effect of the turn-around time in cases were no correlation between initial 

position and ion velocity is developed is shown for each mode respectively in Figure 

6.18. The turn-around time spread is reduced as we move to greater £, values but no 

optimum is observed. The focusing action of correlated distributions and the final 

time spread cannot be predicted with the turn-around time approximation. 

Conversely, an underestimation of the initial energy spread of the ions is made when 

the minimum time spread at the detector is explained in terms of turn-around time 

effects.

6.2.4 Tl/SI Results

In thermal/surface ionization ions are formed at or near the surface of the filament. 

The voltage drop across the filament generates an electric field transverse to the 

external field lines. The newly formed ions experience the fringing fields and their 

trajectories are deflected from the ideal normal direction. The effect can be 

compensated for by increasing the magnitude of the electric field between the 

filament and the first electrode. The fringing fields surrounding the emitter are not
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easy to simulate and can are neglected. The associated error is reduced by 

increasing the ratio of the external field to the voltage drop across the filament.

Ideally, the ion optical system samples ions from a wide filament area. The phase 

space distribution finally adopted for the 142Nd isotope is shown in Figure 6.20. The 

function u. = 33(xi -2 .5 ) in used to approximate ions and their starting phase space

distribution for the TOF analysis considers ions formed at point source with an 

angular divergence as well as ions generated across the surface of the filament.
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Figure 6.20 Phase space distribution of the ions in the TOF direction for m/z=142.

X, (mm)

The experimental curves are obtained as follows. The source is operated according 

to the conditions determined by SIMION in mode B. It is assumed that a non-linear 

correlated phase space Ion distribution is formed in the orthogonal region, as 

discussed above. A small variation in the voltages is allowed to enhance the 

sensitivity of the instrument and increase the count rate. The count rate is important 

for compensating the noise pick-up from the extraction pulse as well as random 

spikes that appear in the background originating from the turbo pump. The count rate 

has to be high enough to improve signal-to-noise ratio but low enough to avoid dead 

time effects of the TDC, which distort abundance measurements. Controlling the 

count rate is also very important when the voltage ratio is scanned and the TOF 

analyzer is out of focus. As the peak intensity is reduced, noise interferes strongly 

with peak shapes, altering the time spread of the ions and distorting the focusing 

curves.
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The total number of spectra for a pulsing period of 50 |is and a total accumulation 

time of 30 s is 600,000. For m/z=158 in Figure 5.2.20 the total counts over the 30 s 

are 6400, that is 93.6 counts per spectrum. The total counts for the same m/z value 

are spread over 10 ns in a single spectrum (baseline time spread). Spectra are 

recorded with a resolution of 0.4 ns (bin size). The 93.6 counts per spectrum are 

therefore spread over 25 bins, which gives approximately 3.75 counts per bin per 

spectrum.

During the course of an experiment, the voltage ratio is tuned to optimize the 

resolving power of the TOF analyzer, once a satisfactory signal intensity is achieved. 

The voltage on the front MCP plate is fixed at -3100 V and defines the floating 

voltage in the field-free region. The focusing curves are then obtained by scanning 

the magnitude of the pulsed first electric field. Results from a Re filament loaded with 

Sr and Nd are shown in Figure 6.21.

Figure 6.21 Focusing curves Na, K, Sr and Nd isotopes from a single scan.

The time spread of the ions is measured at FWHM of the peak height. Three spectra 

are obtained at each voltage and the associated error in the measurement is shown 

by error bars. A small deviation from a mass independent optimum is observed. The 

isotopes 23Na, 39K and 88Sr exhibit a minimum time spread for a smaller value of
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The shift of the optimum ratio corresponds to a variation of about 10 volts across the 

first field. The estimation of the initial conditions is made with respect to the 142Nd 

peak. The experimental minimum time spread is for £ = 0.305. The theoretical 

minimum is for £ = 0.31, which is translated into a voltage error of the order of 15 V. 

The deviation between the optimum ratio determined experimentally and that 

estimated by non-linear space-velocity correlation theory and Figure 6.20 defines the 

error in the initial conditions of the ions. For the TI/SI source, the spatial spread is 

estimated as 3.0±0.5 mm and the energy spread 2 + 1 meV . The optimum voltages 

approach the space focusing limit, which according to the theory define the lower 

voltage ratio that can be applied in a real experiment. In terms of absolute values, the 

space focusing limit requires an extraction voltage across the first field of -800 V and 

-2700 V across the second. For the optimum ratio determined experimentally, the 

magnitude of the symmetric electric pulse varied between ±400 and ±410. Since an 

upper limit o f-3100 was imposed by the MCP, the voltage across the first field for the 

TI/SI source varied from 800 to 820 V.

6.2.5 A Final Attempt with the TI/SI Source

The TI/SI source was redesigned mainly for two reasons. A triple filament geometry 

can perform very interesting experiments by loading different samples at different 

filaments kept at variable temperatures as a means of enhancing ionization 

efficiency. An example is the uranium case, where the ionization efficiency when 

pure filaments are used is of the order of <1%. In a triple filament configuration, 

uranium can be vaporized as a neutral from the side filaments kept at lower 

temperatures while the centre filament can be maintained at the highest possible 

one. Neutrals directed towards the centre filament at elevated temperature are 

ionized with higher efficiency according to the Saha-Langmuir equation (see 7.1.1). 

For single filament analysis, the higher efficiency at elevated temperatures is 

counterbalanced by the rapid vaporization of the sample. Such experiments could not 

be performed with the original source as one of the side filaments was off and could 

not be re-connected. In addition, simulations indicated that transmission could be 

further enhanced by redesigning electrodes and bringing the source closer to the 

orthogonal region.
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The step was finally taken towards the end of the project and was not proved to be a 

successful one. Resolution was diminished back to -1300 and transmission was 

generally poorer. The reduced performance of the system is attributed to the 

mechanical design and construction of the source assembly. Deflection plates had to 

be used to re-direct the defocused beam into the orthogonal gate. Space-velocity 

correlation was not possible with the new design. However, several experiments 

were carried out and interesting conclusions can be drawn out in terms of space- 

velocity correlation and time focusing in oTOF MS, despite the errors introduced by 

steering the ion beam.

A TOF spectrum recorded with the redesigned source is shown in Figure 6.22. 

Ionization occurs at -  1600 °C, the temperature of the Re surface when -3  A pass 

through the filament. At the first stages of the heating-up procedure, NdO peaks are 

more pronounced relative to the atomic signal. Na and K impurities are always 

present up to intermediate temperatures and appear in the low m/z side of the 

spectrum. Their depletion with time indicates the generation of a “clean” surface 

where only the sample is in contact with the surface of the emitter. Figure 6.23 is a 

magnification of the NdO isotopic cluster showing the reduced resolving power 

achieved with the new source.

Figure 6.22 TOF spectrum of a Nd sample loaded on a Re filament. Nd and NdO signals are 

detected along with Re impurities which contain mainly Na and K.
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Figure 6.23 Magnification of 5.2.19 showing the NdO spectrum with a time spread of ~4.9 ns 

and a resolving power of -1300.

The experimental focusing curves are shown in the following Figures 6.24 and 6.25. 

The time spread of the ions is plotted as a function of the voltage ratio of the two- 

stage acceleration geometry, ^=VS/Vd. Figure 6.24 shows the time spread of the ions 

at full-width half-maximum of the peaks. The symmetry in the experimental curves is 

greatly reduced and the error for a common mass independent ratio is increased. 

When the source is operated out of focus, peak intensity is reduced and peak shape 

is distorted which can partially explain the variations in the time spread observed for 

the high £, values. Figure 6.25 shows the time spread of the ions taken at full-width 

half-maximum of the peaks for the same set of data. The experimental curves are 

shifted upwards in the time spread scale and show a mass independent optimum 

voltage ratio.

The deflection of the beam by the steering optics is expected to distort the correlated 

phase space distribution of the ions in the orthogonal gate. However, the optimum 

voltages determined by both the time spread at FWHM and FWTM approach the 

space focusing limit, similarly to the results obtained with the previous TI/SI 

installation. The minimum is obtained for, with Vs=814 and Vd=2711, corresponding 

to a ratio of ^=0.300258.
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Figure 6.24 Time spread of the ions at full-width half-maximum of the peak intensities plotted 

against the voltage ratio %.
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Figure 6.25 Time spread of the ions at full-width tenth-maximum of the peak intensities 

plotted against the voltage ratio

Figure 6.26 is a closer look on the NdO focusing curve. Error bars are an indication 

of the stability of ion production in the source. The stability of the sample is higher 

compared with that associated with the impurities, as shown in the next Figure 6.27.
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Figure 6.26 NdO focusing curve and the associated error in the measurement which 

demonstrates the wide variations in the time spread of the ions

5

Figure 6.27 Na and K focusing curves and their signal stability which shows minimum 

variations in the time spread of the ions for successively recorded spectra.



6.2.6 Discussion

Observations are sum m arized based on the d ifferences betw een experim ental 

results and numerical analysis of the data. The  theoretical arrival tim e spread is 

approxim ately 3 ns low er than the experim ental values. Such a d iscrepancy betw een  

theory and experim ent can be attributed to param eters that have no direct 

relationship with the focusing properties of the system . System  variables that reduce  

the resolving power and cannot be corrected by scanning the voltage ratio of the  

orthogonal system are identified in the following: (a ) D etector jitter is expected to 

increase the final tim e spread of the ions with no direct effect on the focusing  

properties of the T O F  analyzer and the optimum set of voltages. The  m agnitude of 

the additional tim e spread introduced by jitter depends on the detector model as well 

as the final energy of the ions with which they hit the conversion dynode/front face of 

the M C P . (b) Signal processing, im pedance m is-m atching and analog-to-digital 

conversion of the input and output signals can also add to the final tim e spread  

displayed at the com puter output, (c) M echanical precision, perpendicularity and  

surface irregularities are important param eters with unpredictable effects on the final 

resolution. T hese are difficult to sim ulate and great care must be taken in a real 

experim ent so that their contribution is m inimized.

The assum ption is that a non-linear phase space distribution at the start of the T O F  

experim ent exists and that subsequent one-dim ensional time-of-flight analysis can be 

used to predict the initial characteristics of the ion beam . Although the errors  

associated with the m ethod are by no m eans negligible, the m ain concept introduced 

by these experim ents is the production of space-velocity correlated ion beam s as a 

m ethod to counter turn-around tim e effects and enhance the resolving power of the  

orthogonal T O F  analyzer. The  m ethod has succeeded in the sense that for a linear 

geom etry, high resolution spectra have been obtained by tuning the source ion 

optical system. M ore accurate determ inations of the initial conditions of the ions in 

the source require further analysis. Theoretical considerations and experim ental 

investigations of space-velocity correlation principles related to the T I/S I are  

extended to the El source in the following section.
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6.3 Electron Ionization Source

The installation of an electron Im pact (E l) Ion source w as the latest modification on 

the prototype (M cM ahon & Papanastasiou, 2004b). A  photograph is shown in Figure  

6 .28 . T h e  El source Is situated on the left hand side of the vertical tube and the ion 

optical system is facing, through the orthogonal gate, the T I/S I source situated at 

opposite ends. Both beam s can be sam pled by the o T O F  analyzer by rotating the  

orthogonal acceleration region. Sim ultaneous detection w as not possible with the 

current design. The El source is review ed in Appendix III.

Penning gauge Time-of-Flight

Gas inlet Turbo El source Tl source

Figure 6.28 Photograph of the El and TI/SI sources coupled on either side of the vertical 

flight tube.

The next Figure 6 .29  shows the cluster flange incorporating the gas feedthrough, 

valved roughing line and Penning gauge, a 25  Ls'1 turbo-pum p and a D 9 electrical 

feedthrough. T h e  original design of the source, shown in Figure 6 .30 , w as m ounted  

on ceram ic spacers behind 2 m m  disk with a 0 .5  mm exit slit. Ions are focused and  

directed through the slit by two half plates. The source w as supplied with analyte via  

a gas feedthrough flange, carrying a 70  pm i.d stainless steel tube with a P T F E  pipe 

at the far end. O peration of the source at elevated tem peratures m elted the P T F E  

piping and the tungsten filam ent w as replaced by a thoriated version. Thoriated  

tungsten has a much low er work function and can deliver com parable currents to the
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electron trap at reduced tem peratures. Perm anent m agnets forced electrons into 

helical paths to increase the probability of collisions in the ionization volum e.

Figure 6.29 The cluster flange Figure 6.30 Photograph of the El source

supporting the El experiment. mounted on a 2 mm disk.

The body of the final version of the El source incorporated in the system  is shown in 

the next Figure 6 .31 . In this final design no auxiliary m agnetic field w as em ployed. A  

slow ~ 1 0 eV  ion beam  w as finally produced that could be efficiently sam pled by the  

orthogonal gate. The  relative position of the beam  in the orthogonal gate is 

equivalent to that from the T I/S I source. A  comparison of the tim e focusing properties  

of the T O F  analyzer betw een the sources w as then feasib le  as both beam  energies  

w ere approxim ately ~ 10  eV.

Figure 6.31 The more sophisticated design of the El source suitable for low energy ion 

beams, including advanced electron trap for reducing secondary emission.

181



6.3.1 El SI MION Study

S IM IO N  studies w ere  carried out to investigate phase space distributions of the ions 

at the effective region of the orthogonal gate. Initial therm al energies, position of ion 

formation and the effect of the ion optical system  w ere exam ined and their 

contribution to the degree of correlation developed betw een position and velocity w as  

evaluated. Figure 6 .32  is the three-dim ensional potential array with planar sym m etry  

(z-axis) designed to approxim ate the electron im pact ion source. X e  ions w ere  used 

to sim ulate the form ation of the continuous ion beam . A  repeller electrode inside the  

source cham ber walls and a w eak  penetrating field from the lens system  facilitate ion 

extraction. A  set of deflectors is installed downstream  on the source axis and used to 

m axim ize ion throughput. Ions pass through the source exit slit into the relaxed first 

field of the orthogonal acceleration region. The pulsed electrodes rem ain grounded  

until the effective area of the gate is filled by the slowest ions. Ion motion is 

considered only in the x, y direction and the phase plane of the ions in the T O F  

direction (y-axis) is recorded at the centre of the orthogonal region.

Figure 6.32 Planar symmetric potential array of the electron source, Ion optics and the first 

stage of the orthogonal region.

The source operates in the low voltage regim e and generates a ~ 10  eV  ion beam . 

The w eak electric fields are produced by applying voltages to the source box, repeller 

plate and first electrode of the ion optical system. T h e  rem aining com ponents of the  

ion optics are grounded. A typical set of values is 10.2  V  on the source box, 10 .7  on 

the repeller plate and -45  V on the first lens. A  two-dim ensional representation of the  

potential array showing ion trajectories and the position w here  their phase space is 

determ ined is shown in Figure 6 .33 . The potential energy surface of the source and  

ion optics is shown in Figure 6 .34 .
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Figure 6.33 SIMION ion optics bench for the El source. Red marks show the position where 

the phase space of the ions is determined.

Figure 6.34 SIMION potential energy surface for the El source.

Figure 6.37 Isotropic distribution of ions as they exit the source box. Equipotential lines are 

also shown in 5 V steps ranging from 10 to -40 V from left to right.
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An isotropic distribution for the newly form ed ions is adopted to approxim ate  

ionization conditions in the box. T h e  point source with an isotropic distribution and  

the subsequent ion trajectories are shown in Figure 6 .37 . 72 ions are considered with 

an angle step of 5° on the direction of the initial velocity vectors. The  initial kinetic 

energy of the 129X e isotope is 60  m eV, defined by the therm al energy of the ions at 

~ 200°C . Figure 6 .37  also shows the equipotential lines with a resolution of 5 V  

ranging from 10 to -40  V  from  left to right. The w eak  draw  out field defines a focal 

point for the ions at the source box exit-slit. The angle of acceptance is w ide and only 

ions with initial velocity vectors in the y-axis are lost. The  angle is reduced as the  

point of ion form ation is shifted tow ards the repeller plate.

Phase space distributions are obtained by varying the point of ion form ation and the  

initial ion energies. The two effects are shown in Figures 6 .3 8  and 6 .3 9  respectively  

for the 129X e  isotope. In the form er case, the point source is shifted by an am ount of 

±  0 .2  mm  to approxim ate the dim ensions of electron source slit and the finite cross 

section of the electron beam . In the latter case, non-linearity is enhanced as the  

energy increases. It is interesting to note that the phase space distributions related to 

the El source exhibit an inverse behaviour from those in T I/S I.

Figure 6.38 Phase plane of the ions and Figure 6.39 Phase plane of the ions and 

the effect of the point of ion formation. the effect of the initial thermal energy.

Non-linear space-velocity correlation distributions as described by the phase plane  

diagram s show a strong response to variations in initial conditions and applied  

voltages. For this sim ple ion optical system , correlation is lost by relatively small 

changes in the applied voltages. Such effects have been verified experim entally  

w here resolution and count rate degrades with m inim al adjustm ents in the source.
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The effect is attributed to the poorly defined point for ion form ation. In contrast, the  

well defined point for generating ions in T I/S I can justify the observation that the 

perform ance of the system  is less sensitive to the source ion optics.

Deviations from non-linearity by taking into consideration the effect of the lens 

system are shown in Figure 6 .40 . An optim um  value of -45  V  applied to the first lens 

is identified, w here the extrem es of the distribution are reduced w hile a non-linear 

correlation betw een starting position and velocities is m aintained. For the lower 

voltage values, the source focal point is projected to the source exit slit and 

enhanced transm ission is achieved. At the effective region of the orthogonal gate  

however, ions are found at the sam e position with opposite velocities. Turn-around  

tim e effects are introduced and define the m inim um  arrival tim e spread at the 

detector. For the higher voltages, the dim ensions of the distribution in phase space  

increase.

Figure 6.40 Phase plane distributions of the ions and the effect of the lens system.

6.3.2 TOF Analysis

Uncertainties in ionization position and variations in initial kinetic energy result in a 

finite phase space distribution for the ions. For the electron im pact ion source these  

effects are shown in Figure 6 .41 . The choice of a particular space-velocity correlation  

function to describe the starting conditions in the effective region of the orthogonal 

gate is a rather rough approxim ation. H ow ever, the ability to perform o n e­

dim ensional T O F  analysis for a uniquely determ ined set of initial conditions can
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provide a lot of information about the tim e focusing properties of the system . In this 

context, a polynomial function w as selected and highlighted in Figure 6.41 that 

represents the upper bound of the finite phase space. T h e  estim ated initial spatial 

spread is 1.7 mm and the m ass independent energy spread is 15 m eV . O nce the 

polynomial w as identified, one dim ensional numerical analysis w as used to obtain the 

focusing curves of the system . T h e  tim e spread of the 129X e ions for the optimum  

voltage ratio £  is 1.6 ns and the mirrored arrival tim e distributions with respect to 

initial position and velocity are shown in Figures 6 .42  and 6 .43  respectively.

y  =  96.664X1 - 1013.7x2 + 3649.8x - 4501.9

Figure 6.41 Initial phase plane of the ions determined by SIMION for 129Xe. The distribution 

of points shows the effect of uncertainties in the position of ion formation. A distribution in the 

nascent velocities is also considered. A third-degree polynomial that defines the upper bound 

of the finite phase space is adopted for the TOF numerical analysis.

Figure 6.42 Arrival time distribution as a Figure 6.43 Arrival time distribution as 

function of acceleration distance within a function initial ion velocity for 129Xe. 

the first electric field for 129Xe.
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6.3.3 El Results

The voltage gradient across the ionization volum e, the operating tem perature and  

variations on the ion optics can all influence the characteristics of the ion beam . The  

phase space distribution of the ions in the orthogonal gate and therefore the optimum  

acceleration conditions are a function of the instrumental and physical param eters in 

the source. An early experim ent is presented in Figure 6 .44  to dem onstrate the effect 

of a small change in the source voltage on the focusing curves of the system . In 

either case a theoretical curve can be fitted and an estim ation of the initial spatial and 

energy spreads prior to acceleration can be m ade. T h e  flaw  in the experim ent is that 

there is no direct m ethod to verify the assum ption as the initial conditions in the  

source vary betw een experim ents.

—• — N-14 (fwhm) —a— N-14 (fwtm) —• — 0-16 (fwhm) —a— 0-16 (fwtm)
— N-14 (fwhm) — N-14 (fwtm) 0-16 (fwhm) 0-16 (fwtm)

Figure 6.44 Focusing curves for two different operating modes of the El source. The time 

spread of the ions, measured at FWHM and FWTM respetively, is plotted as a function of the 

electric field ratio A .

A direct dem onstration of the validity of the m ethod can be provided by keeping the  

initial conditions in the source constant and vary instrum ental param eters. Such a 

param eter is the position of the detector since it has no influence on the starting 

phase space distribution of the ions. In the following experim ental set, the source is 

operated according to S IM IO N  results and the adopted initial phase space  

distribution is that presented in Figure 6 .41 .
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The first set of experim ental data w as obtained for a 67  cm long fie ld-free region. The  

voltage applied to the pulsed first field is scanned and the arrival tim e spread of the 

ions falls through a m inim um , as shown in Figure 6 .45 . D ata are shown for the two 

m ajor xenon isotopes, 129X e  and 132Xe. The focusing curve determ ined by the 

polynomial in Figure 6.41 is also included. Both experim ental and theoretical results 

exhibit a minimum tim e spread for £  =  0 .3 6 8 , which corresponds to an extraction  

pulse of ± 4 6 6  V  with the T O F  float fixed at -3 1 0 5  V . The estim ated spatial and 

energy spread in the T O F  direction is therefore 1.7 mm and 15 m eV  respectively, as 

discussed above.

expXe-129 — expXe-132 -------num Xe-129

$

Figure 6.45 Arrival time spread of the ions measured at fwhm for the two major xenon 

isotopes. The theoretical focusing curve with the minimum deviation from the experimental 

data is fitted and allows for an estimation of the initial phase space distribution of the ions to 

be made.

The theoretical argum ent w as further tested by displacing the position of the detector. 

Figure 6 .4 6  shows experim ental data from two detector displacem ents to shorter 

distances. As w e m ove to shorter field-free regions the m inimum tim e spread of the  

ions occurs for the greater voltage ratios. G reater electric pulse am plitudes applied  

across the first field are required to project the focal point to these shorter distances. 

The fie ld-free region is floated at the fixed value of -3 1 0 5  V. The  shorter is the field- 

free region, the narrow er the tim e spread of the ions at the optimum ratio.
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Figure 6.46 Experimental and theoretical focusing curves obtained for three detector 

positions. The time spread of the ions is reduced and the voltage ratio is increased as we 

move to shorter distances.

The predicted theoretical focusing curves for the new  detector position are also  

shown. For the 60  cm long instrument the optimum ratio is in agreem ent with the  

experim ental value. A  deviation betw een theory and experim ent is shown for the  

shortest configuration. T h e  discrepancy can be attributed to variations betw een the  

flight angle of the ions and the acceptance angle of the instrum ent. Data are shown  

in the following Tab le  6.1 .

Table 6.1 Instrumental parameters and associated errors with respect to the flight angle.

Detector 
Distance (cm)

Acceptance

Angle*
Flight Angle** Error 8(p

67 8 6 .8 ° ± 1 .7 ° 87 .02° 0 .22°

60 8 6 .4 ° ± 1 .9 ° 87 .03° 0 .63°

45 8 5 .8 ° ± 2 .5 ° 87 .08° 1.88°

* The acceptance angle is an instrumental parameter calculated geometrically from the size of apertures 

and the detector area.

** The flight angle is determined by the energy of the ions in the source (10 eV) and TOF axes.
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The design of the instrum ent allows only for a vertical d isplacem ent of the detector. 

Since there is a fixed distance betw een detector and orthogonal gate centres, the  

acceptance angle is reduced for the shorter fie ld-free regions. At the sam e time, for 

the shorter distances the tim e focusing principles require higher extraction voltages. 

The flight angle is therefore increased as the energy of the beam  is alw ays - 1 0  eV. 

T hese opposing effects introduce an unknown error to the final tim e spread observed  

experim entally. Nevertheless, im pressive resolution is achieved for the 4 5  cm long 

instrument, shown in Figure 6 .47 .

8260 8270 8280 8290 8300

Figure 6.47 131Xe and 132Xe peaks at the optimum voltage ratios for each of the three 

detector distances. For the 67 cm long instrument the arrival time fo r132 Xe is 11765.2 ns with 

a time spread at FWHM of 3.50 ns. The resolution is -1700. For the 60 cm long instrument 

the arrival time of 132Xe is 10597.2 ns with a time spread of 2.89 ns. The resolution is -1850. 

For the shortest linear TOF configuration of 45 cm the arrival time of 132Xe is 8293.6 ns with a 

time spread of 2.10 ns. The resolution is -2000.
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6.4 Discussion

The concept of non-linear space-velocity correlated distributions using SIMION 

phase space diagrams has been introduced and tested. The prototype oTOF MS, 

coupled to two different ion sources, demonstrated that variations in the time 

focusing properties are in direct relation with the initial spatial and velocity 

distributions of the ions in the orthogonal gate. Low energy correlated ion beams 

produced by TI/SI and El sources are studied in terms of focusing curves, as shown 

in Figure 6.48.

--------- exp Xe-129

--------- exp Xe-132

...... num Xe-129

--------- exp Xe-129

--------- exp >fe-132

num >fe-129

--------- exp Xe-129

--------- exp Xe-132

------— num Xe-129

--------- exp Na-23

--------- exp K-39

--------- exp Sr-88

——— exp Nd-142 

num Nd-142

0.25 0.3 0.35 0.4 0.45 0.5 0.55

% = vs/vd

Figure 6.48 Total plot of experimental and theoretical focusing curves for the TI/SI source at 

67 cm and for the El source at 67, 60 and 45 cm. The difference in the magnitude of the 

optimum voltage ratio is a measure of the initial conditions of the ions.

A direct comparison can be made between the TI/SI oTOF MS and the El oTOF MS 

for the 67 cm long field-free region. The former exhibits an optimum time spread for 

the lower voltage ratios approaching the space focusing limit. A spatial spread of 

3.0±0.5 mm and the energy spread of 2±1 meV were extrapolated by numerical

191



analysis and curve fitting methods. The latter requires a higher extraction pulse, 

represented by the higher voltage ratio, to time focus ions. The estimated spatial and 

energy spread in the TOF direction is 1.5 ±0.5 mm and 14±1 meV respectively. The 

difference in the pulsed extraction voltage between the TI/SI and El sources is 

~ 120 V when the total energy of the ions is ~3.5 keV . Space focusing is not 

applicable and can only be used to define the minimum possible voltage ratio 

required to project ions to any distance.

The method is further tested by displacing the detector distance while the operational 

characteristics of the El source are maintained constant. As we move to shorter 

distances the time spread of the ions is reduced and the optimum voltage ratio is 

increased. Stronger extraction pulses are necessary to project the focal point to 

these shorter distances. A satisfactory correlation is observed for the 60 cm long 

instrument. A shift of the order of ~20 V between theory and experiment is seen for 

the 45 cm long system. The effect is attributed to variations between the instrumental 

angle and the flight angle of the ions.

Curve fitting and extrapolation of the initial and spatial energy distributions in the 

effective area of the orthogonal region is based on a series of approximations. A 

series of errors is then introduced and have to be identified. The phase space 

distributions of the ions are finite. The analysis adopts non4inear 1:1 relationships to 

represent such distributions and facilitate the one-dimensional numerical analysis of 

the TOF system. The three-dimensional characteristics of a real experiment are 

therefore not incorporated in the method.

Scattering of the ions as they pass through the grids and their effect on the final 

resolution of the instrument has been the subject of several investigations in 

orthogonal TOF MS literature. Their contribution to the time focusing properties of the 

system has not been considered herein. The TOF numerical analysis assumes sharp 

discontinuities between the consecutive electric fields and neglects the time spread 

introduced by the fringing fields. Two comments are made with respect to the grids. 

As ions pass through the higher order fields, energy is transferred between the axes. 

Depending on the position relative to adjacent wires, some ions will be decelerated 

while others accelerated. The overall effect might as well be a symmetric broadening 

of the peak and it is questionable whether the optimum voltages on the orthogonal 

gate can correct for it. In addition, the selection of a two stage system where the first
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electric field is longer than the second, s>d, maximizes the angle of approach to the 

intermediate grids. The effect is however balanced by the lower voltage ratios which 

allow for greater penetration through the grids. The overall effect is unknown.

Although the errors associated with the method are by no means negligible, the main 

concept introduced by these experiments is the generation of space-velocity 

correlated ion beams as a method to counter turn-around time effects and enhance 

the resolving power of the orthogonal TOF analyzer. The method has succeeded in 

the sense that for a linear geometry, high resolution spectra have been obtained by 

tuning the source ion optical system.

Since the reinvention of the oTOF MS, space focusing principles are considered to 

be relevant to this mass analyzer and are applied in order to describe the focusing 

properties of the system. Instrument design and optimum operating conditions are 

identified according to the principles of the turn-around time and the space focusing 

requirements. Historically, these concepts have been implemented with two-stage 

acceleration configurations. Designs where the first electric field is always kept 

shorter than the second, s<d, have dominated. This restriction is challenged by the 

open geometry reported in this work.

The experimental results demonstrate that the space focusing principles describe a 

rather static situation and in the best case can define a lower limit on the magnitude 

of the first electric field. Furthermore, it is shown that the final arrival time spread is 

not directly related to the turn-around time, which is an underestimation of the initial 

ion energy. A comparison between experiment and theory shows that time spreads 

of the order of 1.5 ns can be achieved when the initial energy is 15 meV and the total 

energy of the system is 3.5 keV. A degree of correlation between initial position and 

ion velocity is therefore suggested to explain the results.

The concept of non-linear space-velocity correlated distributions is developed with 

particular emphasis to the time focusing properties of the oTOF analyzer. It is 

demonstrated that improvements in the time spread of the ions can be achieved by 

advanced operation of the ion optical system. The quality of virtual sources for 

reflectrons is directly related to the ion source of the mass spectrometer.
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Chapter 7

Further Studies & Conclusions



7.1 Surface Analysis in TI/SI

Interactions between the analyte and the surface of a hot polycrystalline substrate 

are related to fundamental studies in experimental and theoretical physics. Electron 

emission and kinetic energy distribution measurements, the determination of the 

work function of a surface, thermionic emission and the formation of positive and 

negative ions on the surface, transformation of electrical power into light and 

ionization of organic molecules, are only a few of the concepts developed and 

studied. A vast amount of information is available in the literature and it is remarkable 

that after -80 years the processes of thermai/surface ionization and the mechanism 

of ion formation is still not clearly understood. In this chapter the theory of 

thermai/surface ionization is traced back to its origins and a series of experiments is 

proposed to provide a deeper understanding of filament surface chemistry, emission 

kinetics and temperature effects. Kinetic energy distribution of emitted electrons and 

work function measurements are also presented for Re filaments, since the 

relationship between current and temperature is known (Papanastasiou, 2001).

7.1.1 Therm al/Surface Ionization

The theory of thermal ionization, more accurately defined as surface ionization, 

involves the interactions of a vapour enclosed in a hot metallic cavity followed by the 

subsequent emission of ions into the gas phase. Experimental studies on the 

emission of singly charged positive or negative ions from heated salts and 

electrolytes date back to the beginning of the 20th century (Richardson, 1921). The 

nature of the emitted charged atomic or molecular species has established the 

presence of impurities which usually exhibit enhanced emission efficiencies over 

those of the materials in which they are incorporated. The emission of impurities from 

solids is determined by the physicochemical processes taking place in an adsorbed 

layer, in this case sustained by diffusion from the bulk of the solid. The complex 

behaviour and the innumerable results produced from such investigations did not 

allow a theoretical basis to be established at these early stages of experimentation. It 

was only until these experiments were simplified and the idea of “equilibrium” was 

introduced that a firm theoretical treatment was developed. The “equilibrium 

processes” of ion emission that have been identified can be divided into three 

different mechanisms. These are desorption of foreign particles diffusing from the

195



bulk of the emitter to the surface (emission of impurities), the evaporation of ions of 

the emitter itself (sublimation) and the desorption of foreign particles temporarily 

adsorbed from the gaseous phase on the surface (Zandberg & Ionov, 1969).

The efficiency of the process under which positive or negative ions are emitted from 

a hot polycrystalline surface is described by the degree of ionization usually referred 

to as the “Saha-Langmuir” equation. The degree of ionization a  is equal to the ratio 

of the number of ions to the number of neutrals leaving the surface at the same time, 

a ~ v p/v a. The origin of the “Saha-Langmuir” equation has been buried under the

vast amount of literature concerning such experiments and the “Langmuir-Kingdon” 

equation (Langmuir & Kingdon, 1925) has been extensively mis-referenced instead. 

It is even more remarkable that the equation does not appear in the work by 

Langmuir and Kingdon.

Following our extensive literature investigations, the degree of ionization a  and the 

assumptions of the theoretical treatment were located in one of the later works of 

Irving Langmuir (Langmuir, 1932). The original relationship between the number of 

positive ions vp , to the number of neutral atoms va of a vapour in equilibrium with a

hot polycrystalline surface in the absence of external electric fields is:

ln(2v„) = ln(v.) + (q / kT){Vw - V - V )  (7.1.1)

The equation can be rearranged into the more familiar form:

1 7q- ( V w - V i - V )  
— ek
2

(7.1.2)

where Vw is the electron affinity (work function) of the pure metal, V. is the ionization

potential of the gas phase species and V the contact potential difference between a 

clean surface and a surface with the adsorbed species under investigation. The latter 

parameter accounts for any alterations on the work function of the clean surface due 

to the adsorbed species. q,k and T are the elemental charge, 1.602177x1 O'19 C, 

Boltzmann’s constant, 8.617387x1 O'5 eV K'1, and the temperature of the emitter 

respectively. The parameter 1/2 is a statistical weight factor for the particular case
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of tungsten, the basic refractory metal with which all the first experiments were 

carried out.

Eq. (7.1.1) is a combination of two fundamental relationships. Fowler’s condition 

utilizes the third law of thermodynamics and specifies a state of equilibrium between 

electrons, atoms and positive ions in a metallic enclosure containing a vapour 

(Fowler, 1929). Richardson’s equation determines the emission of electrons from a 

clean hot filament and was subsequently updated according to Fermi-Dirac statistics 

by Dushman in 1923 and by Fowler in 1929 who introduced the electron spin in the 

computational process (Richardson, 1901; Richardson, 1903; Dushman, 1923, 

Fowler, 1929). The latter is known as the Richardson-Dushman equation. These are, 

respectively:

K  = V «  _ 27tme(kT)2 __qVilKT
(7.1.3)

v _ 2xme(kT) „-q(Vw-v)i(kT) (7.1.4)

where v? and me are the number of gas phase electrons and the electron’s rest

mass, 9.109389x1 O'31 Kg, respectively and h is Planck’s constant, 4.135670x10'15 

eV s'1. Eq. (7.1.4) quantifies the emission of electrons from a partially covered 

metallic surface therefore accounts for the change in the work function of the material 

due to the presence of the adsorbed species. Substituting Eq. (7.1.4) into (7.1.3) one 

obtains the degree of ionization by determining the number of ions to the number of 

neutrals emitted from the hot surface to the vacuum continuum in the absence of 

external electric fields.

Eq. (7.1.3) can be traced back to the fundamental theoretical studies performed on 

plasmas by Saha (Saha & Srivastava, 1958). Richardson’s formula (7.1.4) has its 

origins in the Drude classical electron theory of metals in the 19th century, which 

assumed a Maxwellian distribution for the kinetic energy distribution of the free 

electron cloud in the metal. Thermal ionization is one of the oldest experiments in 

modern physics. Interactions between conduction electrons and adsorbed species on 

polycrystalline surfaces, the emission of positive or negative ions from what Langmuir 

named the “genode", the physicochemical processes involved, the effect of
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temperature variations and externally applied electric fields on the chemical shifts 

and especially the reflection of low energy free electrons at the potential barrier on 

the surface are few of the numerous phenomena that have never been completely 

understood. A comprehensive study of the fundamental processes of chemisorbed 

species on metal surfaces along with a thermodynamic, a kinetic and a statistical 

derivation for the degree of ionization can be found in an excellent review by 

Zandberg and Ionov (Zandberg & Ionov, 1969). A reformulation of thermionic theory 

for vacuum diodes was recently presented (Marshall, 2002).

The validity of the “Saha-Langmuir” equation to single filament mass spectrometry is 

subjected to a series of approximations. The most fundamental one is that of the 

“equilibrium” achieved between neutrals directed onto the hot metallic surface and 

the ions and neutrals leaving the surface. Such an approximation ensures a time 

independent constant ion current which is never observed in a real experiment. Here, 

one should distinguish the “equilibrium” between the incoming and the outgoing 

particle flux from the “thermal equilibrium achieved between the adsorbed species 

and the hot polycrystalline surface. In ion emission at thermal equilibrium the 

dissociation time of the emitter-particle system is large compared to the time required 

for the electron states of the emitter and the particle to redistribute. In adiabatic 

processes, the time required for the establishment of the electron states is much less 

than the time required for the particle to leave the surface.

In a single filament analysis, the positive ion current decreases with time because the 

sample is gradually depleted from the surface. Constant ion emission currents, a 

requirement for precise isotopic analysis, can however be achieved over a long 

period of time suggesting a possible regeneration of the surface material from the 

bulk of the metal. Diffusion of the sample deposited on the surface into the bulk must 

then occur at the first stages of the heating up procedure. Preliminary results and the 

limitations encountered in the study of the “solvation” of ions and their migration in 

the bulk of the filament using Scanning Electron Microscopy (SEM) and X-ray 

Photoelectron Spectroscopy (XPS) are presented in the following Sections 7.1.2 and 

7.1.3.
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7.7.2 Scanning E lectron M icroscopy

In Scanning Electron Microscopy (SEM) a high energy beam of electrons is used to 

form a magnified image. An electron beam is sharply focused by a magnetic lens 

onto the surface of a specimen. The beam of primary electrons scans the surface 

and those reflected together with the secondaries are collected and used to modulate 

a separate electron beam in a TV monitor. A perspective image is therefore formed 

as the electron beam scans the screen at the same frequency. High energy electrons 

are associated with considerably shorter wavelengths than those used in optical 

microscopy. Electrons accelerated to 105 eV have a de Broglie wavelength of 0.004 

nm enabling a resolution of 0.2 to 0.5 nm to be achieved. This is true however for 

transmission electron microscopes. SEM can be used with thicker samples and 

exhibits a resolution of 10-20 nm.

The instrument employed for the analysis of the filaments was the JEOL 5600LV 

SEM. This conventional design operates at pressures of the order of ~10'6 mbar. The 

accelerating voltage is 0.5 to 30 kV, with a resolution in ideal conditions of 3.5nm. 

The addition of the x-ray spectrometer (energy dispersive analysis system) allows 

quantitative elemental analysis for elements with an atomic number greater than 5.

An SEM image of a Re filament loaded with 50 pg of Sr in HCI is shown in 

Figure 7.1. The sample is dried out on the surface of the filament in atmospheric 

conditions. The filament is overloaded and most of the sample dries out on the sides. 

The image shows one half of the filament length, from the leg support to the centre. 

The total length is 8-9 mm. A line scan with the energy dispersive spectrometer 

(EDS) is shown in the next Figure 7.2.

limn

Figure 7.1 SEM image of an unconditioned Re filament loaded with Sr in HCI.
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Figure 7.2 Energy dispersive spectrum across the filament width.

Chlorine dominates the spectrum and covers most of the filament area. The Re 

surface is exposed were Cl intensity drops. The Sr analyte intensity is much lower. 

Carbon is detected and probably related to hydrocarbon contamination of the sample 

and the filament. Oxygen is always present at appreciable amounts. The filament is 

installed in the mass spectrometer, heated, and back into the SEM. Figure 7.3 shows 

the distribution of the species on the surface following a 20 min heating process at

1.5 A, which corresponds to a temperature of ~750°C. It must be noted that this is the 

temperature at the centre of the filament where the Re intensity is the highest. Cl 

easily decomposes at these temperatures and evaporates, most probably in the form 

of negative ions. For the lower temperatures towards the side of the filament, Cl is 

still present. Oxygen, carbon and strontium exhibit uniform distributions across the 

surface.

Train I Strontium Carbon

Figure 7.4 Distribution of species across half the filament length after a baking process of 20 

minutes at ~750°C.
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Figure 7.4 shows the ED spectrum after baking the filament for 20 minutes at 2.0 A, 

which corresponds to a temperature of ~1140°C. No chlorine and strontium are 

detected. Oxygen and carbon are still present at similar levels. A subsequent mass 

spectrometric analysis with the prototype TI/SI oTOF showed a very strong signal for 

strontium at filament currents of 2.7 A corresponding to a temperature of ~1450°C. 

The filament was reinstalled in the SEM instrument and ED spectra were obtained. 

No strontium was detected, showing the poor sensitivity of the instrument relative to 

the MS technique. SEM sees the cold static surface while TI/SI MS the hot dynamic 

behaviour of the filament.

I 1 mm I

Figure 7.4 Distribution of species across half the filament length after a baking process of 20 
minutes at ~1140°C.

Experiments performed with SEM and EDS were incapable of detecting samples and 

following signal variations as the filament was baked at the higher temperatures. It 

was impossible therefore to ascertain whether the sample diffuses into the filament or 

remained on the surface. The following Figures 7.5 and 7.6 show topographic images 

of the filament before and at the end of the heating cycle respectively, as described 

above. 20 minutes at 2.0 A are enough to smooth out surface irregularities.

Figure 7.5 Topographic image of an 
unconditioned Re filament.

Figure 7.6 Topographic image of a Re 
filament baked at -1140 °C.
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Despite the fact that SEM is not very sensitive when compared to mass 

spectrometric analysis, it can provide information on the state of the surface as a 

function of temperature and localize the sample. An interesting example is shown in 

Figure 7.7 where a carburized Re filament is loaded with uranium and baked at low 

temperatures. Carburized Re filaments form grains and the uranium load can be 

detected only at the grain boundaries. Energy-dispersive spectra of the grain and 

grain boundaries are shown in Figures 7.8 and 7.9 respectively.

2 0 k U  X 5 0 0  50Mm

Figure 7.7 Carburized rhenium filament and the formation of large grains.

Figure 7.8 Energy dispersive spectrum of the grains in C-Re filament.

Figure 7.8 Energy dispersive spectrum of the grain boundaries in C-Re filament.
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7.1.3 X -ray  Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) was developed in the mid 1960s by K. 

Siegbahn and his research group in Uppsala University in Sweden. Siegbahn was 

awarded the Nobel Prize for Physics in 1981 for his work in XPS. The phenomenon 

is based on the photoelectric effect outlined by Einstein in 1905 where the concept of 

the photon was introduced to describe the ejection of electrons from a surface when 

photons impinge upon it. In XPS, Al or Mg surface targets are irradiated by high 

energy electrons resulting in the emission of soft x-rays of energy 1486.6 eV and

1253.6 eV respectively for the two elements. The XPS technique is highly surface 

specific due to the short range of the photoelectrons that are excited from the solid. 

The energy of the photoelectrons leaving the sample is determined using a 

concentric hemispherical analyzer (CHA) and this gives a spectrum with a series of 

photoelectron peaks. The kinetic energy of the photoelectrons is inversely 

proportional to the binding energy of the peaks which are characteristic of the 

species present. The shape of each peak and the binding energy can be slightly 

altered by the chemical state of the emitting atom. Hence XPS can provide chemical 

bonding information. XPS is not sensitive to hydrogen or helium, but can detect all 

other elements. Such experiments are always performed under ultra-high vacuum 

conditions.

The principle of analysis in the XPS experiment is the measurement of the kinetic 

energy of the photoelectrons emitted from the specimen under x-ray bombardment. 

The latter is performed with a hemispherical electrostatic energy analyzer. To a first 

approximation, the energy of the photoelectron is given by:

Ee = h v -  Eh -  e(p (7.1.5)

where Ee is the kinetic energy of the ejected photoelectron, hv is the energy of the

incident x-rays, Eb is the binding energy of the photoelectron and eQ is the work

function of the analyzer. Since the energy of the x-rays is fairly high, core electrons 

as well as valence electrons can be released from atoms constituting the specimen 

surface. After the ejection of a core electron, the inner shell of an ionized atom has 

two possible relaxation pathways. The first is known as the x-ray fluorescence effect 

where an outer electron fills the vacancy and a quantum of x-ray is released to 

remove the excess energy. The second relaxation path is the radiationless Auger
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effect. In this case the excess energy is removed by an Auger electron hence Auger 

electron spectroscopy can also be performed at the same time.

X-ray photoelectron spectroscopy Is a valuable analytical tool for sensitive surface 

chemical composition investigations. The surface of the filaments employed in 

isotopic MS provides a unique environment for such studies. The x-ray photoelectron 

spectroscopic experiment is usually performed at room temperatures. Chemical shifts 

as a function of temperature can reveal the physicochemical processes during both 

the pre-heating process as well as for the high temperatures that the filaments are 

usually driven to for the subsequent isotopic analysis.

The fundamental difference between a mass spectrometric analysis and the x-ray 

photoelectron spectroscopic approach is that the former can detect either positive or 

negative gas phase ions while the latter examines the chemical composition of the 

atoms or molecules present at the surface, prior to the desorption/ionization process. 

The use of an argon ion beam for sputtering may also allow depth profiling therefore 

reveal whether the sample diffuses into the bulk of the material provided there are no 

serious sub-surface mixing effects. XPS studies at the high temperatures (> 1500 K) 

used with thermal ionization filaments during isotopic abundance measurements 

have not been reported.

Preliminary experiments on pure Re filaments have been performed with the Kratos 

XSAM800 instrument. Figure 7.9 shows the wide photoelectron spectrum of a pure 

Re filament bombarded by Mg x-rays. Figure 7.10 shows the wide spectrum of a Re 

filament loaded with 96 ng of Uranium.

Future experiments should examine uranium loads on pure and carburized rhenium 

filaments. Once the detection limits are identified, the analysis must be performed at 

the minimum sample loads. The system should then be modified to accommodate 

resistively heated filaments. Saturation of the detector from electrons emitted at high 

temperatures are easy to avoid since their initial energy is far below the 15 eV limit 

required to enter the CHA.
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Figure 7.9 Wide photoelectron spectrum scan of a pure rhenium filament. Carbon and 
oxygen are the two major surface impurities.
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Figure 7.10 Wide photoelectron spectrum scan of a rhenium filament loaded with 96 ng of 
uranium. The U 4f peaks are marked.
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7.2 Electron Emission & Work Function

Thermionic emission is an expression for the thermoelectric current density j

emerging from a metal surface in terms of the temperature of the metal. The 

Richardson-Dushman (R-D) equation (Dushman, 1923) has its origins back in the 

19th century and the Drude classical electron theory of metals. The latter is an 

extension of the kinetic theory of gases to the free electrons contained in the metallic 

volume. The first emission formula, which proved to be the sound foundation of all 

subsequent work, was obtained by Richardson in 1901 based on the classical 

electron theory (Richardson, 1901; Richardson, 1903), which assumed a Maxwellian 

velocity distribution of the internal electron gas. The R-D electron emission formula is 

an expression of the saturation1 current density j o (amp cm~2) of the electrons 

emitted by the uniform surface of a metal at high temperatures:

j o = A ( \ - r ) T 2e-e*lkT (7.2.1)

where T (K ) is the surface temperature of the emitting area and k is the Boltzmann 

constant (0.8617x10^ eV K ~ ' ) . A is considered as a universal constant 

(120.4 cm"2 K ~2) however its magnitude is a function of the state of the surface

(patchiness) and the crystallographic direction. The value of A differs from metal to 

metal and is considered to be a temperature dependent parameter. The coefficient 

(1 - r )  introduces the wave properties of the electrons and their average reflection at

the surface boundary. The parameter r  represents the ratio of the reflected electrons 

to the total number of electrons reaching the surface of the emitter. Consequently, 

the quantity ( 1 - r )  expresses the transmitted fraction of the free electron gas. The 

effect of electron reflection at the surface boundary was assumed negligible and the 

term has been usually ignored. However, recent developments in thermionic theory 

(Marshall, 2002) suggest that electron reflection is more significant than usually 

assumed. The discrepancies between experiment and conventional formulations for 

predicting net currents are mainly attributed to this approximation in addition with the

1 Saturation current: The approach based on thermodynamics and statistical mechanics assumes a 
dynamic equilibrium of electrons between the solid and the gas phase. At saturation conditions there is 
a net current flowing only from the metal towards the vacuum and into the gas phase. No electrons 
return back to the metal. It is also assumed that transition from equilibrium to saturation does not 
change the rate of emission (Herring & Nichols, 1949).
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unknown state of the surface. A measure of the latter is reflected in the quantity 

eQ (eV) known as the apparent work function of the metal.

The term work function arises from the application of quantum statistics to the 

conduction electrons of a metal and the description of their kinetic energy distribution. 

Fermi-Dirac statistics and the free electron model are used to describe the available 

energy levels within the conduction band of a metal and the distribution of the free 

electrons among all possible energy states.

The work function is related to the kinetic energy required to remove an electron from 

the metal to the vacuum. This amount of energy is a function of temperature and 

therefore of the energy distribution of the electrons in the electron gas. Surface 

conditions modify the properties of the surface and for that reason alter the work 

function. The orientation of the surface relative to the crystal lattice of the metal and 

the presence of external electric fields are also considered.

A quantitative theory of the emission process must incorporate the condition of the 

internal electrons, since these electrons comprise the thermionic current (Reimann, 

1934). The derivation of the R-D equation is based on thermodynamics and statistical 

mechanics. The emission formula incorporates the conduction electrons that have 

sufficient kinetic energy to overcome the potential barrier at the surface of the metal 

and enter the vacuum. Quantum statistics and the work function of a metal determine 

the conditions of the internal electrons therefore the work function is an essential 

parameter of the thermionic process.

Several assumptions have been made for the derivation of the R-D electron emission 

formula. The surface of the conductor is uniform thus any contributions of the patchy 

polycrystalline substrate to work function variations are ignored. Saturation current 

(electrons flow only from the metal towards the vacuum) can be produced by very 

weak external electric fields the strength of which can be set equal to zero. 

Significant departures from the above basic assumptions are (a) the dependence of 

the work function on temperature variations (apart from variations between the 

different crystal faces), (b) the effect of the external electric field on electron emission 

(c) the space charge surrounding the emitter and (d) the presence of adsorbed 

species on the surface.

207



The work function is a fundamental electronic property of a metallic surface which is 

becoming increasingly useful in many scientific research areas. It is well accepted 

that the classical approach and ab initio methods, although useful in understanding 

physical phenomena, show a great divergence relative to experimental observations. 

The term work function has been redefined and expressed in terms of the Fermi 

energy and the density of free electrons (Halas & Durakiewicz, 1998; Durakiewicz et 

al, 2001a). This new approach developed as an alternative to the ab initio methods 

claims an excellent agreement with experiment.

7.2.1 Definition of the work function

The work function of a metal, e</>, is the kinetic energy required to extract an electron 

from the highest occupied level in a conduction band to the vacuum level with zero 

kinetic energy. Thus the work function is a temperature dependent parameter since 

the occupation of the available energy states in the upper-conduction band of a metal

depends on the

metal vacuum

Figure 7.11 Fermi-Dirac statistics for the free electrons in the 
conduction band of a metal and the definition of the work 
function at absolute zero.

temperature of the crystal 

as shown by the Fermi- 

Dirac statistics. The 

amount of energy 

required to remove an 

electron from the metal 

reduces with temperature 

since the higher the 

temperature of the metal 

the higher the energy 

levels that electrons 

occupy.

The term work function is 

usually defined for a 

metal in its ground state, 

e<po. The ground state of

a metal is at absolute 

zero and all electrons
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occupy the lowest possible energy levels compatible with the Pauli exclusion 

principle. At absolute zero the Fermi energy is the uppermost occupied level. The 

work function e(j)0 at absolute zero is the amount of energy required to extract an

electron from the Fermi level to the vacuum level with zero kinetic energy (Bieaney & 

Bleaney, 1976). A schematic representation of the distribution of electrons at 

absolute zero, the Fermi energy level eF and the work function e(f)o is shown in 

Figure 7.11.

The vacuum level is considered to be at a finite distance from the surface of the 

emitter where there is no interaction between the electron and the surface of the

metal. This distance can be as far as 1000 a  . The interactions that alter this 

distance depend on the state of the surface, the presence of adsorbed species and 

therefore the temperature of the emitter. The presence of an external electric field will 

also modify the potential barrier experienced by an electron moving normal to the 

surface.

In addition, the ability of an electron to overcome the potential barrier at the surface, 

which as previously discussed can be extended hundreds of Angstroms from the 

surface, will depend on the kinetic energy of the free electrons. According to Fermi- 

Dirac statistics, only those electrons at the upper most occupied energy levels of the 

conduction band can be excited in higher energy states since these higher energy 

states are empty. For the electrons at the lower energy levels there will be no empty 

states available for excitation. At room temperature the uppermost electrons are 

thermally excited by an amount kT ~ 0.025 e K , a very small energy change 

compared with e F . Therefore, etp is considered practically constant over a wide

range of temperatures (Alonso & Finn, 1968). However, in thermionic emission 

conditions, refractory materials operate at high temperatures and the work function is 

no longer be considered as a temperature independent parameter. The temperature 

dependence of the work function partially reflects the temperature dependence of the 

Fermi level. The existing theoretical calculations yield results inconsistent with the 

experimental data.
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7.2.2 Temperature-dependence of the work function

The work function of any polycrystalline material is a temperature dependent 

parameter. For most emitters the variation in the apparent work function can be 

approximated in terms of a first power temperature contribution (Dushman, 1923; 

Nottingham, 1936):

e0 = eto+ a ,T  (7.2.2)

where e<p0 (eV) is the work function at absolute zero, the temperature-independent 

term of the apparent work function. The parameter a  ̂ is the temperature coefficient 

of the apparent work function, a temperature-dependent term. The values of the 

temperature coefficient range from lCT4 to 1(T5 eV K~l . The temperature 

dependence of e</> is governed by physical properties such as the principal thermal 

expansion effect and the internal electrostatic effect of atomic vibrations (Herring & 

Nichols, 1949). Both quantities e</>0 and a p are necessary in determining the

apparent work function of an emitter and are most often used in describing the 

thermionic properties of polycrystalline materials.

Thermal work function shifts for polycrystalline metal surfaces have been a subject of 

intense investigations and recent experimental data indicate that the term a 0, usually

expressed as a <p= d ( e ( f i ) l d T , cannot be treated as constant over a broad 

temperature range (Durakiewicz, 2001 b).

7.2.3 The Schottky Effect

The reduction of the work function due to the presence of an external electric field 

was investigated by Schottky. The potential energy of an electron leaving the surface 

of the emitter is expressed as:

Ue= U e+U f  (7.2.3)

U £ is the electric potential energy of the electron due to the presence of the external

electric field. The field does positive work on the electron thus its potential energy
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decreases with distance, U£(x ) = - q £ x . The electric potential energy of the electron 

due to the surface charge is represented by the image force (see Appendix X) and its

corresponding image potential which is expressed as U Ax) = —  ̂ ^ . The image
4jte0 4x

potential Uf  represents the work done to the electron by the surface charge. The

surface charge is expressed in terms of unique image particle with opposite charge. 

This interaction is always attractive (irrespective of the sign of the true charge leaving 

the surface) and the potential energy is negative. The potential energy decreases 

with distance and becomes effectively zero at an infinite distance from the surface 

where the interaction of the electron with its image particle is infinitely small. The total 

potential energy of the electron is the imposition of the electric potential due to the 

external field on the image electric potential:

Ue(x) = - q £ x -
1 6k£0 X

(7.2.4)

The electric potential as a function of distance from the surface is shown in 

Figure 7.12. In the absence of an external electric field the only force acting on the 

emitted electron is the image force and the corresponding image potential energy 

represented by the parabolic curve. Imposition of the external field modifies the 

potential energy of the emitted particle.

The distance where the rate of change of the potential energy becomes zero defines 

the end of the electron retarding field. At this distance the pulling force due to the 

presence of the external electric field becomes greater than the attractive image 

force. The potential energy at this distance represents the potential barrier that an 

electron has to overcome to enter the vacuum. The rate of change of the potential 

energy of the electron as a function of distance is:

dU

dx 167te0 x ‘
- q £ (7.2.5)

The maximum of the potential barrier is obtained for dU / d x -  0 and the distance, for 

an electron moving normal to the surface, is:
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X (7.2.6)
4

Figure 7.12 The electric potential energy of an electron moving normal to the surface of the 
emitter.

The potential energy of the electron at this distance is:

(7-2.7)
2 V ® .

The negative sign of the potential energy is qualitative and expresses the positive 

work done by the field on the electron. Therefore, this amount of energy corresponds 

to a reduction of the work function (a reduction of the kinetic energy required) by an 

amount of S(e</>) = —U0 :

8(e<F) (7.2.8)
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Substituting the value of the permittivity of free space £0 =8.854x10 12 C2J  lm 1 and

the elementary charge q = 1.602x1 O'19 C , the reduction in the work function is 

expressed as a function of the electric field £ :

S(e(f>) =  3.795x1 0~4\f~£ (7.2.9)

where £(e0) is expressed in eV and the electric field in V cm~x. The change in the 

work function in terms of the external electric field is shown in Figure 7.13, known as 

the Schottky effect. For an anode-cathode spacing of 1 cm and a potential difference 

of 1 k V , the reduction in the work function is about 0.012 e V . Although the effect is 

not great it should never be overlooked. Small changes in the applied voltage are 

always accompanied by variations in the electron emission.

E  ( V  c m ' 1)

Figure 7.13 The reduction in the work function due to the presence of an external electric 
field.

There are several mechanisms in electron emission processes the explanation of 

which is attributed to experimental and theoretical investigations performed by 

Schottky. The shot effect refers to the stream of the electrons emitted by the metallic 

surface. In accordance with the experimental observations, the emission of each 

electron is assumed to be a perfectly random effect, independent in time of the 

emission of any other. At certain instants the number of electrons entering the 

vacuum must be above and at certain instants below an average value. Therefore,
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emission currents cannot be considered as a continuous stream of electrons. A 

quantitative theory for the description of the emitted current fluctuations has been 

proposed (Schottky, 1926). Another observation derived from the Schottky plot is the 

effect of the patchy surface on the electron current giving rise to the so-called low- 

and high-field work functions. According to experimental investigations, there is break 

point in Schottky curves indicating regions with different work functions (Juenker, 

1957).

7.2.4 The Extended Electron Emission Formula

The saturated current density is expressed by the R-D Eq. (7.2.1). Introducing the 

effect of the temperature expressed through Eq. (7.2.2) and the reduction in the work 

function S(e</>) expressed by a decrease in the potential energy of the electron 

through Eq. (7.2.9), the thermionic current density of an emitter is:

j  = A(l — r)T 2e~i(-ê°+aT)~s^ )]lkT (7.2.10)

and the final form of the equation becomes:

j  = A( 1 -  p)T2e-a/ke ^ lkTe ' ^ ' (2kT̂ )  (7.2.11)

where the current density is a function of three exponential terms, the temperature 

independent and the temperature dependent term and the effect of the external 

electric field. Eq. (7.2.11) is considered to be an extended form of the R-D emission 

formula (Kaminsky, 1965). Substituting for the saturated current density j o and Eq. 

(7.2.1) into the extended R-D equation:

j  = j 0e ^ l( 2kT̂ )  (7.2.20)

The last expression is known as the Schottky formula and serves as the basis of the 

Schottky plots:
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1
(7.2.21)In j  = In j 0 +

2kT

Eq. (7.2.21) is used for the experimental determination of the apparent work function. 

It relates the actual current density of an emitter, a parameter which is determined 

experimentally, with the saturated current density. The latter parameter is an 

extrapolation to zero electric fields and cannot be determined experimentally.

7.3 Experimental determination of the work function

Experimental determination of the apparent work function for single crystals, patchy 

metallic surfaces and non-metallic emitters can be considered as one of the historical 

experiments in physical science. The theoretical framework of thermionics and their 

related phenomena have been developed for over 100 years. Theoretical and 

experimental investigations of the term work function comprise a significant portion of 

the scientific literature. The numerous methods developed have been reviewed 

(Riviere, 1969) and include the thermionic emission method, the photoelectric effect, 

field emission, contact potential differences (Langmuir & Kingdon, 1929), calorimetric 

approaches (Kraftmakher, 1997) and the thermal ionization experiment (Hertel, 

1967). The most widely adopted method prior to the invention of the laser was the 

electron emission method.

Rhenium work function measurements are performed with the thermionic emission 

method (Riviere, 1969). The first step in the experimental procedure is the 

investigation of electron current variations as a function of the applied voltage. For 

various temperatures of the emitter, the negative current is plotted as a function of 

the voltage difference between the anode and the cathode. The response curves 

produced are characteristic of the diode configuration and essential in the 

determination of the work function.

Three regions can be identified in current-voltage characteristic curves. In the first, an 

electron retarding field is generated across the diode and electrons are collected by 

the anode. Since the anode is held at a negative potential with respect to the 

cathode, the collected current determines the finite velocity with which electrons are
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emitted from the cathode. Retarding fields have been used for the determination of 

the Maxwellian velocity distribution of the emitted electrons (Nottingham, 1936; 

Hutson, 1955; Turvey, 1990). Results from rhenium filaments are presented in 

Section 7.3.3. Weak accelerating fields are accompanied by a sharp increase in the 

emitted current, the slope of which suggests that a negative space charge developed 

around the cathode suppresses the emission. Therefore, in the absence of strong 

electric fields not all the emitted electrons are collected by the anode due to the 

electrical repulsions exerted on the electrons by the negative space charge 

surrounding the emitter. In the thermionic emission experiment, space charge effects 

are neglected as it is assumed that saturated currents can be produced by very weak 

electric fields. The extrapolation to weak electric fields is a key feature of the method 

and is explained in detail in the following Section 7.3.1. Stronger electric fields are 

employed to remove space charge and collect all the electrons emitted from the 

cathode. The collected current is the saturation current. The region where saturation 

occurs is the Schottky region and any increase in the collected current is explained in 

terms of a reduction of the apparent work function due to the presence of the external

electric field. Electric fields of the order of 107 Vcm~' are capable of liberating 

electrons without addition of energy to the cathode. The area of study is referred to 

as field emission (Horovitz & Johnson, 1959).

7.3.1 Schottky & Richardson Plots

Determination of the apparent work function requires the identification of the Schottky 

region, specific to the anode-cathode electrode arrangement. A typical diode 

arrangement for thermionic emission studies and work function experiments consists 

of a resistively heated emitter (cathode) and current collector (anode) and is shown in 

Figure 7.14 and. In this case the cathode is a thin long wire and a set of 3 cylinders 

are threaded over the cathode. Current is collected only in the middle cylinder while 

the other two are maintained at the same potential to reduce electric field 

imperfections. Ideally, electrons must be collected from a very narrow region across 

the filament where the temperature is constant. The advantage of a long filament is 

that the temperature distribution is smoothed out and electrons are collected from a 

region where temperature does not vary significantly. However, the voltage drop 

across the filament increases with the length of the wire and can be a significant
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source of error, especially when weak electric fields are used to force electrons 

towards the anode.

A threshold of the voltage is determined above which all the emitted electrons are 

collected on the anode. The thermionic current is then called the saturated current. It 

must be emphasized that the higher the applied voltage, the greater the collected

current, which never truly saturates. A Schottky plot is 

then performed over a wide range of electric fields, 

sufficiently strong to remove space charge and direct all 

electrons onto the anode. In a Schottky plot, the natural 

logarithm of the current density is plotted as a function of 

the square root of the electric field for a series of fixed

emitter temperatures, In j  vs \ [ £  . Such a theoretical 

plot is shown in Figure 7.15. Each curve is extrapolated to 

zero electric field strength to define the values of the 

saturation current density j o that correspond to specificfila m e n t

Figure 7.14 Diode 
configuration for work 
function experiments.

temperatures of the emitting surface. Extrapolation is a 

mathematical trick introduced to justify the assumption of 

saturation conditions and equilibrium theory.

Figure 7.15 The Schottky plot. Current density is plotted as a function of the external electric 
field for the different temperatures of the emitting surface. The saturation current density is 
extrapolated to zero electric field for each temperature.
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For zero electric field and neglecting the reflection coefficient, Eq. (7.2.20) reduces 

to:

j o =  A e alkT 2e ê lkT (7.2.22)

The equation can be rearranged as:

In -4r = —̂ 2~— + In Ae~alk (7.2.23)
T 2 k  T

A plot of ln-^2- vs — is called the Richardson plot, as shown in Figure 7.16. The
T 2 T

experimental data should yield a straight line with a slope of - e 0 o / k ,  thus the 

temperature independent parameter of the apparent work function is determined. The 

quantityAe~a,k is the intersection with the abscissa from which the temperature 

coefficient a can be computed. The apparent work function is then evaluated by 

Eq. (7.2.2) since both e(p0 and a are known. The terms e<pQl k  and AR =  Ae~a,k are

usually referred to as the Richardson work function and the Richardson emission 

constant respectively and are used to describe the characteristics of an emitter.

Figure 7.16 The Richardson plot for the saturation current density as a function of 
temperature.
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7.3.2 The R h e n iu m  W o rk  F u n c tio n

The diode configuration installed in a small vacuum chamber is shown in Figure 7.17. 

An oil diffusion pump was used and experiments were performed at pressures of the 

order of 5x1 O'6 torr. The Re filament was connected to a homemade constant current 

supply and was floated according to the requirements of the experiment. A cylindrical 

tube, surrounding the filament, was kept at ground potential and connected to a 

Keithley electrometer. Electrons emitted from the cathode were collected by the 

cylinder and measured. A vacuum window allowed for optical access to the filament 

and temperature measurements using infrared pyrometry could also be performed 

(Papanastasiou, 2001).

Figure 7.17 Diode configuration for work function measurements of Re filaments

The Schottky regions, characteristic of the diode configuration used and the TI/SI 

filaments employed in this experiment, were determined by plotting the emitted 

current as a function of the potential difference applied between the anode and the 

cathode. In this case the filament was negatively biased by the filament power 

supply, while current was collected and measured on the cylinder, connected on an 

electrometer. Current-voltage characteristic curves are shown in Figure 7.18 for a 

series of temperatures. The temperature range extended from -1400 K to 2200 K. 

Experimental results showed that a single voltage threshold could not be assigned 

for all the response curves. Saturation levels and the corresponding voltage 

threshold in order to remove space charge depended on temperature. The higher the 

temperature the stronger the electric field required to saturate electron emission. 

Little or no saturation was observed for the very low temperature range. Variations on 

the voltage threshold and the indirect relationship between temperature and voltage 

have been discussed (Jones, 1936). A second observation is the slope of the 

saturation level, which reduces with temperature. A threshold of >100 V was finally 

chosen to define the Schottky region and perform the Schottky plot. Figure 7.19
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shows the Schottky plot for a wide range of temperatures and relatively weak electric. 

The saturation current density is extrapolated to zero electric fields and is plotted as 

a function of temperature. The Richardson plot for rhenium is shown in Figure 7.20.

Current densities are expressed in A cnT2, the electric field in V  cm~x and 

temperature in K .

■0— 1411 K — •— 1511 K — • — 1605 K O 1698 K

•  2132 K — • — 2161 K 2191 K — • — 2215 K

Figure 7.18 Anode-cathode response curves for 
low. Intermediate and high temperatures.

The temperature independent and 

dependent terms are computed by 

the Richardson plot and the 

apparent work function is shown in 

Figure 7.21. A value of ~5.5 eV  

is obtained for the temperature 

independent term e</>0 . This value

is 0.5 eV  greater than the 

accepted value for rhenium,

4.98 e V 2.

Several aspects of the derivation 

method and associated errors are 

identified. The value of the work 

function value is very sensitive to 

variations in temperature of the 

emitter. For an ± 50 K  error in the 

temperature measurement, the 

deviation in the work function is 

± 0.32 e V  . For an overestimation 

of the temperature, the slope of 

the Richardson slope reduces and 

the experimentally determined 

temperature independent term of 

the work function diverges from 

the accepted value of 4.98 e V . 

Several approximations have been 

made throughout the experimental

2 CRC Handbook of Chemistry and Physics, 67lh Edition, 1986-1987
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and theoretical analysis respectively and are briefly outlined. Ideally, work function 

measurements are conducted for single crystal faces. In this case electrons are 

emitted from a surface area of 16 mm2, the area of the filament. It is also probable 

that the back of the filament has an equal contribution to the measured current.

•  2215  

2191

A  2161 

m 2132

•  2014

•  1981 

A 1948

1916

•  1887

•  1853

• 1698 

A 1605 

m 1511

•  1411

Figure 7.19 Schottky plot of a pure rhenium filament for a wide range of temperatures.

Figure 7.20 Richardson plot of a pure rhenium filament
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Furthermore, electron emission across the filament is not constant and depends on 

the temperature distribution. Variations as high as 500 K  have been measured 

within a distance of 4 mm (Papanastasiou, 2001). Therefore, an average value for 

electron emission over the whole surface area cannot be justified. The ordinate in the 

Schottky plot requires the conversion of volts to electric field units. For the diode 

configuration shown in Figure 7.17 this cannot be done since the fields are non- 

homogeneous and a unique value for the distance travelled by a single electron does 

not exist. In the calculations the value of 1 cm was used. Finally, any variations on 

the Schottky region threshold have a significant effect on the value of the intercept in 

the Richardson plot and thus on the temperature dependent term of the apparent

work function. In this experiment, a value of -0.0017 eV K~1 is obtained, which is 

greater than the expected value of - lO ^ - lO “5 eV K ~ '.

Figure 7.21 The apparent work function of a rhenium filament as determined by the 
thermionic emission experiment.

Work function measurements on TI/SI filaments based on the thermionic emission 

method have not been presented before. It is apparent from these experiments that 

accurate measurements require a different diode configuration. However, the 

principles of the experimental procedure and a detailed background of the theoretical 

aspects underlying the measurement have been presented.
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7.3.3 Electron Energy Distribution

The anode-cathode response curves for the diode geometry employed in this work 

were shown in Figure 7.18. Electron accelerating fields were used to identify the 

Schottky threshold and extrapolate the electron current density to zero external 

fields. When the filament is floated positively with respect to the cylindrical tube, 

electrons experience a retarding field. Only electrons with energies higher than the 

potential energy of the field can reach the cylinder and are measured by the 

electrometer. Figure 7.22 shows the negative voltage part of the anode-voltage 

response curves.

-2.2 -1.8 -1.4 -1 -0.6 -0.2
Retarding Potential (V)

Figure 7.22 Anode-voltage characteristic curves for electron retarding fields.

The voltage is scanned in steps of 0.05 V . By subtracting adjacent values for the 

electron current, the energy distribution can obtained for each temperature 

separately. Electron intensity is shown as a function of kinetic energy in Figure 7.23 

for the electrons emitted at the highest temperature of 2343 K . Again, a uniform 

electric field is assumed to convert the retarding potential to electron kinetic energy. 

The Maxwellian character of the electron distribution can be clearly seen by an 

approximate polynomial function and interestingly enough, the values for the kinetic 

energy are in close proximity with those in the literature. The energy distributions for 

a series of filament currents and the corresponding filament temperatures are shown 

in Figure 7.24.
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Figure 7.23 Kinetic energy distribution of electrons, defined by the retarding voltage 

technique, at a temperature of 2343 K.

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Electron Kinetic Energy (eV)

Figure 7.24 Kinetic energy distribution of electrons, defined by the retarding voltage 

technique, at a temperature of 2343 K.
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7.4 Filam ent Em ission Kinetics

In a relaxation process, the composition of a system returns to equilibrium, following 

a perturbation in one of the system variables. An interesting behaviour was observed 

in the signal intensity of positive ions formed by thermal/surface ionization and is 

reported. Figures 7.25 and 7.26 show the relaxation process of the two Rb isotopes 

following a filament current increase from 3.0 A to 3.3 A.
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Figure 7.25 Signal decay of the 85Rb isotope. Figure 7.26 Signal decay of the 87Rb isotope. 

For a second-order reaction, the differential equation is of the form - d N / d t -  kN 2.

i'N  2 f t
N dx = - k \  d t , we obtain a linear

N0 JO

equation relating the variable N  with time, \ / N  = \ /  No+ k t . Figures 7.27 and 7.28

show the second-order behaviour of the Rb signal by plotting \ l  N  over time t . The 

slope of the linear segments determines the value of k .

Figure 7.27 Second-order behaviour of the Figure 7.28 Second-order behaviour of the 

85Rb isotope. 87Rb isotope.

225



Similar behaviour has been observed in our work with impurities such as K . Further 

studies should consider relaxation processes and the determination of the variable k 

at different temperatures. Activation energies for desorption/ionization and their 

relationship with the work function of the surface and/or enthalpies of adsorption can 

then be predicted using the Arrhenius method. Non-Arr/?en/'ivs behaviour might 

provide insights into quantum mechanical effects on adsorbate-substrate 

interactions.

7.5 T h eX -P o in t

Our attention was attracted by three unrelated investigations concerning the 

behaviour of metals in terms of radiation properties, free electrons and temperature. 

The first two are experimental observation and are briefly described in the next to 

Figures. The third is the well known Fermi-Dirac distribution of the kinetic energy of 

electrons in the conduction band of a conductor. In all cases, a wavelength/energy 

was identified were radiation/electron energy is independent of the temperature of 

the solid.

Figure 7.29 shows the spectral emissivity of Re as a function of wavelength for a 

series of temperatures (Marple, 1956). Emissivity is defined as the ratio of the total 

radiant emittance of a body (W m'2) to that of a blackbody. Direct methods for 

measuring surface spectral emissivities are performed on resistively heated hollow 

metal tubes. A small hole on the side of the tube is made giving blackbody radiation. 

Radiation is measured inside the hole and on the surface of the metal. X-points have 

been observed for many metals and despite the substantial amount of related 

literature, the effect is far from being explained. Emissivity and the x-point have been 

reviewed by the author (Papanastasiou, 2001).

Figure 7.30 shows an experiment carried out by Fowler to investigate the effect of 

temperature on the photoelectric sensitivity of clean metal surfaces near the 

threshold of photoelectron emission (Fowler, 1931). Again, a particular wavelength 

was observed for which the photocurrent per unit of light intensity was temperature 

independent. Fowler did not question the effect. A striking similarity can be seen with 

Figure 7.11 where the probability that the Fermi energy level is occupied is 

temperature independent.
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SOURCE: Marple, 1956

Figure 7.29 Spectral emissivity distribution for rhenium isotherms. The x-point is observed at 

0.95 mm for an emissivity value of 0.36.

SOURCE: Fowler, 1931

Figure 7.30 Photocurrent per unit of light intensity as a function of wavelength for silver, gold 

and tantalum.

227



7.5 Conclusions

By taking into account the correlation between the positions and velocities of ions 

forming a continuous beam, a new theory for enhancing resolution in orthogonal TOF 

MS is developed. Analytical solutions to the time focusing properties of ions are 

presented based on a composite Taylor expansion of the time-of-flight equation. First 

and second-order space-velocity correlation focusing conditions are derived for 

uniform electric fields in two-stage TOF systems. Ideal focusing is established by 

considering linear phase space distributions at the start of the TOF experiment. The 

concept of correlated ion beams is extended to cases where the ions obtain non­

linear distributions in phase space. For the latter, numerical analysis is performed to 

measure the finite time spread associated with such non-linear phase space 

distributions. The new TOF theory, which provides the missing focusing formula from 

the original Wiley & McLaren paper and the concept of time-lag focusing (Wiley & 

McLaren, 1955), is developed in Chapter 4.

A prototype oTOF MS operating in the linear mode has been constructed in our 

laboratory. The orthogonal gate samples ions from a thermal/surface ionization 

source and an electron impact source situated on either side of the mass 

spectrometer. The difference in the mechanism of ion production and optics 

employed to direct ions into the gate are reflected on the time focusing properties of 

the system. Variations in the optimum set of voltages required to focus ions from 

each source respectively are interpreted using SIMION modelling and attributed to 

the different non-linear phase space distributions formed at the start of the TOF 

experiment. In Chapter 6, experimental focusing curves are used to extrapolate the 

initial conditions of the ions prior to the extraction pulse of the two-stage oTOF MS by 

curve fitting methods.

The “open” orthogonal two-stage configuration is for the first time explored and the 

associated advantages such as high ion throughput and minimization of scattering at 

the grids are reported. A low energy electron impact source with no auxiliary 

magnetic field and a simple ion optical system has been proved very efficient for high 

resolution experiments. Resolving powers exceeding 2000 are reported for a 45 cm 

long oTOF MS. A fast detection system incorporating a MOP detector and a TDC to 

record TOF spectra was essential for resolution experiments.
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The theory of space focusing is revised. The idea of ion pairs is introduced and 

focusing conditions are derived, demonstrating that time focusing in TOF MS is not 

an instantaneous property of the system. Finite focal regions with variable 

dimensions in time and space are computed and preferred two-stage acceleration 

geometries are identified. In Chapter 2, the concept of energy-time focusing is 

proposed, justified by reformulating space focusing into potential and kinetic energy 

terms. Ion pairs and velocity focusing merge in Chapter 3. A full account of the 

delayed extraction technique is provided and second-order systems are for the first 

time investigated.

A comprehensive literature survey of TOF MS is presented in Chapter 1. The role of 

TOF MS in high mass analysis and laser desorption techniques is discussed. 

Emphasis is given on TOF instrumentation, linear configurations and finally the latest 

development in the field, the orthogonal mass analyzer.
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Appendix I

l.i Differentials

Consider the continuous and differentiable function z = f ( x l ,x 2...xn) . The total differential or 

the principal part of /  is:

d f  = ^ —dx, + -^ —cbc2 + ... +  ̂ —dxn (l.i)
dx, d x 2 OXn

regardless of whether the variables x,, x2...xn are independent or dependent on other 

variables. The quantities dxx, dx2...dxn are the differentials of the function /  and need not 

be small. The error in /  in terms of an error in the variables x,, x2...xn is:

8 f  =  ̂ - 5 x x+ ^ - 8 x 2+ . . . + ^ - 8 x n (l.ii)
dx, dx2 oxn

where in general d f ^ d f .  If 8x j = dx{ then d f  is a good approximation of d f .

l.ii Taylor Expansion for Bivariate Functions

For bivariate functions f ( x , y ) ,  where x, y  are independent variables, the Taylor series is:

f ( x  + dx, y  + dy) =  / ( x ,  y )  +
d , d ,

—  dx +  —  dy 
dx dy

f i x ,  y ) + ^
d , d ,

—  d x + — dy 
dx dy

f i x ,  y )  +

. . . + -

n\
d , d , 

— d x + ——dy 
dx dy

f i x ,  y ) (l.ii)

Neglecting third and higher order terms, the error in the function can then be approximated 

as:

d f  £ d f  ,, 
—  öx +  f - ö y  
dx dy

+ -
2 !

d 2 f  , ~ \ 2 d" f  s  £ d 2 f  , ~ ,2

a ? ( & )  + 2 ï â y SxSy+
(l.iv)

230



The last expression is always an upper bound for 8 f  whether or not the errors are

c. . d f <, d f „
independent and random. The first-order truncation error o j  = ~ o x + - — oy  is often

ox oy

probably an overstatement of 8 /  since there may be partial cancellation of the errors in x 

and y  . When the errors are correlated a better value for the uncertainty is:

S f= . 8x
ox

V  Í  
+ a / . 3 /3 /8y  +2  8x8y - —

dy J dx dy
(l.v)

and if the variables are independent and random a better value for the first-order uncertainty 
is:

d f = yj $ fix + 8f¿ly (l-vi)

a / a /where 8 fSx = —  8x and 8 fs = —  8y.
ox dy

l.iii A Statistical Approach in TOF MS

Truncation errors can be expressed in statistical terms. The variance for bivariate functions is:

V Sx j
o l  + ' y Y

Kdy )
(7 +2 a v

dxdy
a . . . (I.vii)

where (72 is the variance defined through the standard deviation C7 :

cr,
n

and the covariance <7xy relates the two variables x and y  :

(l.viii)

1 n
° xy = -  X  (*/ -  - y )  c -ix)

« j=i
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If <7xv ^  0 then x, y  are correlated. The variance of the bivariate function <j2f gives the

standard deviation <jf whether or not x, y  are normally distributed and whether or not x, y

are independent. An equivalent expression for the variance in arrival time can be derived as 
follows.

In TOF MS the arrival time of an ion is considered as a function of its initial position and initial 

velocity, t (s i , w;.) . The average initial position and average initial velocity sa and uo

respectively define the reference ion and its arrival time t (so, uo) . The variance in the arrival 

times for n ions is:

n M n ~/=!
(1.x)

Similarly, the variances in initial position and initial ion velocity are respectively:

< = - X < j i - s. ) 2= - £ ( * i ) 2n , = i  n M

= - £ ( “ / ~ uo f  = - £ ( ^ m,)2n ,=i n w

(l.xi)

(l.xii)

The covariance between initial position and velocity is:

= - Ÿ J5siÔui
n m

(l.xiii)

The error in arrival time for each ion relative to the reference ion is:

d t ( s „ u : ) -  [ t (s j i ui ) - t ( s o,uo)] (l.xiv)

Using the fundamental approximation of calculus for truncation errors, for the n arrival times:

dt_
9 . V . .

dt
St(s] , w, )  =  —  Ss] h-------- 8ux

du„
(I xv)
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(I.xvi)* 0 „  > X  =  X  +  X ,
ds„ au,.

Raising the equations in the power of two:

[ * ( ip « i ) ] 2
dt ~

—  Ss,
v X  y

\ 2 (
+

\dt ~ 
-----ou,

V X  J
+ 2 d2t ~

— -  osl oux 
o sd u n

[S t(s „,u n) f
dt \ 2

Ss„
v X  J

+
dt y

8u
v X  J

+ 2T ^ T “ X X
dsdu,.

Adding and multiplying both sides by V  n the left term is:

-  [ <^Oi»«! f  +  • • • +  St(sn, u„ ) 2 ]  =  -  X  St(s„ w,-)2 =  (J,2
« /-i

and the right term:

f  dt V  
-----d.v

v X  y
+ . . . +

X /  ~ ^
T ~ X

v X  y

1
+ — T “ X

v X  y
+...+

dt ~ 
-----dw

v X  y

+ —
n

2 ~ - r-— +... + 2 — —8s„8u„
ds du„ dsdu ,

working inside the square brackets:

X X 2 

v X  y
-X(X)2+

« /=i

X /

v X y

a2/ i y
— V ( ^ r /  )’ +2- /
n t t  X X  n X

X x x

Using the variances for initial ion position and velocity the last expression simplifies to:

d2t< dt V

v X y
f  dt Y

<  +
I x J

(77 + 2 a.v du s‘Ui

Equating left and right term:

(l.xvii)

(l.xviii)

(l.xix)

(l.xx)

(l.xxi)

(l.xxii)
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(I.xxiii)( d t )
2

(  dt \
— c r  +

U 5J {  d U o )

<7, + 2
( ) 2t  

ds duo  o

(7,

or

" ' I

f  dt_ 
ds

V
&t +

(  dt V

\ ^ UoJ
o, +2

d2t
dsdu„ s,u‘

(l.xxiv)

which is the standard deviation of the arrival times in terms of the variances in initial positions, 
velocities and their covariance. In the case for which initial position and velocity are not 
correlated:

<7,
f  dt_ V

\ dsoJ
<£ +

(  dt V

\ dUoJ
(7,. (l.xxv)
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Appendix II

II. i Equations of Motion

Newton’s second law is a second-order differential equation of the form mx  = F ( x , x , t )

where x  =  d 2x / d t 2 =  a  is the acceleration experienced by the body and F  is the force, a

function of position, velocity and time. For a constant force, the first integration of

d 2x / d t 1 = a  yields:

r d 2x  , r , _ dx  _
— - d t  -  \a  dt +  C, => —  =  at  +  C x (II.i)

J dt  J dt

or u =  at  +  C l where Cx is evaluated by the initial conditions x0, ua, tQ namely, 

C x =  un —at0 . The velocity of the body is expressed as a function of time according to:

u = u 0 + a ( t - t 0) (II.ii)

The successive indefinite integral of u = at + C, is:

|r< dt = ^at dt + JCj dt + C2 => x = —at2 + Cxt + (ll.iii)

The second constant C, is evaluated by the initial conditions, C2 = xa -  a t] / 2 -  C,f0 and 

the position of the body is expressed as a function of time:

x = x0+u0( t - t 0) + ̂ a ( t - t 0)2 (ll.iv)

By setting ta = 0 the position of the particle can be written in the form of a quadratic equation

in terms of the time variable, at2 / 2 + u J - ( x - x o) = 0. The time interval of the motion can 

then be computed:

f _ J iç  + 2(x - x 0)a -u „
a

(ll.v)
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//.// Work Energy Theorem

The work done by the conservative field on the particle is W  = Jf (x)£/x . For a constant
•*2

force F  independent of position x , the work is proportional to the displacement S x  =  x2 -  x,

d ' x
and W  =  F d x . Newton’s second law states that F  =  mx =  m — —. Incorporating the

d r
equation of motion the integral is expressed by (11.6):

A2 7 2 -'2
W. 2 =  \ m — *  dx =  [ m-  

' " 2 J d t2 J -

r/x

dt

, x\  du , du dx .
dx =  m  —  ¿¿x =  m ---------- dx =

J dt J sir mdx dt
1 2—m u '
2

= A T

A force field is conservative, if and only if, it can be expressed as the gradient of a time 

independent scalar field. In one dimension, if F (x) is conservative a scalar field exists U (x)

such that F ( x )  =  - d U ( x ) / d x  therefore:

x2

-A  U = - (U 2- U l )=  J F(x)dx = WM  (ll.vii)

Along any particular motion the gain in kinetic energy is equal to the loss in potential energy,

AT  =  - A U  => F  -  Tx =  (7, -  U 2 , or, E  =  Tl + U l =  co n st. This equation is a “first integral” 

of the equation of motion in conservative systems.

II. Hi The Time Integral

Time intervals of the equation of motion are determined by indefinite integration. The equation 
of motion where the force is independent of time, Newton’s second law, is written as:

rnu —  =  F { x )  => mudu =  F ( x ) d x  (ll.viii)
dx

The indefinite integration gives:

^mudu =  J /r (x )d ,x  + C , (II.ix)

236



where C, is the first constant of integration. The indefinite integral of the force F (x ) with 

respect to the displacement dx is crl = fF(x)dx therefore:

—mu2 = a, (x) + C. 
2 1 1

(ll.x)

The first constant of the indefinite integration is determined by the initial conditions of the 

equation of motion, xa, ua, ta and C, -mu~o! 2 -c r[(xo) and:

—mu2 = <j { (x) + — mu2o -  cr, (xo ) (ll.xi)

Solving for the ions velocity:

u = ±^ [ ai ^ - a^ xo)] + K (ll.xii)

or

dx
dt = ± ^ l l i a + (ll.xiii)

The time interval is then expressed by splitting the independent variables dx, dt and taking 

the indefinite integral in both sides:

f ClX
f = l — 7 =  = =  + C2 = a(x) + C2 (ll.xiv)

where <r(x) is the evaluated integral. The constant C2 is determined from the initial 

conditions, C, = ta -a (x n) and the time interval is finally expressed as:

t - t o = a ( x ) - a ( x n) (II.xv)

The function <j x { x )  represents the potential energy of the motion, a function of position only:
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cTj (x) = Jf (x)Jx = -  \̂ ^ X--dx  = - U  (x) (ll.xvi)

Determination of the time interval requires the solution of the integral cr(x).

II.iv Solution of the time-integral in uniform electric Fields

The force integrals are identified as the potential energy are, ox (x) = —U (x) and 

cjj (x0) = - U (x0) . Setting t0 = 0 , cr(xo) = 0 and neglecting the initial velocity uB, the time 

interval t = cr(x) is:

t = I— . - (ll.xvn)
±J%[-V(x) + V(xj

If U(x) = qV(x).  The potential of a uniform electric field £  -
dV

-------= const
dx

is

V(x) = V(x0) - £ ( x - x 0):

t = J-
dx

2  q £  

m
( x - x 0)

(ll.xviii)

and the integral is transformed as:

1 m 1r d ( x -  xo)
l ^ £  J k x - x j ^  i i ( 2^ ) d ( x - ^ = ± ŝ(2̂ )

The time interval in terms of the loss in the electric potential energy U = q ( x - x tl)£s is:

(ll.ixx)
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Appendix III

lll.i Electron Impact Ion Source

The electron impact source, was first introduced into mass spectrometry by 

Dempster (Dempster, 1921) and became the classical source for ionization in MS. 

The first El sources were immersed into the field of a solenoid magnet used for mass 

analysis (Bleakney, 1929; Bleakney, 1930). The original designs were further 

developed over the years (Tate & Smith, 1934; Nier, 1937; Nier, 1938; Nier, 1940). 

The classical model for El sources, known as the “orthdodox” model was presented 

in 1947 (Nier et al, 1947). Several possible configurations have been proposed and 

fundamental variations from the orthodox pattern have been reported (Finkelstein, 

1940; Coggeshall &Jordan, 1943; Heil, 1943; Barnard, 1949) in attempts to increase 

the sensitivity and the accuracy of the source.

Ill.il Ion Source Characteristics

Electron impact ionization is performed with gaseous species at a wide range of 

temperatures (100 °C -  250°C) for the generation of both positive and negative 

charged particles. A stream of sample material is allowed to flow from a chamber of 

relatively high pressure, through an ion optical system, into a mass analyzer.

A schematic of the ion source is shown in Figure lll.i. Electrons from a filament, 

confined by a magnetic field parallel to their optical axis, pass through a collimation 

slit into a collision chamber and hit a collecting cage situated at opposite ends. The 

energy of the electrons is approximately defined by the voltage difference between 

the filament and the source chamber walls. In the gas-containing collision chamber, a 

repeller electrode defines a transverse to the electron beam axis electric field, which 

aids the extraction of ions through the front slit. The ion extraction is further assisted 

by field penetration from the ion optical system of the source. Additional slits are 

interposed to focus the ions and reduce chromatic aberrations.
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The three-dimensional potential distribution in the chamber is defined by the voltage 

difference between the repeller electrode and the source walls and is altered by field 

penetration of the ion optical system, the filament and the collecting cage. The 

situation is further complicated by the passing electron beam and the resulting 

negative and positive space charge. At the lowest electron currents and operating 

pressures, the ion energies are mainly defined by the source chamber electrode

potentials (Hagstrum, 1951).
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Source: Hasted, 1964

Figure lll.i Orthogonal views of the Nier mass 
spectrometer source. Electrons from a filament F 
confined by a magnetic field H pass through collimation 
slits S1 and S2 , thence into a collecting cage C. 
Potential differences can be held between the source 
chamber A, the repeller R, C and S3.

For the more intense electron 

beams, the electron space 

charge controls the potential 

configuration by creating a 

negative potential across the 

beam and only energetic ions 

can escape (Pierce, 1954). 

Above a certain gas pressure 

the positive ion space charge 

may distort the ion energy 

distribution by its own 

configuration (Hasted, 1964).

The ion source can be 

operated over a range of pressures. At the high pressure range, 102 — 10‘3 mm Hg (1 

mm Hg =1 torr), the source operates as a low voltage arc. At the lower pressure 

range, 104-10‘6 mm Hg, it can be regarded as a confined beam electron impact 

device (Hasted, 1964).

The intensity of the extracted ion beam increases with gas pressure, until a maximum 

is reached. Beyond this pressure threshold the ion beam attenuates due to the 

attenuation of the electron beam before it reaches the collision region from which 

ions are sampled by the ion optical system.

III. Hi Sensitivity

The number of atoms or molecules ionized in the source depends on the cross 

section cr , the current density of the electron beam I e, the number of atoms or
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molecules per unit volume na and the effective volume of ionization V . If all the ions

produced in the ionization volume reach the detector, the positive ion current emitted 

from the source is:

I , = I eVnoa, (HU)

The theoretical background and experimental methods for the determination of 

ionization cross sections and optimum impact energies can be found in a few 

excellent textbooks (Hasted, 1964; Valyi, 1977).

The current density of the electron beam and the positive ion current at the detector 

are determined experimentally. I e is measured at the trap, outside the ionization 

chamber. Not all electrons from the interaction region are collected and measured. 

This is also true for 7( since not all the ion current produced inside the ionization

chamber is transmitted to the detector. The application of Eq. (Ill.i) to determine 

relative ion abundances and ionization cross sections is not a straight forward 

process and transmission coefficients must be known, which are specific to both the 

dimensions/characteristics of the source and the mass analyzer (Kurepa et al, 1998).

Ill.iv Electron Trajectories

In the conventional source design, the resistively heated filament is held at a 

negative potential relative to the ionization chamber and the energy of the emitted 

electrons is of the order of 70 eV. The electron trap/collecting cage is usually floated 

at a positive potential relative to the chamber in order to enhance the collection of the 

electrons and prevent the escape of the secondary ones. Variations in the collecting 

current are compensated by a feedback amplifier system which controls the electron 

emission by automatically adjusting the power of the filament. Typical collection 

currents are found between 10 and 200 //A. The filament material is usually a ribbon 

of tungsten or rhenium. Lower work function materials require less power to sustain 

high electron emission rates and the source can be operated at the lower 

temperatures.
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Electrons are forced into cycloidal-helical trajectories by the presence of an auxiliary 

weak magnetic field. Their helical motion increases the total path within the chamber 

and therefore the probability of successful collisions. The electron motion can be 

analyzed by considering the velocity resolved into two components, one along and

one transverse to the magnetic field. A force 

normal to the defined geometrical direction 

of motion results from the transverse 

velocity. Purely helical trajectories result 

from parallel electric and magnetic fields. 

The helical path of an electron in a magnetic 

field is shown in Figure 7.28. The radius of 

the circular orbit is proportional to the 

transverse velocity, r  = meu± /qB  but the 

time of revolution is the same for all 

electrons, T = 2n m JqB . The distance

travelled along the field in one revolution, or 

the pitch of the helix, is approximately 

identical for all electrons, and proportional to the velocity component along the field. 

Only for certain values of the electron acceleration voltage the distance between the 

entrance and exit slits of the source chamber will be equal to an integral multiple of 

the pitch of the helical motion. In this case the electron beam will converge on the 

exit slit. A well defined image of the entry slit is then projected to the exit slit. For all 

other kinetic energy values, the electron beam section in the plane of the exit slit will 

be larger than the entry slit (Barnard, 1953). The cycloidal motion is attributed to the 

transverse electric field imposed by the repeller plate. Under the influence of these 

fields the electron beam has a drift orthogonal to both fields. The behaviour of the 

electron beam in crossed electric and magnetic fields has been investigated by many 

authors (Vauthier, 1955; Taylor et al, 1974) and a method for producing 

monoenergetic ions has been reported (Stamatovic & Schulz, 1968). There are two 

consequences of the drift. The first is that its position in front of the exit slit is not 

defined by the geometric dimensions of the entrance aperture. The second is that the 

electron beam can miss the exit slit partially or even totally (Kurepa et al, 1998).

Source: Barnard, 1953

Figure lll.ii Helical electron 
traiectories in the Nier source.
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Ill.v Ion Energy Distribution

The finite kinetic energy spread of the ions as they exit the source gives rise to 

chromatic aberrations at the detector. The ion beam cannot be considered as 

monoenergetic and the image at the detector plane is characterized by both a spatial 

and energy spread. The final energy spread of ions that enter the mass analyzer can 

be of the order of 0.1 - 5.0 eV (Kiser, 1965). A list of parameters that contribute to the 

kinetic energy spread of the ions is given below.

The potential distribution inside the chamber walls is mainly defined by the repeller 

plate and field penetration from the ion optical system. Ions are therefore formed 

across a potential gradient and acquire a distribution in their initial electric potential 

energies. The effect can be reduced if concentrated electron beams with very small 

cross-sectional areas are used.

Chromatic aberration can arise from energy changes due to collisions between 

similar ions in the gas phase (binary collisions). The gas pressure in the ionization 

chamber must not be increased beyond an optimum level if such effects are to be 

avoided. Poor vacuum conditions can also lead to energy changes due to collisions 

between dissimilar ions and neutrals.

The average thermal energy of a molecule is 3kT/2 or T/ 7730 eV, where T is the 

absolute temperature. For a source operating at 250 °C, the average thermal energy 

is 67 meV. It must be noted that this is only the average energy spread and a fraction 

of the species will be found with higher energies.

Ions formed from molecular dissociation products always have associated with them 

varying amounts of dissociation energy. Kinetic energies of the order of 10 eV for 

ions formed in dissociative collisions have been reported (Hanson, 1937) which can 

take them far from the exit slit (Hagstrum & Tate, 1941).

The distribution of initial ion energies is also modified by the distribution in the kinetic 

energy of the emitted electrons. The latter is defined by the voltage drop across the 

wire/ribbon and the fringing fields between the filament and the source chamber. 

Contact potential differences and thermal energy contributions must also be 

considered in assessing precisely the energy of the ionizing electrons.
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For the ion sources operating at the higher voltage regime, usually coupled to 

magnetic deflexion instruments, short-term variations in the apply voltage can further 

increase the kinetic energy distribution of the ions. Contact potentials existing 

between the different sections of the source assembly, the build-up of surface 

charges and the gas phase space charge can also modify the energy of the ions 

emerging from the source.

III. vi Source Modifications

In the Mer-type electron impact source (Nier, 1940; Nier, 1947), the electron beam in 

a central section of the source is directed parallel to the long axis of the first ion slit 

and ion extraction is perpendicular to the electron path. Variations of this model have

■0

Source: Hagstrum, 1951

Figure III.in Equipotentials and 
approximate ion trajectories in a Nier 
source without a repeller. Electrodes A1 
and A2 are maintained at different 
potentials, for compensation of the ion path 
curvature in a magnetic field.Helical 
electron trajectories in the Nier source.

been presented but most of them conform 

to the general pattern with respect to the 

electron and ion beam directions. 

Alternatively, the electron beam can be 

directed onto an atomic beam rather than 

through a chamber containing the gas or 

vapour to be ionized. The collisions may 

take place between the beams oriented in 

either normal or parallel directions with 

respect to each other (Valyi, 1977). In the 

Finkelstein source the electron beam was 

introduced collinear to the final beam of 

ions (Finkelstein, 1940). The co­

propagation of the charged particles was 

assisted by a magnetic field and had a 

dramatic increase in the flux of ions from 

the source. Simulations comparing 

conventionals design over the Finkelstein 

source have been reported (Colby, 1997).

Considerable effort has been made to develop techniques to produce monochromatic 

electron beams. A straightforward approach is the construction of electron 

spectrometers using magnetic (Nottingham, 1939) or electrostatic deflection (Clarke,
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1954) of electrons as a way of selecting a beam of narrow energy. Trochoidal 

electron monochromators employing both electrostatic and magnetic fields and their 

distinct mode of operation have also been presented (Stamatovic & Schulz, 1968; 

Grill et al, 2001). A second technique is based on the use of a special electron gun 

containing at least two supplementary electrodes (Fox et al, 1951; Fox et al, 1955). 

The principle of operation is based on the “retarding potential difference” method 

where the energy of the electrons allowed to enter the ionization chamber is 

controlled by the electron optical system. Electron impact sources have also been 

operated with no auxiliary magnetic field (Coggeshall & Jordan, 1943) in order to 

avoid their influence on the ion extraction efficiency. In the absence of a magnetic 

field, the electron beam is deflected by the weak positive ion extraction field. The 

potential gradient increases the cross section of the electron beam. Such effects can 

only be reduced if electrons with a narrow energy distribution and a narrow initial 

spatial profile are allowed to enter the ionization chamber. An ion optical 

arrangement introducing a split extraction electrode to compensate for the effect of 

the magnetic field on the ion trajectory (Hagstrum, 1951) is shown in Figure 7.29. 

Special source arrangements have been proposed in order to enhance the sensitivity 

over the conventional design. Tenfold enhancement in total ion current has been 

reported using trochoidal electron beams employing weak magnetic fields (Barnard, 

1953), as shown in Figure 7.30. Enhancement on the efficiency of the El source has 

also been reported using multicathodes (Clausnitzer, 1963) or the Pierce-cathode 

geometry (Pierce, 1940; Pierce, 1954).

canal co define molecular beam

New type of source using trochoidal electron beam and greatly 
reduced magnetic field in source region.

A, ionization chamber screen connected to anode of electron gun.
B, screen to shield insulating material on terminal assembly.
C, primary ion alinement electrode and secondary ion trap.
D, slot connected to grid trough for location of electron beam trajectory.

Source: Barnard, 1953

Figure lll.iv The Barnard-type electron impact ion source.
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Ill.vii Problems encountered in El sources

The equilibrium temperature in the centre of the ionization chamber is likely to rise to 

at least 100 -150 °C, due to heat from the filament alone. Operation of the source at 

high temperature is desirable since it allows for its elements to outgas over time. A 

thoroughly outgassed element may act as a getter for the gas introduced in the 

source for analysis (Barnard, 1953). So long as appreciable volumes of gas remain 

adsorbed or absorbed in any source material, electron bombardment of the material 

may lead to background ion beams of appreciable magnitude. The effect is reduced 

by collimating the electron beam and minimizing the surface area subjected to 

bombardment. In addition, surface deposits may modify the source potential and 

distort the ion beam path. The result is a reduction in sensitivity and can only be 

removed by dismantling and cleaning.

The stability of the extracted ion beam depends, amongst other things, upon a 

constant density and distribution of electrons in the ionizing region. Uncontrolled 

secondary electron emission following bombardment of internal surfaces by the 

primary electron beam is bound to lead to erratic behaviour. Even with perfectly 

aligned geometries, bombardment of the entry defining slit cannot be avoided and an 

appreciable amount of secondaries is likely to be present.

The position of ion formation is critical to the overall performance of the source. Ions 

are formed into regions from which direct extraction does not take place. The 

ionization probability is of the order of ~10'4. With a sample pressure inside the 

ionization chamber of 10'5 torr and a current of 100 ¡uA of 70 eV energy electrons, 

the ion current output can be of the order of 10"9 A (Errock, 1964). The ionization 

probability differs between substances and the optimum electron energies lie within 

50 and 100 V.

The efficiency with which ions are extracted from the source has been a subject of 

long discussions involving trajectory simulations in crossed electric and magnetic 

fields, anisotropic angular distributions of the initial ion velocities, excessive initial 

kinetic energies of fragment ions, etc. These effects apart from being mass 

dependent are strongly influenced by the source dimensions/characteristics and the 

applied voltages. A detailed analysis can be found in an excellent review paper 

(Kurepa et al, 1998).
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Any accelerating electrode system can discriminate between ions of different m/z 

values, that is, the ion optical system systematically favours the extraction of a 

narrow m/z range relative to others m/z values. The ability of the El source to deliver 

true/accurate abundance ratio measurements has been the subject of long 

discussions (Barnard, 1953).

III. viU Applications

Electron impact experiments have long been used for the determination of ionization 

and appearance potentials. The ionization potential (IP) is the minimum energy 

required to remove an electron from an atom/molecule in the gas phase. The 

minimum energy to dissociate molecular ions into fragments is defined as the 

appearance potential (AP) of the fragment ion. IPs and APs are closely related to the 

chemical nature of the molecule, to the structure and thermodynamic characteristics 

such as heats of formation of molecules, radicals and ions. Electron impact ionization 

provides information on the higher excited electronic states of ions and their 

vibrational levels and frequencies (Collin, 1965). The determination of ionization 

cross sections has been an active area of research since the data are of importance 

to various fields of science such as plasma physics, astrophysics, etc.

Beyond the ionization threshold, ion abundance varies with the energy of the 

bombarding electrons. A typical “ionization efficiency curve” is shown in Figure lll.v 

and is characteristic of the type of the process involved. The problem of determining 

the IP is a problem of interpreting the efficiency curve. Conventional methods are 

performed with inhomogeneous electron beams. Electron emission is usually 

obtained by heating W, Re, Ta and Mo filaments at high temperatures. The emission 

obeys Richardson’s law and the electrons exhibit a temperature dependent relatively 

wide kinetic energy spread Maxwellian in character (1.0-2.0 eV). Most of the 

curvature near the ionization onset is attributed to this effect. Considerable efforts 

have been made to produce monochromatic electron beams by using magnetic or 

electrostatic selection of a part of the beam, as mentioned above. A second 

experimental requirement is the necessity of a suitable calibration of the electron 

energy scale. The accelerating voltages are not representative since contact and 

surface potentials are always present. The voltage drop across the filament and the 

presence of non-homogeneous electric fields due to field penetration in the source 

chamber further complicate the situation. The simplest way to eliminate these
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difficulties is to use calibrating gases with accurately known IPs. Rare gases (Ar, Kr, 

or Xe) have been used as reference standards and are admitted to the mass 

spectrometer simultaneously with the sample. The measurement is performed at 

such a pressure that the ion being studied and the reference ion give about the same 

current intensity. Such delicate experiments are difficult to perform and have been 

discussed at length in many general textbooks (Barnard, 1953; Robertson, 1955; 

Field and Franklin, 1957; McLafferty, 1963; Collin, 1965).

Source: Cooks et al, 1973

Figure lll.v Ionization efficiency curves for mercury. The probabilities of producing mercury 
ions carrying various numbers of positive charges is a function of the energy of the 
bombarding electrons.

Other applications involve the use of Knudsen cells which when coupled with 

electron impact sources provide thermochemical information of the samples under 

investigation. The dynamic capabilities of the mass spectrometric technique play a 

special part in chemical kinetic research and allow the identification of unstable 

species produced in the transitory steps of a reaction mechanism. Electron impact 

sources have a wide range of applications (Barnard, 1953; Reed, 1965).
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