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Abstract 

Advances in miniature and portable quadrupole mass spectrometry (QMS) 

have resulted smaller instruments but often with reduced sensitivity, and this can 

restrict the applicability of portable MS for in-field applications. Sensitivity is 

influenced by three-dimensional (3D) fringe field effects on the ion transmission 

characteristics of the Quadrupole Mass Filter (QMF). There is a requirement for 

greater understanding of these effects. Particularly, the influence of the gap from ion 

source to QMF entrance (source gap) on fringe field length, and its effects on ion 

transmission, are significant and little explored. 

The work presented in this thesis analyses the influence of fringe fields on ion 

transmission using a recently developed 3D QMF simulation model. In conjunction 

with simulations, experiments were carried out, using a single filter quadrupole mass 

spectrometer, to examine transmission characteristics across a range of common gases. 

To achieve this, an approach originally proposed by Ehlert was enhanced with a novel 

method for calibrating absolute transmission curve. Experimental results are compared 

with the predictions of the simulation model, which is used to study the significance 

of the source gap on fringe field effects. The effects of axial velocity in the fringing 

field region at the QMF entrance are also numerically simulated for multiple ion 

trajectories. 

The analysis of fringe fields shows a complex pattern of ion acceptance based 

on the initial ion entry conditions. The effect on ion transmission of the initial phase 

angle at which the ion is injected into the QMF has been shown to be of less importance 

than was predicted by the two-dimensional (2D) QMF model.  Experimental 

measurements confirm a peaked transmission curve and agree well with the 
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predictions of simulations. Different methods for determining fringe field length are 

discussed. Further analysis demonstrates the influence of the physical source gap 

length on both the length and intensity of the fringe field at the QMF entrance, and 

thereby ion transmission characteristics. For the first time, it is shown that, the source 

gap can be tailored for optimal transmission at the mass range of interest. Axial 

velocity perturbations are visualised in the fringe field region for different source gaps.  

The results presented are of importance to those within industry and academia 

working on design of miniature and portable QMS targeting specific applications. The 

use of portable MS in the detection and monitoring of volatile organohalogens is 

demonstrated as an important environmental application. The wider significance of 

this work is that it allows QMS transmission efficiency (and hence instrument 

sensitivity) to be maximised for given instrument parameters and/or analytes (m/z 

values).  
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1 Introduction 

Quadrupole mass spectrometer (QMS), first described by Paul and Steinwedel in 

1953, is one of the most widely used mass spectrometric instruments [1]. Since its 

introduction, the use of the QMS has flourished for a wide range of applications from 

residual gas analysis [2, 3], and isotope separation [4] to medical diagnostics, 

environmental analysis, border security and space research [5, 6]. Along with 

quadrupole ion trap, the QMS is also widely deployed as a portable MS instrument. 

The widespread use of the QMS in miniature and portable mass spectrometry is due to 

its combination of features, including: 

▪ Higher maximum mass with shrinking in electrode size. [6] 

▪ Electrically adjustable instrument performance. [6] 

▪ Compact size, robust and low weight instrument. [5] 

▪ Fast scanning capability (>100 Da/sec). 

▪ Effective operation at relatively high pressure (low vacuum). [7] 

▪ Cost-effective: an instrument can as little as < £10,000. 

▪ Compatibility with hybrid instruments and ambient ionization technologies. [8] 

One of the challenges of deploying a miniature QMS is that of reducing the size 

and weight, while at the same time maintaining instrument performance in terms of 

MS resolution, sensitivity and mass range. High sensitivity is a necessity for many 

field applications, but typically, improving sensitivity comes at the cost of resolution 

[6]. Furthermore, reducing the electrode size decreases the sensitivity. Moreover, the 

three dimensional (3D) fringe field effects present in a QMS system can have a major 

influence on its transmission characteristics. 3D fringe fields are more profound in 

portable instruments because of smaller electrode size. Thus, there is a necessity to 
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understand the effects of 3D fringe fields for better instrument design. The 

advancements in software modelling present an opportunity to understand the QMS 

acceptance and transmission characteristics for various instrument design parameters 

and operating conditions before manufacturing it. These understanding of QMS 

transmission characteristics via an accurate 3D software modelling enables both 

academics and researchers within industry to optimise the design of QMS instruments 

targeting specific applications. This thesis aims to address these concepts. 

The structure of the thesis is as follows: Chapter 2 provides a historical 

literature review in the field of mass spectrometry since its introduction followed by a 

detailed review of QMS including: its theory of operation and fringe field analysis. 

 Chapter 3 gives a detailed description of the software program used in this 

work. It also explains the general features of the software program and the multiple 

options utilised to perform the simulations.  

Chapter 4 examines the transmission characteristics of a QMF with and without 

the fringe field effects using the QMS-3D & 2D simulation software in a comparative 

method. Ion acceptance based on entry conditions such as initial position and phase 

angle shows the influence of fringe fields on ion transmission and the complexities of 

the effects.  

 Chapter 5 experimentally verifies simulated transmission characteristics using 

an approach originally proposed by Ehlert [9], and a novel method for absolute 

calibration of the transmission curve is proposed. The experimental results are 

compared with the predictions of QMS-3D simulation software. These results are 

published in Rapid Communications in Mass Spectrometry [10] and the article is listed 

in Appendix A for reference. 
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Chapter 6 shows real effects of source gap length on ion transmission and how 

transmission is affected upon altering both the length and intensity of the fringe field 

at the QMF entrance. Different methods are explored to calculate the actual fringe field 

length and for the first time, the z-velocity perturbations are visualised. Most of these 

results are published in Rapid Communications in Mass Spectrometry [10] and the 

article is listed in Appendix A for reference. 

Chapter 7 shows the use of a portable QMS in detection and quantification of 

volatile halogenated hydrocarbons as an environmental application. The experimental 

setup, sample preparation and the results are discussed. Different combinations of 

samples are introduced to validate the methodology and accuracy in results. This work 

is published in Analytical Methods [11] and the article is listed in Appendix A for 

reference. 

Conclusions and suggestions for further work are given in chapter 8.  
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2 Literature review 

2.1 Overview 

Mass spectrometry (MS) is one of the most sensitive analytical technologies currently 

available. MS is also characterised by a high specificity. All atoms and molecules are, 

in principle, accessible by MS, through analysis of mass-to-charge ratios of ions (based 

on atomic mass), making it a universal method for chemical analysis. Nevertheless, its 

implementation requires suitable methods of ion generation and analysis. A graphical 

illustration of the technique is shown in Figure 2.1. It should be noted that mass 

spectrometer is operated under vacuum. The technique is as follows: 

• The Ionisation source produces charged particles (ions) from the sample 

which is admitted through the inlet. 

• The mass analyser then uses electric and/or magnetic fields to measure 

the mass  of the charged particles.  

• The concentration is measured as current (signal) at the detector.  

 

 

Figure 2.1: Schematic representation of mass spectrometry stages. 
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In the last 10 years, because of the developments and advances in ambient 

ionisation methods and miniature electronic systems an increasing trend has emerged 

to take the mass spectrometer beyond its laboratory setting, in the form of field 

portable MS and this continues to be a growing area of research and development. 

Portable MS offers low cost and low weight systems with modest power requirements 

and allows in-situ analysis of samples. The Quadrupole Mass Spectrometer (QMS) is 

one of the most highly used mass analysers, especially for portable MS. The main 

advantage of miniature quadrupole MS over other kinds of portable MS variants such 

as time-of-flight and magnetic sector systems is that miniature quadrupole MS are 

operable at higher (milli-torr range) pressures thus reducing the vacuum requirements 

[1-3]. 

The literature review mainly covers the key early historical developments of MS 

followed by detailed review of the of quadrupole mass spectrometry. 

2.2 Literature study 

2.2.1 Early years of Mass Spectrometry 

The first step required in any mass spectrometric analysis is the generation of ions. 

The word ion (including anion and cation) was first introduced by Faraday in 1834 [4, 

5]. He used this term to describe the charge carriers passing between electrodes: “I 

propose to distinguish these bodies by calling those anions which go to the anode of 

the decomposing body; and those passing to the cathode, cations; and when I have 

occasion to speak of these together, I shall call them ions.” In 1870, Crooks invented 

an electric discharge tube called ‘Crooks tube’ [6] with an improved vacuum pump, 

which increased the mean free path of the charged particles. Later, Goldstein 

performed an early investigation of charged particles and discharge tubes [7], he 
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introduced the term ‘cathode rays’ (beam of negatively charged ions) and ‘canal rays’ 

(beam of positively charged ions) [8, 9].  

In 1897, Thomson discovered the nature of cathode rays [10]. Using cathode 

ray tube (Figure 2.2), with the combination of electric and magnetic fields, Thomson 

was able to separate ions based on their different parabolic trajectories and measured 

the ratio of electric charge of a particle to its mass (e/m).  

 

Figure 2.2: Cathode ray tube used by Thomson to measure e/m of electron [11]. Rays from the 

cathode (on the left bulb) are deflected when the electric field was turned on (using the plates in 

the middle) and the deflection of electrons was measured using the scale at the end on the right 

side of the bulb. The coils showed below were used to create magnetic fields. 

Around the same time, Wien measured the deflection of canal rays in 

electromagnetic fields and identified an unknown particle (now called as proton) 

whose mass is equal to the mass of hydrogen atom [12]. This led Thomson to do further 

research on positive ions and discovered that the ratio e/m was different for each 

element [13, 14].  Measurement of ion signal intensity at different mass to charge (m/z) 

allowed ability for a mass spectrum to be recorded [15]. This led to the establishment 
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of the field of mass spectrometry. Later, Aston (a student of Thomson) constructed a 

mass spectrograph with magnitude order of improvement in resolution and he 

discovered naturally occurring isotopes [16-18]. Dempster developed the first electron 

impact ion source [19]. This became a subject of continuous improvements over 

decades and is still in wide use for small molecule analysis. Using a magnetic analyser, 

Dempster improved the resolution and identified several isotopes [20, 21]. Thomson, 

Aston and Dempster, therefore, laid a strong foundation for MS theory and instrument 

design for generations to come. Their work inspired many physicists, chemists, 

engineers and biologists, who later developed instruments capable of doing chemical 

and biological analysis to solve many problems in science, medicine and industry.  

2.2.2 Developments and advances in mass spectrometry 

Up until early 1950s, majority of mass spectrometers used magnetic field to 

focus and mass analysis. These are called ‘static instruments’ due to nature of the fixed 

focusing fields [22]. Whereas ‘dynamic instruments’ use time varying fields to focus 

ions of given m/z to accomplish rapid identification of wide range of essential 

compounds in a given sample. In 1946, Stephen proposed the concept of time-of-flight 

(TOF) MS [23]. The TOF analyser separates ions based on their differences in 

velocities (time) as they move towards a collector. A TOF analyser is capable of high 

resolving power, and these instruments have applications in chromatography for 

detection of large biomolecules due to its virtually unlimited mass range. 

In 1953, Paul and Steinwedel developed Quadrupole Mass Spectrometer 

(QMS) [24, 25], a mass analyser which separates ions based on their path stability in 

an electro-dynamic quadrupolar field. Also known as the Quadrupole Mass filter 

(QMF), where the electro-dynamic quadrupolar field allows charged particle to be 
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separated based on their mass-to-charge-ratio (m/z). Paul and Steinwedel patented the 

QMF [26] and Quadrupole Ion Trap [QIT] [27], which traps ions in a three-

dimensional field. The QMS was found to be an ideal mass spectrometer for coupling 

with Gas Chromatography (GC) and Liquid Chromatography (LC) columns due to its 

fast scanning capability. The two methods, GC-MS [28, 29] and LC-MS [30-32] have 

been found to be powerful methods of identifying substances in a complex mixture. 

Later on, tandem mass spectrometry (MS/MS) was developed, providing an added 

dimension of mass spectral information capability useful in the study of ion-molecule 

reactions [33-35]. Due to their excellent dynamic range and stability, quadrupole mass 

analysers using MS/MS became popular for quantitative analysis and drug discovery 

[34].  The triple quadrupole (QQQ) offers an efficient approach to selected ion 

fragmentation and are used in direct mixture analysis and elucidation of organic 

structures [36]. Figure 2.3 shows the schematic representation of QQQ. Moreover, 

quadrupoles are also employed in hybrid instruments.  The hybrid combination of 

quadrupole and time-of-flight (Q-TOF) instruments provide high sensitivity tandem 

mass spectrometry with improved resolution [37].  

 

Figure 2.3: Schematic representation of triple quadrupole (QQQ) 

A major milestone in high resolution MS was the development of Ion 

Cyclotron Resonance (ICR), by Hipple and colleagues [38, 39]. This developed further 

into Fourier Transform Ion Cyclotron Resonance (FTICR) MS by Marshall and 

Comisarow [40], allowing the possibility of sub-part-per-million accuracy in MS 
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applications and measurement of different ions at the same time. Another major 

development in MS was the invention of Orbitrap by Makarov [41]. This instrument 

provides ultra-high-performance bearing similarity to the quadrupole ion trap and 

FTICR [42]. All the above-mentioned mass analysers including the different 

techniques of multi-stage MS for tandem mass spectrometry are widely used and 

continue to be developed. 

The use of MS flourished among biologists after the application of ‘soft 

ionisation’ techniques (producing larger proportion of ions without breaking chemical 

bonds) such as electrospray ionisation (ESI) [43] and matrix-assisted laser 

desorption/ionisation (MALDI) [44]. The combination of these ionisation techniques 

with advances in instrumentation made the analysis of large molecular weight 

biomolecules possible and stimulated the use of MS in biotechnology [45, 46] resulting 

in a wide range of applications for example in protein analysis [47, 48], drug discovery 

and early identification of disease biomarkers [49-51]. The invention of ambient 

ionisation sources such as desorption electrospray ionisation (DESI) [52] and direct 

analysis in real time (DART) [53] began a new era of ambient ionisation mass 

spectrometry. With these improvements in molecular ionisation methods, it became 

possible to do in situ MS analysis of unprocessed samples in their original state, with 

little or no sample preparation [54].  

The use of Membrane inlet mass spectrometry (MIMS) technique allows the 

direct introduction of liquid or gas samples into the MS vacuum chamber by using a 

semipermeable membrane as an interface between the sample to be analysed and the 

MS [55]. This technique was first presented by Hock and Kok [56] to monitor the 

isotopic composition of respiratory gases during photosynthesis of algae.  Since then 

it has been used in range of application such as analysis of respiratory gases in blood 
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[57], analysis of environmental pollutants [58] [59] [60], homeland security [61], etc. 

The compatibility of MIMS with advanced ionisation technologies widen its use and 

range of applications [62-64]. 

Another key MS advance is capturing the image of hundreds of detected 

analytes, using imaging mass spectrometry in various forms. One method allows the 

ability to record spatial distribution of molecules in a given sample including lipids, 

peptides and proteins [65, 66], which has led to the rapid commercialisation of such 

instruments [65, 67]. 3D image profiling provides in-depth molecular information 

from biological samples, which cannot be obtained in other ways, and this will 

continue to be a major technology going forward in medical diagnostics [68-70]. 

2.2.3 Future trends in mass spectrometry 

Over the past two decades, there has been a growing demand for miniature MS 

(Figure 2.4) to provide high performance MS with a small foot print, in order to move 

MS out of the laboratory for in-field analysis [71-73]. Together with the advances in 

ambient ionisation and MS imaging techniques, miniature MS is developing quickly.  

Pressing issues in healthcare, security and the legislative requirement for 

environmental monitoring have resulted in a demand for point-of-use analysis in real 

time using accurate, affordable and compact MS instruments [73]. There has been a 

significant impact of miniature MS in the point of care disease diagnosis and 

therapeutic monitoring [74, 75], forensic analysis [74, 76], harsh environment 

monitoring [77, 78], food authentication [79-81], harmful chemical identification [82-

84], security [85], etc. Further performance improvements will allow future 

applications, yet unidentified. 
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Figure 2.4:  Time line of advances in miniature MS 

2.3 Quadrupole mass spectrometry  

A simple QMS system (Figure 2.5) comprises of an ion source, quadrupole 

mass filter (QMF) and ion detector (includes vacuum system and electronic control 

unit). The QMF usually consists of four electrodes of constant cross section, whose 

axes are parallel with the 𝑧-axis, and equally spaced around the 𝑧-axis and touch the 

inscribed circle with field radius 𝑟0.  In practice, single filter QMS systems employ 

finite length (𝑙) electrodes, usually with an end plate at zero potential, electrically 

shielding the ion source at one end and detector at another end. The gap between ion-

source-exit-plate and the QMF electrodes is referred to here as the ‘source gap’. 

Similarly, the gap between QMF and detector-entrance-plate is referred as ‘detector 

gap’.  
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Figure 2.5: Schematic arrangement of the quadrupole mass spectrometer. 

For mass scanning, opposite pairs of electrodes are coupled to each other and 

have radio frequency (RF) and direct current (DC) potentials applied. Two electrodes 

have an applied potential of (U- Vcos(ωt)) applied and the other two electrodes have 

a potential of (-U+Vcos(ωt)); where U is the magnitude of direct voltage, V is the 

magnitude of RF voltage with angular frequency ω (expressed in radians per second) 

and t is the time. The path stability of an ion with a particular value of m/z depends on 

the amplitude of RF voltage (V), the magnitude of its frequency ω, and the U/V ratio. 

When U = 0, a wide range of m/z values are transmitted, and as the ratio U/V is 

increased, the resolution increases with a resulting decrease in ion transmission. At the 

stability limit a single value of m/z results (corresponding to a stable ion trajectories at 

the value of U and V applied),  and collection of ions for that  m/z ratio [86]. 
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2.3.1 QMF electrode geometry 

 

Figure 2.6: The quadrupole mass filter arrangement of four electrode with hyperbolic geometry. 

Ideal quadrupole fields are provided using hyperbolic form electrodes (Figure 

2.6), but for ease of manufacturing circular electrodes with radius 𝑟 are more 

commonly used. For that case, Denison proposed that the best approximation of 

quadrupole field can be obtained by choosing r/r0 ≈ 1.1468 [87].  Later investigation 

by Gibson and Taylor using a more accurate numerical simulation model showed that 

values in range: 1.12 <𝑟
𝑟0⁄ <1.13 provide optimum performance [88, 89].  

Early experimental investigations of Brubaker and Chamberlin (before the 

investigation of optimal 𝑟
𝑟0⁄ ) showed that the use of hyperbolic electrodes produce 

better resolution almost double that of the circular electrodes and also with improved 

transmission [90].   Two-dimensional simulation studies [88] confirmed that the 

performance of QMF with hyperbolic electrodes is higher than that of the circular 

electrodes (with optimal 𝑟
𝑟0⁄ ). Results for circular electrodes showed a more 
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pronounced low mass tail, which reduces the ability to resolve small peaks on the low 

mass side of the large ones.  

2.3.2 Quadrupole mass filter theory 

The coupling of opposite pair of electrodes and the supply of DC and RF 

voltages, produces a central electric field whose strength increases linearly with 

increasing displacement from the central axis and is independent in x and y [86]. In a 

quadrupolar device described with reference to the rectangular coordinates, the 

potential ∅𝑥,𝑦,𝑧 at any given point can be expressed as [86] 

∅𝑥,𝑦,𝑧 = 𝐴(𝜆𝑥2 + 𝜎𝑦2 + 𝛾𝑧2) + 𝐶                                                                                                (2.1) 

where A is a term independent of x, y, and z that includes the electric potential applied 

between the electrodes of opposing polarity, C is a fixed potential applied to all the 

electrodes to float the device, and 𝜆, 𝜎, and 𝛾 are weighting constants for the x, y and z 

coordinates respectively. For an electric field in the absence of free charges, Laplace’s 

equation is satisfied: 

∇2∅𝑥,𝑦,𝑧 = 0                                                                                                 (2.2) 

By substituting equation (2.1) into (2.2) and solving gives 

𝐴(2𝜆 + 2𝜎 + 2𝛾) = 0                                      (2.3) 

Since A in equation (2.3) is nonzero, therefore  

(𝜆 + 𝜎 + 𝛾) = 0                                                                                          (2.4) 

The simplest combinations of 𝜆, 𝜎, and 𝛾 chosen in practice to satisfy the equation (2.4) 

are: 

𝜆 = −𝜎 = 1    𝛾 = 0                                                                                 (2.5) 

Substituting the values in equation 1.1 gives 

∅𝑥,𝑦 = 𝐴(𝑥2 − 𝑦2) + 𝐶                                                                                                        (2.6)  
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At the origin C =0, then and equation (2.6) becomes: 

 ∅𝑥,𝑦 = 𝐴(𝑥2 − 𝑦2)                                                                                                             (2.7)  

If r0 is the distance of the electrode surfaces to the origin, then the equation for the 

position of the electrode surfaces in the x-y plane becomes 𝑥2 − 𝑦2 = 𝑟0
2 for the x pair 

of electrodes and 𝑥2 − 𝑦2=−𝑟0
2 for y pair of electrodes. The quadrupolar potential to 

which an ion is subjected, ∅0, is the difference between the potentials applied to x pair 

and y pair of electrodes, thus 

∅0 = 2𝐴𝑟0
2                                                                                                                                (2.8) 

Therefore  𝐴 = ∅0/2𝑟0
2                                                                                                                      (2.9) 

Hence equation (2.7) becomes                        

 ∅𝑥,𝑦 = (∅0/2𝑟0
2)(𝑥2 − 𝑦2)                                                                                                (2.10) 

To examine the motion of an ion when subjected to the potential given equation (2.10), 

if considering the first component of motion in x direction, then putting y=0 in equation 

(2.10) gives 

 ∅𝑥,0 = (∅0/2𝑟0
2)(𝑥2)                                                                              (2.11) 

So that the electric field at the point (x, 0) is 

(𝑑∅/ 𝑑𝑥)
𝑦

= (∅0𝑥/𝑟0
2) 

Then the force acting on an ion, Fx, at a point (x, 0) is given by 

𝐹𝑥 = −𝑒(𝑑∅/ 𝑑𝑥)
𝑦

= −𝑒(∅0𝑥/𝑟0
2)                                                                            (2.12) 

Here force is negative because it is acting in opposite direction to increasing x. Since 

force is equal to mass × acceleration, from equation (2.12), we can write  

𝑚 (
𝑑2𝑥

𝑑𝑡2) = −𝑒(∅0𝑥/𝑟0
2)                                                                                                 (2.13) 

Considering a real system in which 

∅0 = (𝑈 − 𝑉𝑐𝑜𝑠ω𝑡)                                                                                              (2.14) 
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Where V is the peak-to-peak amplitude of RF voltage, ω is the magnitude of its 

frequency; U is the amplitude of DC voltage. 

Thus, from equations (2.13) and (2.14) 

𝑚 (
𝑑2𝑥

𝑑𝑡2) = −𝑒(𝑈 − 𝑉𝑐𝑜𝑠ω𝑡) 𝑥/𝑟0
2                                                                         (2.15) 

Which is expanded to 

(
𝑑2𝑥

𝑑𝑡2
) = −(𝑒𝑈/𝑚 − 𝑒𝑉𝑐𝑜𝑠ω𝑡/𝑚) 𝑥/𝑟0

2                                                                  (2.16) 

This may be rewritten using the standard and commonly accepted form of Mathieu 

equation:  

   𝑑2 𝑢

𝑑 𝜉
2 + (𝑎𝑢 − 2𝑞𝑢𝑐𝑜𝑠2𝜉)𝑢 = 0                                                                                   (2.17) 

where 𝑢 is the displacement (in x or y) and, 𝜉 is a dimensionless parameter equal to 

ω𝑡/2 such that ω is the frequency of alternating potential, 𝑡 is time, 𝑎𝑢 and 𝑞𝑢 are 

additional dimensionless stability parameters.  

From the relation, 𝜉 = ω𝑡/2, equation (2.17) reduces to 

𝑑2𝑢

𝑑𝑡2 = − (
𝜔2

4
𝑎𝑢 − 2 ×

𝜔2

4
𝑞𝑢𝑐𝑜𝑠𝜔𝑡) 𝑢                                                                    (2.18) 

From equations (2.16) and (2.18), the dimensionless quantities 𝑎𝑢 and 𝑞𝑢 are given by  

𝑎𝑢 = 𝑎𝑥 = −𝑎𝑦 = (
4𝑒𝑈

𝑚𝑟0
2ω2

)                                                                 (2.19) 

𝑞𝑢 = 𝑞𝑥 = −𝑞𝑦 = (
2𝑒𝑉

𝑚𝑟0
2ω2

)                                                                            (2.20) 

The stability parameters 𝑎𝑢 and 𝑞𝑢 are functions of the instrument parameters 

such as, magnitude of the DC voltage or the RF voltage applied to the electrodes, the 

RF frequency, the mass-to-charge ratio of a given ion species, and the size (r0) of the 

device [86]. 
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2.3.3 Quadrupole mass filter stability region 

 

Figure 2.7: The Mathieu stability diagram in two dimensions (x and y), showing the regions of 

simultaneous overlap. The expanded region of stability zone 1 (a ≈ 0.237, q ≈ 0.706) is one in 

most common usage [91] [92]. 

For an ideal case QMF, experimental conditions govern the stability (or 

instability) of an ion in the alternating electromagnetic field. The conditions/ 

trajectories for ion stability in both x and y directions is represented by the ion 

stability diagram (Figure 2.7), which are obtained by superimposing two stability 

diagrams differing by a factor of -1. The stability diagram boundaries (stable and 

unstable regions) depends on the values of 𝑎𝑢 and 𝑞𝑢 for which 𝛽𝑢 is an integer, 

where 𝛽𝑢 is a complex function depends on 𝑎𝑢 and 𝑞𝑢.  



19 

 

2.3.4 Quadrupole mass filter operation 

Paul et al. [25] showed that it is possible to obtain mass resolving operation of 

QMF by operating it at the apex (tip) of first stability region (zone 1), as shown in 

Figure 2.8. All ions of the same m/z possess the same operating point (a, q) in the 

stability diagram for fixed values of ro, ω, U, and V. Since a/q is equal to 2U/V and 

does not depends upon m/z, the operating points of all the ions lie on the same line of 

constant a/q, passing through the origin of the stability diagram, which is known as 

the operation line or the scan line [86]. The QMF resolution is controlled by the U/V 

ratio and the voltage V sets the mass range. Varying V and therefore U (while keeping 

the ratio of U to V constant) changes the mass value that can successfully be 

transmitted through the filter.  

 

Figure 2.8: The lower stability region (zone 1) normally used in QMF operation showing the 

operating scan line and the iso-β lines for the x and y directions. 

When a ≠ 0 only those ions with operating points lying between the intersections 

of the mass scan line with βy = 0 and βx = 1 will have stable trajectories in both x and 
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y directions and will get transmitted through the QMF to the detector. Other ions are 

unstable and does not transmit through QMF. With increase in the U/V ratio, the mass 

scan line approaches to the tip of the stable region and only a narrow range of m/z 

values will be associated with stable trajectories determined by the width of the 

intersection of scan line with stability region, thus mass resolution increases and 

detection sensitivity decreases. Ions of lower mass will be unstable in x direction and 

ions of higher mass will be unstable in y direction. The ions with unstable trajectories 

or oscillation amplitudes > r0 either exit the QMF field or are lost upon impact with 

electrodes.  

From above discussion, the resulting QMF features are: firstly, resolution can be 

varied electronically by changing the U/V ratio. Secondly, by increasing the resolution, 

the ion transmission (and hence instrument sensitivity) will decrease and vice-versa. 

By using this trade-off between resolution and transmission, it is possible to control 

the instrument performance electronically by using a suitably designed electronic unit 

external to the analyser [92]. 

2.3.5 QMF mass range and instrument resolution 

QMF mass range and resolution are interdependent on five basic parameters: 

the length of QMF electrodes (𝑙), inscribed electrode radius (𝑟0), the ion injection 

energy (𝐸𝑧), the maximum RF supply voltage to the electrodes (𝑉𝑚) and its frequency 

(𝑓) [92].  

2.3.5.1 Resolution 

The finite length electrodes determine the number of RF cycle (𝑁) the ion spent in the 

QMF region. Experimentally Leck found that resolution could be modelled using, 

𝑚

∆𝑚
=  

1

𝐾
𝑁𝑛                        (2.21) 
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where ∆𝑚  is the width of a mass peak at given mass 𝑚, 𝑛 ≈ 2 and 𝐾 ≈ 20 for most 

of the practical purposes, but the precise value depends on the method used to define 

∆𝑚 [92]. 

 N = 𝑙𝑓√
𝑚

2E𝑧𝑒
                            (2.22) 

Where e is the charge on the ion.  Increasing the number of RF cycle will increase the 

resolution up to certain point and which then saturates for further increases in N. More 

recent studies show that in the saturated region of the curve, the intersection of mass 

scan line with the stability zone restricts the theoretical maximum resolution [93, 94].  

2.3.5.2 Mass range 

The maximum mass (𝑀𝑚) for a QMF is given by the equation; 

𝑀𝑚 =
7×106𝑉𝑚

𝑓2𝑟0
2                                       (2.23) 

Maximum mass is inversely proportional to the square of frequency, so the 

mass range will be increased for reduced frequency but with the trade-off in resolution. 

Similarly, reduction in 𝑟0 will increase the mass range, this is considered as an 

advantage in miniaturisation of QMS.  

2.3.6 QMS miniaturisation and advances 

There is an increasing trend towards the development of miniature portable 

Quadrupole Mass Spectrometers (QMS) for in-field, real time applications [3, 95-101]. 

If the size and voltages could be further reduced then the range of applications for 

QMS instruments would increase., low power consumption, field portability, 

reliability and ease-of-use [102].  
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One of the first miniature MS instruments was introduced in 1996 by Ferran and 

Boumsellek [103]. They demonstrated an array of 16 electrodes, resulting in 4 QMF 

regions that were able to operate up to a pressure of 10mTorr. Sometime later, a more 

conventional approach has been reported using a single quadrupole region offering 

optimum performance at operating pressure in the region of mTorr [104].  Around the 

same time Taylor et al., demonstrated the first silicon-based fully micro machined 

QMS (MicroQuad) operating at low power and low voltage[105], later it was 

developed to provide better sensitivity [106] and better performance [2, 3]. In 2008, 

Wang et al designed a micro chamber quadrupole mass spectrometer with reduced size 

and vacuum requirements [107]. The research and development of micro-QMS 

continues [108-110] targeting real time applications, for example, environmental 

analysis [83, 111], and border security [112]. 

2.3.7 Fringe fields 

In the past, researchers have investigated the performance enhancement of 

portable or bench top QMS system either by experimental methods or by numerical 

simulations. Paul et al [25] calculated the optimum entrance aperture for 100% 

transmission at any resolution for a beam entering parallel to the instrument axis. 

Brubaker and Tuul [113] experimentally investigated the transmission efficiency of a 

QMS as a function of entrance aperture size. They observed improved transmission 

efficiency with reduced entrance aperture area. The observed trend agrees with 

computer simulations showing improvement in transmission efficiency with reduced 

aperture area [114-116]. One of the complex physical entities that effect the 

transmission through a QMS is the 3D fringe field. 
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In practice QMS systems, employ finite length electrodes with end plates 

(Figure 2.5), which operates at a (usually) fixed potential, to hold the ion source at one 

end and the detector system at the other. The total electric field (RF and DC 

component) of the QMF does not end abruptly at the ends of the electrodes; it gradually 

decays outside the QMF towards the ion source (and the detector). This complex fringe 

field in end gap region are not ideal quadrupole fields required for mass filtering 

operation. The resulting force on the ion varies with its position in space. In particular, 

the components of ion velocity will be influenced by this fringing field and the ion 

motion will be no longer independent in the 𝑥, 𝑦 and 𝑧 directions [117, 118].  

2.3.7.1 Fringe field effect on ion transmission 

The effects of entrance and exit fringe fields on QMS performance was first 

investigated by Brubaker [119, 120]. His theoretical and experimental work found that 

QMF ion transmission efficiency will fall for heavier ions which spend a longer period 

exposed to certain defocusing forces in the 𝑦 direction, occurring because the typical 

operating point lies outside the 𝑦-stability limit for large portions of the fringe field 

region[119, 120]. He introduced the delayed DC ramp (pre-filter) to offset this effect 

and improve the performance of QMS [119]. Following this Ehlert employed an 

experimental approach based on isotope ratio measurements to plot ion transmission 

efficiency as a function of m/z [121]. The resulting curve (more information in chapter 

5) showed the expected fall in transmission at higher m/z [119, 120], but transmission 

unexpectedly peaked near 30 Da and fell at lower m/z; this fall was believed at the 

time to be an artefact of the instrument’s rf detection circuitry.  

Following this, Dawson employed an approximate linear model of the fringe 

field (in which 𝐸𝑥 and 𝐸𝑦 ramp linearly from zero to full quadrupole fields on attaining 

a prescribed displacement from the ions’ starting position, typically 𝑟0) [92, 117, 122] 
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predicted a transmission fall-off at lower m/z using phase space dynamics. He 

proposed the use of acceptance ellipse to identify the area of phase space within which 

ions will be transmitted [123].  He concluded that QMF mass discrimination effects 

may be predicted as a function of the number of RF cycles (optimal between 1 to 3 RF 

cycles) spent by ions of different m/z in the fringe field around the entrance to the 

QMF.   

Hennequin and Inglebert investigated this model experimentally [124]. Study 

of their 50% acceptance ellipses reveals a range of agreement with the predictions of 

linear approximation model from good to poor, depending on the number of cycles 

spent by ions in the fringe field (𝑁𝑓), and whether acceptance in 𝑥 or 𝑦 was considered. 

In these experiments, 𝑁𝑓 was altered by means of ion m/z and energy. The 

implementation of the linear approximation model assuming a geometric fringe field 

length (𝑙𝑓) equal to 𝑟0 [122]. Independent determination of 𝑙𝑓 was not attempted; the 

authors observed that this length should be set on the basis of experimental results.  

Later, McIntosh and Hunter employed a Liebmann iterative relaxation 

technique to generate an approximation of the fringing field having an exponential 

form for variation of 𝐸𝑥, 𝐸𝑦 and 𝐸𝑧 with 𝑧 position [125]. A cubic version was 

developed for phase space analysis and tested against the experimental findings of 

Hennequin and Inglebert[126]. In the implementation of the cubic model,  𝑙𝑓 was set 

at 1.5𝑟0, and 𝑁𝑓  was varied by means of ions’ axial velocities, with a fixed source gap 

of 0.125𝑟0. The overall improvement on the linear approximation was marginal, 

despite arguable improvements in 𝑦-acceptance for some axial velocities. 

An advantage of the exponential model is the avoidance of discontinuous 

transition to zero 𝐸𝑧 at the prescribed distance from the source plate. However, the 



25 

 

model implies perpetuation of ideal quadrupole field symmetry (between 𝐸𝑥 and 𝐸𝑦) 

in the fringe field, corresponding to a lack of compliance with Laplace’s Equation.  

2.3.7.2 Phase space method and acceptance ellipse 

Matrix methods and ‘phase-space dynamics’ have been used to simulate the 

performance of the quadrupole mass filter and related devices. These techniques are 

not only efficient in the calculation of ion trajectories but also enable other aspects of 

quadrupole device performance to be easily and rapidly determined. These include the 

computation of mass filter ‘acceptance’ for different initial ion displacements and 

velocities [114, 122, 123]. 

Baril and Septier [127] introduced the application of ‘phase-space dynamics’ 

to study ion motion in RF quadrupole instruments. Dawson adopted the method 

described by Pipes [123], where the sine wave is considered as made up of very short 

rectangular steps. With the knowledge of matrix for a given initial phase, it is possible 

to determine the maximum ion displacement for a given initial position and initial 

velocity [114, 122]. 

[
𝑢
�̇�

]
𝑛

=  𝑀𝑛 [
𝑢0

�̇�0
]                                                                   (2.24) 

If M is the matrix used to calculate the ion position (𝑢) and velocity(�̇� ) of the 

ion for a given initial phase, after n complete cycles, the points calculated fall on an 

ellipse in 𝑢�̇� space. The equation of such an ellipse is given by 

Γu2 + 2𝐴𝑢𝑢 ̇ + 𝐵�̇�2 =  𝜀                                                     (2.25) 

Where 𝜀 is called the emittance of the ellipse. 

The parameters of the ellipse depend upon the elements of M, where 

𝑀 = [
cos(𝜋𝛽) + 𝐴 sin(𝜋𝛽) 𝐵 sin(𝜋𝛽)

−Γ sin(𝜋𝛽) cos(𝜋𝛽) − 𝐴 sin(𝜋𝛽)
]                                           (2.26) 
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So that A, B and Γ can be calculated from M as well as 𝛽. For each phase, Γ 

represents the dependence of the maximum amplitude of ion motion on the initial 

position, 𝐵 the dependence on the initial velocity and 𝐴 on the combined initial values. 

An ion undergoing motion with a value of 𝛽, exactly repeats its trajectory after a 

certain number of cycles. This means that in this case appropriate values of 𝑢 and 

�̇� would lie only on certain fixed points of an ellipse [123]. 

The ellipses are scaled according to the maximum allowable amplitude of ion 

oscillation. Assuming that this is r0, the instrument radius, the maximum possible 

displacement during an infinitely long trajectory, can be calculated from the equation: 

𝑢𝑀𝐴𝑋 = (𝐵𝑀𝐴𝑋 𝜀)0.5 = 𝑟0                                              (2.27) 

 

Where 𝐵𝑀𝑎𝑥 is the maximum value of B regardless of the initial phase. This 

establishes the value of 𝜀 for any particular (a, q) position in the stability diagram.  

Γ (
𝑢

𝑟0
)

2

+ 2𝐴 (
𝑢

𝑟0
) (

�̇�

𝑟0
) + 𝐵 (

𝑢

𝑟0
)
̇ 2

=
1

𝐵𝑀𝐴𝑋
                                            (2.28) 

 

The ellipses given by equation (2.28) represent the acceptance of the mass filter 

(without fringing fields). All points within an ellipse (Figure 2.9) represent 

combinations of initial position and initial velocity which lead to ion transmission in 

an infinitely long quadrupole [122].  
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Figure 2.9: x-axis phase space acceptance for a QMF [128]. 

 The acceptance ellipse of QMF system whose area proportional to the 

acceptance 𝜀, represents the limits of values of 𝑢 and �̇� which the system will accept. 

The focussing system (ion source) will transmit a beam of particles whose values of 𝑢 

and �̇� are bounded by the ellipse, referred as emittance ellipse of the ion source [123]. 

This leads to the concept of phase-space matching for the ion source and a quadrupole 

mass filter [129]. The optimum transmission will occur when the emittance ellipse of 

the ion source coincides with the acceptance ellipse of the quadrupole mass filter [130]. 

Later improvement in computing power let to the development of QMF models 

to solve Mathieu equation in both x and y directions and plot the trajectories of the ion 

[131]. Figure 2.9 shows an example of x-axis phase space acceptance ellipse for a 

QMF using similar computational model [128]. A similar ellipse can be produced for 
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y-axis. The eye in the middle represents a “sweet spot where if an ion enters within 

these conditions it will have a theoretical stable trajectory” [128].  

In the real case, difficulty of phase-space analysis is that one must neglect the 

coupling of ion motion in all three dimensions caused by non-zero 𝐸𝑧 (due to presence 

of fringe fields) to avoid complex six-dimensional phase space calculations [122]. The  

remaining discrepancies with previous experimental data [124] [126] were therefore 

tentatively ascribed to perturbations in axial velocity (𝑣𝑧) due to fringe fields. Also, it 

affects the ion transmission, and the dependence of ion transmission upon the number 

of RF cycles in fringe fields in highly complex and there is less influence of initial 

phase in the presence of fringe fields [132]. Further details about acceptance based on 

initial ion position and phase angle in the presence of fringe fields will be discussed in 

Chapter 4. 

2.4 Conclusions 

Few experimental results have been published showing the effect of fringe 

fields for QMF ion transmission characteristics.  Most previous studies have been 

principally concerned with testing the accuracy of theoretical models rather than 

investigating the transmission effects of varying either the fringe field length or the 

source gap. In these cases, the fringe field length in terms of number of RF cycles was 

altered by means of the ion’s initial axial velocity (either directly, or using ion mass or 

energy). This is not equivalent to altering either the geometric fringe field length or 

source gap, since: 

• Altering axial velocity affects not just the number of cycles in the fringe field but 

also the number of cycles ions experience in the QMF itself, and thus the 

resolution;  
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• The fringe field length (in number of RF cycles) changes proportionately with 

ions’ axial velocity, but disproportionately with the source gap; 

• The fringe field position with respect to the QMF remains the same (other than 

being scaled in number of RF cycles) when axial velocity is altered, while the 

fringe field distribution alters such that it penetrates further into the QMF, as the 

physical source gap is reduced. 

The source gap is a parameter, which may easily be altered at the design stage, 

and can be used to influence transmission efficiency without recourse to ion energy 

alterations that may be unavailable or counterproductive. A simulation model has 

recently been developed which accurately and efficiently reproduces 3D field effects 

(including fluctuations in axial velocity) and can simulate variations in both the source 

gap and fringe field length [133, 134]. Remaining disparities between existing models 

of QMF behaviour and experimental observation, and the lack of direct investigation 

of source gap effects, suggest the potential benefits of an investigation with such a 

high-fidelity model. Also, it is highly important to study the acceptance based on initial 

ion conditions (including ion position and phase angle) in presence of 3D fringe field, 

this will help in improving ion-source/focusing device to achieve optimum coupling 

between ion-source and QMF. These important issues surrounding transmission for 

portable QMS instruments are key in optimisation of these instruments for the range 

of emerging applications. These issues related to the QMS transmission are addressed 

in the subsequent chapters of this thesis using a combination of 2D and 3D theoretical 

simulation and experimentation. 

Firstly, the transmission characteristics of a QMF is analysed with and without the 

fringe field effects using the QMS-3D & 2D simulation software. The differences 

are shown in a comparative way for various ion entry conditions. Ion acceptance 
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based on initial positions and phase angle are presented to show the influence of 

fringe fields in ion transmission. The presence of transmisison curve and further 

analysis conclude that the effects of fringe fields are beneficial for certain operating 

conditions for a given QMF (Chapter 4). 

Secondly, the transmission characteristics are examined experimentally using an 

approach originally proposed by Ehlert [121] and enhanced with a novel method 

for absolute calibration of transmission curve. The results are compared with the 

predictions of QMS-3D simulation software (Chapter 5).  

Thirdly, the QMS-3D model is used to investigate the source gap effects. Several 

methods for determining fringe field length are presented, demonstrating how the 

size of the physical source gap influences both the length and intensity of the fringe 

field at the QMF entrance. A complex relationship with ion transmission is 

revealed in which different source gaps promote optimal transmission at differing 

m/z ranges. These results are important to designers of miniature and portable QMS 

for specific applications (Chapter 6).  

Finally as part of this research work, the use of a portable QMS for an environmental 

application is described in Chapter 7. Conclusions and suggestions for further work 

are given in Chapter 8.  
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3 Software modelling 

3.1 Introduction 

In the development of an advanced quadrupole systems, the cost and time 

associated with precision reassembly make it difficult to compare the effect of different 

design parameters (e.g., electrode length, inscribed radius, source gap, source aperture 

radius). Therefore, an accurate software model can help in simulation of various 

instrument designs prior to construction. Application solutions for particular problems 

may be identified thereby at a reduced cost. An accurate software model enables 

prediction of instrument behaviour for various design parameters and operating 

conditions thereby aiding performance optimisation. This is especially important in 

the case of small/portable instruments.  

In this thesis, a software program called QMS-3D [1] is used for the simulation 

work. This program calculates ion trajectories by solving Mathieu equation 

numerically using fourth order Runge-Kutta algorithm [2]. An earlier version of this 

program (called QMS-hyperbolic [3]) solved the electric fields in 2D, which assumes 

the QMF electrodes are ideal, accurately positioned and having perfect hyperbolic 

cross sections. Prior to begin the work in this thesis, an analysis of factors affecting 

QMF performance in zone 1 and 3 has been made using this QMS-hyperbolic [3] 

software. The results of a QMF design and performance study for QMS operation in 

stability zone 3 are published and the article [4] is listed in Appendix A.  

The later version of QMS-hyperbolic software solved the fields in three spatial 

dimensions and is called QMS-3D [1], which utilises the boundary element method 

(BEM) of electromagnetic field computation [5], initially described by Read et al [6, 

7]. BEM is an accurate and computationally efficient method of calculating 3D electric 



41 

 

field values of QMF systems with finite length electrode and zero potential end plates 

(as shown in Figure 3.1). The advantage of BEM is the direct computation of field 

values from the solutions of Laplace’s equation, where as other computational methods 

such as finite element (FE) or finite difference (FD) methods (e.g. SIMION software 

package [8]) produce the potential distribution (in the regions of interest) which must 

be differentiated to obtain the field values [1, 5, 9]. The commercial software packages 

such as Charged Particle Optics (CPO) software [10] and COMSOL [11] use the BEM 

for QMF design studies. The QMS-3D model allows the modelling of different 

electrode structure and capable of tracing a greater number of charged particles, these 

are the limitations in CPO package [5]. By using QMS-3D model, it becomes possible 

to plot the variation of ion transmission through the QMF as a function of different ion 

input conditions, operating parameters or any electrode geometry in a computationally 

efficient manner. All the simulation work in this thesis uses this QMS-3D software 

program [1], which also provides an option to do ideal QMS-2D simulations 

(described in Section 3.4) and thereby aids the analysis and comparative study with 

and without fringe field effects. 
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Figure 3.1: Schematic diagram of a simple QMF 

3.2 2D and 3D fields 

Most analysis of QMF behaviour assumes an ideal quadrupole field (that is, a 

field resulting from infinite length electrodes, referred to as ‘2D’) and considers 

electric field components in all three co-ordinate directions (𝐸𝑥, 𝐸𝑦, 𝐸𝑧) to be 

independent of 𝑧 position, with 𝐸𝑧 = 0 [12]. In practice, quadrupole fields are 3D, 

having non-zero 𝐸𝑧 and all field components subject to change with 𝑧 position. This is 

a result of finite length electrodes and earthed or non- earthed end plates coupling the 

ion source and detector to the QMF (Figure 3.1). The resultant fringing electric fields 

at the entrance and exit of the QMF (see Figure 3.2) influence QMF transmission 

efficiency. Due to the fringe field influence on ion position, velocity and relative field 

phase, ion defocusing can occur, resulting in loss of signal [13, 14], with a 

corresponding effect on instrument sensitivity. QMF fringe fields are complex because 

3D field distribution causes coupling of ion motion in 𝑥, 𝑦 and 𝑧 directions. 

Comparison of the two equipotential plots of Figure 3.2 illustrates a single example of 

coupled ion motion: the initial direction of the force exerted by the 𝑧 component of the 



43 

 

field on positive ions (towards or away from the ion source) at a given phase angle is 

dependent on proximity to the 𝑦 electrode.  

 

 

Figure 3.2: x-z equipotential plots for a fringe field region with a small source gap (0.25𝑟0), 

produced using potential values from the custom simulation model (QMS-3D). Potential 

contours are shown up to an axial displacement of 3𝑟0 from the ion source exit plate, and 

representations are at two elevations in 𝑦; (A) xz section at y = 0 and (B) xz section at y = 0.5𝑟0. 
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3.3 QMS-3D modelling 

There have been several efforts to study the effects of fringe field on QMF 

behaviour (please refer the Section 2.3.7 for more details). The work reported in this 

thesis analyses the effect of 3D fringe fields on a single filter QMS behavior for ions 

traversing the source gap with various velocities. This can provide helpful information 

to maximise ion injection into the QMF and thereby improve the transmission - 

resolution characteristics.  

The QMS-3D model can compute the behaviour of a QMF, a QMF with a pre-

filter or a Linear Ion trap (LIT) (which also utilises a quadrupole field), by determining 

the motion of large numbers of ions individually moving in quadrupole field systems 

of four parallel electrodes of equal length with end plates at right angles to the electrode 

axes. Application of a uniform magnetic field is also included for a QMF with or 

without a pre-filter. In this thesis, QMS-3D is used to study the behaviour of QMF 

systems (as shown in Figure 3.1) in the presence of complex 3D fields. The model 

predicts the ion motion starting from the center aperture of ion-source-exit-plate, 

through the QMF electrodes and ends at the detector-entrance-plate. The two following 

steps are required for the QMS-3D simulations: 

1. System design and field determination.  

2. Study of QMF behaviour for the given operating conditions. 

3.3.1 System design and field determination 

This method describes the QMF system geometry. It allows the user to choose 

any electrode shape and define its length. It requires all physical dimensions of real 

QMF (as shown in Figure 3.1) such as ion-source-exit and detector-entrance aperture 

radius, source gap, detector gap and other necessary details for field computation. For 
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normal operation, fields were evaluated with filters described using a scale such that 

r0 is unity and assumes unit voltages on the electrodes. Since the electric field values 

can be scaled according to the input parameters, all dimensions are input on a scale 

with r0 =1.  

The electric field components at any required QMF field positions are 

determined by solving the given number of line charges on electrode, using Coulomb’s 

law [1]. For normal use the electrodes are identical and are placed symmetrically so 

only the electrode at the +x position is described; the program automatically 

determines the positions of the others. In case of asymmetrical systems, user needs to 

input complete description of all four electrodes.  

For the computation of ion trajectories, the field is required at every position 

of the ion as it is tracked using a Runge–Kutta algorithm [1]. To determine the 3D 

field, the electrodes are divided into number of sections in z direction. The section 

lengths are very short near the end of electrodes (0.05r0 to 0.1r0), where the field 

changes very rapidly in z direction and the section lengths increases in a geometric 

progression towards the center of the QMF. Each section is replaced with the given set 

of line charges of same length and parallel to z-axis [1]. The field components (in three 

directions) are determined at all points on a set of uniform square grids (sides of 2×r0 

and perpendicular to z-axis) and interpolation used to find the field at any point. The 

planes are not equally spaced, spacing is very small in the regions near the end plates 

(0·002r0 to 0·01r0) and is larger (about 1·5r0 to 2·0r0) near the center of the QMF [1].  

The choice of the grid intervals value sets the positions at which field values 

are computed. In case of smaller ion source apertures (rie), the number of positions 

close to the exit hole may be too small to accurately model the injection of ions into a 
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QMF. For accurate results, the value of grid intervals divided by the aperture diameter 

(in units of r0) should be greater than twenty. As with number of charges, rod sections 

and grid interval, the larger the number the longer the program takes to run (subject to 

the size of computer RAM available).  

For the comparisons of behaviour of different QMF designs (even if the 

difference is only in a single design parameter, for example, the source gap), 

individual system descriptions and electric field computations are required. 

3.3.2 QMF simulations 

To predict the behaviour of a QMF requires its computed field file, the actual 

dimensions r0, the position on the mass scale, the frequency of the applied RF 

waveform, and the resolution settings in order to determine the path any ion takes 

through the filter.  

Modelling ion input is necessary for any QMF simulations. In this model, the 

ion beam is created as ions uniformly spread over the QMF entrance aperture. Also, 

there is an option to choose hollow ring shaped or centrally peaked ion distribution. 

The model allows user to define initial ion energy and it is possible to include energy 

spread, angular spread and offset angle for ions entering QMF if required. A significant 

advantage of the model is the ability to compute individual trajectories of many 

randomly injected ions (typically ~107) that generate statistically significant mass 

spectra predictions. Fixed random option is also available to keep the ion initial 

conditions (such as the initial positions and phase angle) fixed for simulations to study 

the effect of varying design parameters. 
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In this thesis, the transmission characteristics of the QMF is studied for its 

operation in zone 1, but the model provides the option to choose operation at different 

scan zones. Figure 3.3 shows an example mass peak produced using QMS-3D model. 

 

Figure 3.3: Simulated mass spectrum for 4He+ using QMS_3D. 

3.3.2.1 Ion traces 

Similar to the simulation of mass peaks, it is possible to trace ion trajectories 

using the computed field files. This option produces traces of ion motion from source 

until they are lost or reach the detector end cap.  This program is much helpful in 

detailed examination of ion motion for different QMF dimensions and operating 

conditions. Figure 3.4 shows an example of ion trajectories simulated using this output. 
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Figure 3.4: Simulation of ion trajectories in x and y direction for m/z 120. 

 

Figure 3.5: Simulated 40Ar+ mass spectrum showing the initial positions of successfully 

transmitted ions at: low mass side at 10% of mass peak height, at top of the mass peak and high 

mass side at 10% of peak height. 
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Also, it is feasible to produce spatial information indicating where transmitted 

ions started and where they exited the filter. Figure 3.5 shows an example of starting 

positions of successfully transmitted ions at three different mass positions in the 40Ar+ 

mass spectrum. The software is therefore ideally suited for performing simulations of 

2D mass spectral images at the detector. The added feature of QMS-3D allows user to 

choose ion input conditions such as initial ion positions, velocity and phase angles. 

This feature together with ion tracing are important to study the behaviour of QMF 

based on different ion input conditions.  

3.4 Comparison of QMS-2D and 3D simulation results 

The QMS-3D program allows user to simulate 2D systems, which makes the 

program to behave as a 2D model (no fringe fields) for the same computed field files 

and operating conditions. For the QMS-2D mode, the electric field components in all 

three co-ordinate directions (𝐸𝑥, 𝐸𝑦, 𝐸𝑧) is independent of 𝑧 position, with 𝐸𝑧 = 0, 

hence the z velocity is constant. In QMS-3D mode (with the presence of fringe fields), 

the 𝐸𝑧 is non-zero and all field components vary with 𝑧 position, causing coupling of 

ion motion in x, y and z directions. This mode includes the z velocity changes (in 

addition to the x and y velocity changes) due to the presence of fringe fields.    

Results shown here are simulated for QMF with : 𝑟0 = 2.753 mm; 𝑟 (radius of 

circular electrodes) = 1.148𝑟0 (3.16 mm); 𝑟𝑖𝑒 = 0.334𝑟0 (0.92 mm); source gap = 

detector gap = 0.726 𝑟0 (~2 mm); detector end-plate aperture radius = 0.581𝑟0 (1.6 

mm); electrode length (𝑙) ≈ 45𝑟0 (125.4 mm), frequency of rf supply (𝑓) = 2 MHz, ion 

energy 5eV and U/V ratio 99.5%. Figure 3.6 shows the comparisons of QMS-2D and 

3D results for low mass (high velocity) ions and higher mass ions. The faster, low mass 

ions spend less time in the fringe field region and are thereby less influenced by its 
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effects causing fewer changes to the peak shapes but with significant improvement in 

the transmission when compared to QMS-2D results (Figure 3.6 A). For increased ion 

mass the differences in the peak shapes and transmission percentages vary enormously 

as shown in comparison of Figure 3.6 B.  These influences of fringe fields on ion 

transmission is further analysed and the results are discussed later in this thesis in 

Chapter 4.  
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Figure 3.6: Comparison of simulated mass scan peaks by QMS-2D and QMS-3D model for (A) 

4He+, (B) 40Ar+. 
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3.5 Comparison of experimental and QMS-3D results. 

Measurements were made using a commercial single filter portable QMS 

instrument (supplied by Q-Technologies, Liverpool) incorporating an electron impact 

ion source with a single focus, and a dual detection apparatus (Faraday plate and 

electron multiplier). The instrument has a mass range from 1 to approximately 200 Da. 

The geometrical dimensions and operating conditions are same as described in 

previous Section 3.4. The system is housed in a stainless-steel vacuum chamber with 

a residual (background) gas total pressure of ~3×10-8 Torr. Research grade neon and 

argon gas obtained from BOC were individually supplied to the vacuum chamber, 

raising the working pressure to ~5×10-5 Torr, with an ion injection energy of 5 eV.  

The QMS-3D ion source model is much simpler than the actual ion source (electron 

impact ion source in the instrument), having uniform illumination without any energy 

spread or angular spread. In practice, the instrument can produce more complicated 

ion beams which can vary with ion mass.  

 

Figure 3.7: Comparison of QMS-3D predicted (blue lines) and measured (red lines) mass peaks 

of (A) 20Ne+, and (B) 40Ar+. The operating parameters in experiment and simulations are same. 

The mass peaks in Figure 3.7 shows that the simulation results give good 

agreement (although not identical) with the experimental. Slight differences at the low 

mass tail of the mass peak could be due to the following reasons: 
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• The imperfect setting of simulation parameters (e.g. spread in initial ion 

energy and angle) or experimental imperfections (for example, a slightly off-

axis source plate aperture) [15, 16].    

• A DC offset voltage applied to the QMF electrodes and signal processing 

techniques are used in commercial instruments to remove the low mass tail of 

the mass spectral peak.  

• In practice, the distance between the QMF electrodes and the outer chamber 

has significant influence in the quadrupole fields [17]. These parameters are 

not taken into account in the simulation which may account for the 

differences between the results predicted by simulation and the 

experimentally obtained results.  

 

Figure 3.8: Comparison of measured and simulated neon RF spectrum. 

The measured signal is scaled to match the transmission percentage simulated 

mass peaks because of the unknown input current from the ion source. Figure 3.8 

shows another example of comparisons made for a neon RF-only spectrum. The 
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prediction of QMS-3D shows better agreement with the experiment than the 2D model 

which predicts much greater ion oscillation amplitudes than observed. 

3.6 Conclusions 

A detailed description of the simulation model used in this thesis is given. The 

QMS-3D model can accurately predict the fringe field effects and the predictions are 

in good agreement with the experimental results. The added features such as ion input 

modelling, ion positions and ion tracing enables the detailed investigation of QMF 

behaviour for various design parameters, thereby allowing optimisation of ion 

injection from the ion source into the quadrupole mass filter (QMF) for a range of m/z 

values. The wider significance of using this QMS-3D model in this work is to study 

the effects of fringe fields in QMF ion transmission and thereby determine 

methodologies to improve QMS transmission efficiency (and hence instrument 

sensitivity) without major trade-off in resolution. This is important for all MS designs 

but especially for portable and miniature systems or applications whose employability 

in the field presently is limited due to reduced sensitivity. 
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4 Transmission characteristics and acceptance of the QMF  

The presence of fringe electric fields at the entrance and the exit of the QMF 

strongly affects the ion transmission efficiency with a corresponding effect on 

instrument sensitivity (see Section 2.3.7 for more details). The complex fringe fields 

greatly influence the path of ion trajectories [1] even though ion spends less than half 

RF cycle in the fringe field region [2, 3]. In the fringe field region, the resulting force 

on the ion varies with its position in space, affecting the ion velocity in all directions 

and the ion motion is no longer independent in the 𝑥, 𝑦 and 𝑧 directions [4]. 

This chapter describes the transmission characteristics of a single filter QMF 

for various ion velocity conditions. The results are presented in a comparative way to 

understand the ion transmission with and without fringe field effects, for a given QMF 

dimensions and operating conditions. The results are simulated using QMS-3D and 

QMS-2D simulation programs. The complexities in ion acceptance based on initial 

positions and phase angle are also presented for various ion velocity conditions. 

4.1 Transmission efficiency of a QMF with and without fringe 

fields 

Analysis of QMF behaviour assuming ideal hyperbolic fields (2D) shows that 

stable ions experience sufficient RF cycles in the QMF, and the ion transmission 

efficiency will be constant and does not depend upon the initial ion velocity (change 

of ion mass or injection energy) for a given QMF of fixed dimensions, resolution 

settings, and frequency [5]. In practice, the presence of 3D fringe fields at the entrance 

and exit of the QMF can strongly influence the transmission efficiency as a function 

of initial ion velocity, with a corresponding effect on instrument sensitivity.  
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Figure 4.1 shows the simulated individual mass spectra of argon (𝑚/𝑧 40) at 

different initial ion velocities using same QMF settings with and without fringe fields. 

Results shown here are simulated for a QMF with 𝑟0 = 2.76 mm; 𝑟 = 1.148𝑟0 (3.168 

mm); 𝑟𝑖𝑒 = 0.167𝑟0  (0.46 mm); source gap = detector gap = 0.725 𝑟0 (2 mm); detector 

end-plate aperture radius = 𝑟0; 𝑙 ≈ 45𝑟0 (125.4 mm), 𝑓 = 2 MHz, 𝑈/𝑉 ratio is 99.35% 

and 𝑚/𝑧 = 40. Ion velocity ranges were altered by varying ion injection energy, 𝐸 eV. 

Ion velocity is obtained by equating the injection energy to kinetic energy according 

to:  

Ion velocity =  √2𝑞𝐸 𝑚⁄    (m/s)               (4.1) 

where 𝑞 is the charge (C) and 𝑚 is the ion mass (kg).  

Following previous practice, the phrase ‘ion transmission’ is used to refer to 

the spectral peak maxima of mass scans. As shown in Figure 4.1 (i), in addition to the 

change in mass peak position, the ion transmission of QMF with the fringe field effects 

differs for changing ion velocity, but the ion transmission remains same for the QMF 

without fringe field effects (Figure 4.1 (ii)). 

 

Figure 4.1: Simulated mass spectra for argon (m/z 40) at different initial ion velocities using 

QMF with hyperbolic electrodes and similar parameters, (i) with fringe field effects (3D) and 

(ii) without fringe field effects (2D). 
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Figure 4.2: Simulation of QMF ion transmission as a function of initial ion velocity. 

 Figure 4.2 shows simulated ion transmission as a function of initial ion 

velocity with and without fringe field effects for mass peaks shown in Figure 4.1. For 

the results without fringe field effects (perfect hyperbolic 2D fields, red line), ion 

transmission remains constant with a minimal increase for higher velocities. The 

results including three-dimensional fringe field effects show a transmission curve with 

increase in ion transmission for increasing ion velocity till ≈1500ms-1, followed by a 

dip in transmission occurs for increase in ion velocity up to ≈ 2000ms-1, then increasing 

transmission to a peak position at ion velocity ≈ 4000 ms-1 and then gradually 

decreases for further increasing ion velocity. The peak position of this transmission 

curve in Figure 4.2 predicts the optimum ion velocity condition to achieve maximum 

ion transmission for the given QMF. It can be deduced from these simulation results 

that fringe fields can be beneficial to QMF performance for certain operating 

conditions.  
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4.2 Effects of fringe field in transmission and resolution  

 

Figure 4.3: Variation of ion transmission and resolution with ion velocity simulated using QMS-

3D (QMF with fringe field effects). 

In addition to the transmission curve, Figure 4.3 shows the resolution measured 

at 10% of peak height (for the results of Figure 4.1(i)) as a function of ion velocity for 

QMF with fringe field effects. The resolution remains highest in the lower velocity 

region (until the transmission curve peak position) and then decreases as the initial ion 

velocity increases. For the results shown the velocity 4000 ms-1 can be described as 

the sweet operating point providing optimum resolution vs transmission 

characteristics.  This is due to the reduction in the number of RF cycles (N) 

experienced by the ions within the QMF. In practice, for the given QMF length and 

operating conditions, the operator may not normally increase the ion velocity beyond 

~10000 ms-1 and this is to maintain a sufficiently large N in the QMF region. However, 

the extended velocity range is also simulated here to show the complete trend of 

transmission and resolution.  
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4.3 Transmission curve for hyperbolic and circular electrodes 

 

Figure 4.4: Simulation results showing a comparison of fringe field effect on ion transmission 

for hyperbolic and circular electrodes for ions entering with different velocities. 

The effect of fringe fields is also analysed for a QMF with circular electrodes. 

Simulation results in Figure 4.4 show a comparison of a transmission curve for a QMF 

with hyperbolic and circular electrodes. The circular electrode radius, 𝑟𝑒  = 1.127 𝑟0  is 

known to produce best performance [6, 7]. A QMF with circular electrodes produces 

a similar transmission curve but with reduced peak height as previously found in [5]. 

The dual peak is reduced in circular electrodes and the curve is smoother compared to 

hyperbolic electrodes. A similar smooth transmission curve was predicted by Ehlert 

and Dawson [8, 9]. 
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4.4 Transmission curve trends 

 

Figure 4.5: Proportion of ion transmission or loss (in x, y or z direction) for the results of 

individual mass scans in Figure 4.1(i), predicted using QMS-3D at entrance and exit to the QMF. 

This section analyses the trend in ion loss (reduced transmission) for different 

ion velocity regions in the transmission curve. Figure 4.5 shows the proportion of ions 

either transmitted or lost in x, y or z direction for the given hyperbolic QMF results in 

Figure 4.1(i), including fringe field effects. Directions x, y and z are shown previously 

in Figure 3.1. Ion loss is greater in the y direction for the lower velocity region and 

more on the x direction for higher velocity region with reduced x and y loss near the 

peak position. Ion return to the source occurs at lower ion velocity. The ion loss pattern 

is further demonstrated with ion trajectories later in this section. Also from Figure 4.5, 

it is evident that the fringe field effect at the detector gap (exit gap) for this particular 

QMF is negligible, as shown by the green trace. The entrance fringe fields are treated 
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with high importance whereas the exit fringe field effects are less important and can 

be reduced by a strong attractive field from the detector. 

Some of the transmission curve trends shown in Figure 4.1, 4.2 and 4.5 can be 

explained with reference to the ion trajectory plots shown in Figure 4.6. To show the 

effect of entrance axial field on ion motion, the trajectories for a single ion (m/z 40 at 

the maximum peak position of simulated 40Ar+ mass spectra) with different initial 

velocities are simulated. For the instrument operating conditions described earlier (𝑟0 = 

2.76 mm, source gap = 0.725𝑟0 ), the initial 𝑥 - 𝑦 starting co-ordinates of the ion are 𝑥 

= 0.13𝑟0  and 𝑦 = 0.07𝑟0 . This corresponds to an ion position off-axis (where the axis 

is: 𝑥 = 0, 𝑦 = 0) and close to the boundary of the source aperture radius, 𝑟𝑖𝑒 = 0.17𝑟0 . 

The initial phase angle for the simulation is π radians for all trajectories simulated. 

Ions entering the QMF with a low velocity will spend more time in the fringing field 

at the entrance to the QMF. In some cases, ions may become trapped in the entrance 

field or reflected to the source. Figure 4.6 (a) shows an example of a low velocity ion. 

Careful observation shows that the ion trajectory ‘goes back ‘on itself. The ion in this 

case is reflected to the source by the 3D fringing field at the entrance to the QMF. For 

higher velocities, the same ion is successfully transmitted as illustrated in Figure 

4.6(b). Increasing the velocity further causes instability in the 𝑦 direction (Figure 

4.6(c)). The ability of the fringe field to accelerate ions is mitigated for further 

increases in initial ion velocity. Figure 4.6 (d) shows the trajectories for an ion with 

velocity 2690 ms-1 and Figure 4.6 (e) shows stable ion trajectories in 𝑥 and 𝑦 with the 

lowest amplitude corresponding to the optimum velocity position (≈4000 ms-1) at the 

maxima of the transmission curve (as given in Figure 4.4). Further increases in initial 

ion velocity result in 𝑥 – instability as shown in Figure 4.6 (f).  
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Figure 4.6: Simulated trajectories of a single ion with initial position (𝑥 = 0.13𝑟0 , and 𝑦 = 

0.07𝑟0 ), initial phase angle 𝜋 radians and m/z = 40 at different initial ion velocities; (a) 1318 ms-

1, (b) 1600 ms-1, (c) 1965 ms-1, (d) 2690 ms-1, (e) 3804 ms-1 and (f) 5335 ms-1. 
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4.5 Ion entry and QMF acceptance 

Acceptance of a QMF refers to the successful transmission of ions from source 

to exit for a given ion entry conditions includes initial 𝑥,𝑦 positions and phase angle. 

Acceptance studies of a QMF with variable parameters such as instrument radius, ion 

velocity, frequency of RF waveform, different source gaps, etc., can be used in the 

source design for achieving better performance and optimal coupling between ion 

source and QMF. Previous methods of analysis include the phase space ellipse method 

[9-11] to predict ion transmission based upon QMF acceptance ellipses (also described 

in Section 2.3.7.2), but the difficulty of phase-space analysis is the neglect of the 

coupling of ion motion in all three dimensions caused by non-zero 𝐸𝑧 . This is done to 

avoid complex six-dimensional phase space calculations [9]. 

4.5.1 QMF acceptance - without fringe field effects 

4.5.1.1 Initial ion position 

Figure 4.7 shows the acceptance of an ideal QMF (2D, i.e. without considering the 

effect of fringe fields) based on ion input positions. The results correspond to the 

simulation results used for Figure 4.1(ii), ion initial positions of successfully 

transmitted ions are plotted at Low Mass Side (LMS), peak and High Mass Side 

(HMS) of a simulated 40Ar+ mass spectrum at ion velocity 1500 ms-1. Ion input of 105 

ions with random initial x, y positions and phase angle are used in this study.  
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Figure 4.7:  Simulated mass spectra of 40Ar+ ions for ion velocity 1500 ms-1 (from the results of 

Figure 4.1(ii)). Initial positions of successfully transmitted ions are plotted at: (i) LMS at 10% 

of mass peak height, (ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 

50 % of peak height and (v) HMS at 10% of peak height. 

 

Figure 4.8: Initial ion positions of successfully transmitted ions for the full mass spectrum shown 

at each velocity point (corresponding to the results shown in Figure 4.1(ii)). These are sum of 

ion positions in the full mass spectrum (LMS at 10% and 50% of peak height, at top of the mass 

peak, HMS at 50 % and 10% of peak height– for example, the initial ion position (i) is the sum 

of the all ion positions (i - v) in Figure 4.7 
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As shown in Figure 4.7, on LMS of the mass spectrum, majority of the ions 

accepted into the QMF (and eventually transmitted to form the resulting spectrum) 

originate close to x-axis (hereafter this is referred to as x acceptance). At the peak, ions 

originate with a uniform spacing in x, y around the center axis and at the HMS, the 

accepted (successfully transmitted) ions originate close to y axis (hereafter this is 

referred as y acceptance).  

These trends in acceptance will be the same for any change in ion velocity 

conditions. Figure 4.8 shows the sum of all initial positions of successfully transmitted 

ions for the full mass spectrum at different ion velocity conditions (three positions are 

chosen as shown in first part of Figure 4.8), the results show that the acceptance trend 

of an ideal QMF is same for varying ion velocity conditions. 

4.5.1.2 Initial phase angle 

 

 

Figure 4.9: Simulated mass spectrum of 40Ar+  ions for ion velocity 1500 ms-1 (similar to results  

of Figure 4.7), showing initial x and y positions of successfully transmitted ions plotted as a 

function of phase angle at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and 

(iii) HMS at 50 % of peak height. 
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 In addition to the ion input position, the phase of the RF cycle at which the ion 

enters QMF is an important factor which affects ion transmission. Figure 4.9 shows 

the x and y transmission as a function of phase angle, the results are similar to Figure 

4.7 and it shows the acceptance based on phase angle at LMS (50% of peak height), 

mass peak and HMS (50% of peak height) of 40Ar+ mass spectrum at ion velocity 

1500ms-1. 

As shown in Figure 4.9, the overall transmission is high at all positions when the phase 

angle is 𝜋. The acceptance width of x transmission decreases as moving from LHS to 

HMS and increases for y transmission. In QMF-2D, these trend of x and y acceptance 

based on phase angle is same for all velocity point similar to the results of Figure 4.8. 

In practice however, the presence of 3D fringe fields will alter this trend and the ion 

acceptance based on input positions and phase angle will not be same at different 

velocity point in the transmission curve. 

4.5.2 QMF acceptance –with fringe field effects 

To study the ion acceptance at different velocity point in the transmission curve 

(Figure 4.2), nine velocity positions are chosen as shown in the Figure 4.10. The effect 

of ion positions and phase angle on ion transmission will be analysed for individual 

mass spectrum at these initial velocity conditions using hyperbolic QMF 3D model, 

which includes fringe field effects. Transmission curve simulated with QMS-3D, 

similar to the results in Figure 4.2 and corresponding to the ion transmission results of 

Figure 4.1 (i), showing 9 velocity positions for acceptance study; (a) 1000ms-1, (b) 

1250ms-1, (c) 1500ms-1, (d)1800ms-1, (e) 2100 ms-1, (f) 2600ms-1, (g) 4000 ms-1, (h) 

8000ms-1 and (i) 12000 ms-1 
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Figure 4.10: Transmission curve simulated with QMS-3D, similar to the results in Figure 4.2 

and corresponding to the ion transmission results of Figure 4.1 (i), showing nine velocity 

positions for acceptance study; (a) 1000ms-1, (b) 1250ms-1, (c) 1500ms-1, (d)1800ms-1, (e) 2100 

ms-1, (f) 2600ms-1, (g) 4000 ms-1, (h) 8000ms-1 and (i) 12000 ms-1. 

4.5.2.1 Effect of ion input positions 

4.5.2.1.1  Ion return 

The transmission is lower for low velocity ions entering QMF at 1000ms-1 and is 

lower than the QMF-2D results as shown in Figure 4.2. This is due to the influence of 

fringe fields upon slow moving ions, which spend a longer time in the fringe field 

region, which may cause them to get lost in the y direction or get trapped in the source 

gap region. In some scenarios ions may return to the source as shown in Figure 4.6 (a) 

and Figure 4.5. Figure 4.11 shows the input positions of such ions, which returned to 

source, they are predicted to be placed close to the x axis (near QMF electrodes) and 

far from the y axis in a curved shape. 
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Figure 4.11: Input positions of ions returned back to the source. Predicted using QMS-3D model 

for 40Ar+  simulated at velocity 1000ms-1. Other simulation parameters are same as in Figure 4.2. 

4.5.2.1.2 Ion acceptance 

Figure 4.12 shows the input positions of accepted ions at 10% and 50% of the 

peak height in LMS, peak position, and 10% and 50% of the peak height in HMS of 

the mass spectrum simulated for 40Ar+ ions with initial ion velocity 1000ms-1, refers to 

point (a) in Figure 4.10. The ions closer to x axis is mostly accepted and the pattern is 

different from the QMS-2D results in Figure 4.7. Also, Figure 4.12(i) shows the origin 

of inner hollow space (ring shape) which gets filled up as m/z increases. The presence 

of ring-shaped acceptance is more pronounced for further increase in initial ion 

velocity. Figure 4.13 shows the acceptance at ion velocity 1250ms-1, the width of 

accepted ion positions increases with an increase in inner hollow space at LMS. In 

addition to the ring-shaped acceptance, the pattern of x acceptance in the LMS and y 

acceptance in the HMS (as in Figure 4.7) is also present. 
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Figure 4.14 corresponds to the mini peak in Figure 4.10 (position c), which 

clearly shows the ring-shaped acceptance started to expand and denser near the y 

electrodes. The y acceptance is high throughout the mass peak. The increase in 

transmission and the reason for the mini peak (Figure 4.10 (c)) is due to the strong 

ring-shaped acceptance and additional y acceptance in these velocity conditions.  

For further increase in velocity the inner hollow space grows, and the ring-

shaped acceptance move towards the outer edge of the source plate aperture as shown 

in Figure 4.15. At the same time, the general pattern of x acceptance started to occur 

in the LMS as shown in Figure 4.15 (i). This ring shape acceptance will slowly 

disappear for further increase in ion velocity. Figure 4.16 shows the disappearance of 

hollow inner space and minimal ring-shaped acceptance for ion velocity 2100ms-1, this 

position corresponds to the dip in transmission curve as shown in Figure 4.10 (position 

e). From here onwards the pattern of acceptance is like ideal QMF acceptance pattern.  

For further increase in ion velocity as shown in Figure 4.17, the acceptance trend of x 

origin at LMS (x acceptance), uniform acceptance at the mass peak and y origin at 

HMS (y acceptance) started to occur but with improving transmission for increasing 

velocity. Figure 4.18 shows the maximum acceptance corresponding to the optimal 

peak position in Figure 4.10 (position g), the transmission begins to decrease beyond 

this point but the trend in x and y acceptance remains the same and matches the QMS-

2D results (Figure 4.7). This is shown in Figures 4.19 and 4.20. The reason for mini 

peak in the lower velocity region of Figure 4.10 is due to the additional ring-shaped 

acceptance with improved y transmission as shown in the results of Figures 4.12 to 

4.15. 
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Figure 4.12: Simulated mass spectra of 40Ar+ ions for ion velocity 1000 ms-1 (refers to Figure 

4.10 (a)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 

 

Figure 4.13: Simulated mass spectra of 40Ar+ ions for ion velocity 1250 ms-1 (refers Figure 4.10 

(b)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, (ii) 

LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height and 

(v) HMS at 10% of peak height. 
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Figure 4.14: Simulated mass spectra of 40Ar+ ions for ion velocity 1500 ms-1 (refers to Figure 

4.10 (c)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 

 

Figure 4.15: Simulated mass spectra of 40Ar+ ions for ion velocity 1800 ms-1 (refers to Figure 

4.10 (d)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 
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Figure 4.16: Simulated mass spectra of 40Ar+ ions for ion velocity 2100 ms-1 (refers to Figure 

4.10 (e)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 

 

Figure 4.17: Simulated mass spectra of 40Ar+ ions for ion velocity 2600 ms-1 (refers to Figure 

4.10 (f)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 
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Figure 4.18 Simulated mass spectra of 40Ar+ ions for ion velocity 4000 ms-1 (refers to Figure 

4.10 (g)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 

 

Figure 4.19: Simulated mass spectra of 40Ar+ ions for ion velocity 8000 ms-1 (refers to Figure 

4.10 (h)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 
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Figure 4.20: Simulated mass spectra of 40Ar+ ions for ion velocity 12000 ms-1 (refers to Figure 

4.10 (i)). Initial positions of accepted ions are plotted at: (i) LMS at 10% of mass peak height, 

(ii) LMS at 50% of peak height, (iii) at top of the mass peak, (iv) HMS at 50 % of peak height 

and (v) HMS at 10% of peak height. 

Figure 4.21 shows the overall ion acceptance (total mass peak) based on initial 

x-y positions, along the transmission curve, at various ion velocities as marked in 

Figure 4.10. At each velocity position, the overall acceptance shows the initial x-y 

positions of successfully transmitted ions for individual mass spectrum (For example, 

sum of ion positions from (i) to (v) for Figure 4.11 represents the overall acceptance 

in position (a) of Figure 4.21). 

Figure 4.21 shows that the overall ion acceptance (based on ion entry positions) 

of QMF in the presence of fringe fields is different for different ion velocity conditions 

when compared to the overall acceptance of ideal QMF case as shown in Figure 4.8. 

For the low velocity position (a) in Figure 4.21, the overall acceptance is close to the 

x-axis and the y acceptance started to increase for increase in ion velocity as shown in 

position (b). The presence of strong ring-shaped acceptance which is more pronounced 
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near the y-axis is the reason for increased ion transmission at the position (c), which 

corresponds to the mini peak in the transmission curve. This ring-shaped acceptance 

grows towards the outer edge for further increase in ion velocity and nearly 

disappeared in position (e), this corresponds to the dip in the transmission curve. From 

there, the ideal x-y ion acceptance pattern strengthens, and it is maximum at the 

optimal peak position corresponding to position (g) in Figure 4.21. As shown in 

position (e) and (f) of Figure 4.21, the acceptance started to decrease gradually for 

further increase in ion velocity beyond the optimum velocity positions, but the x – y 

acceptance pattern remains the same as shown in Figure 4.19 and 4.20. These results 

of Figure 4.21 show the QMF acceptance varies at each velocity position in the 

transmission curve due to fringe field effects. 
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4.5.2.2 Effect of phase angle in ion transmission 

Ion acceptance effects based on phase angle is complex due to the presence of 3D 

fringe fields and varies at different velocity positions in the transmission curve. Figures 

4.22 to 4.30 show the x and y acceptance (for the nine positions in Figure 4.10) as a 

function of phase angle, the results reveal that there is no fixed phase angle for 

achieving higher transmission similar to phase angle π radians in QMS -2D results 

(Figure 4.9). The x and y acceptance trends differ for each velocity position and this 

proves the acceptance based on phase angle is complex [12] for QMF with 3D fringe 

field effects. The initial investigations show the acceptance of QMF is less dependent 

on the initial phase angle due to the influence of fringe fields. 

 

 

Figure 4.22 Simulated mass spectra of 40Ar+ ions for ion velocity 1000 ms-1 (refers Figure 

4.10(a)). x and y positions of successfully transmitted ions are plotted as a function of phase 

angle at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % 

of peak height. 
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Figure 4.23: Simulated mass spectra of 40Ar+ ions for ion velocity 1250 ms-1 (refers to Figure 

4.10(b). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 

 

Figure 4.24: Simulated mass spectra of 40Ar+ ions for ion velocity 1500 ms-1 (refers to Figure 

4.10(c). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 
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Figure 4.25: Simulated mass spectra of 40Ar+ ions for ion velocity 1800 ms-1 (refers to Figure 

4.10(d). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 

 

Figure 4.26: Simulated mass spectra of 40Ar+ ions for ion velocity 2100 ms-1 (refers to Figure 

4.10(e). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 
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Figure 4.27: Simulated mass spectra of 40Ar+ ions for ion velocity 2600 ms-1 (refers to Figure 

4.10(f). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 

 

Figure 4.28: Simulated mass spectra of 40Ar+ ions for ion velocity 4000 ms-1 (refers to Figure 

4.10(g). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 
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Figure 4.29: Simulated mass spectra of 40Ar+ ions for ion velocity 8000 ms-1 (refers to Figure 

4.10(h). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 

 

Figure 4.30: Simulated mass spectra of 40Ar+ ions for ion velocity 12000 ms-1 (refers to Figure 

4.10(i). x and y positions of successfully transmitted ions are plotted as a function of phase angle 

at: (i) LMS at 50% of mass peak height, (ii) at top of the mass peak and (iii) HMS at 50 % of 

peak height. 
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4.6 Conclusion 

QMS -2D and QMS -3D software models are used to study the QMF acceptance 

based on ion entry conditions such as initial positions and phase angle. The acceptance 

of a QMF using 2D simulation shows a pattern and it remains same for any change in 

ion velocity conditions. For the first time in this work QMF acceptance including 3D 

fringe field simulation at both end gaps are studied for various ion velocity conditions.  

The x,y ion entry positions show the beneficial effect of fringe field and increased y 

acceptance near the first transmission peak (mini-peak) at velocities of  approximately 

1500ms-1  and also show a ring shaped x, y acceptance at these positions. Initial 

investigation of 3D acceptance based on phase angle reveals a more complex pattern, 

and there is no fixed phase angle for optimum transmission, it varies based on the 

instrument geometry and operating conditions. The acceptance based on initial phase 

angle has been considered less importance when compared to the acceptance based on 

initial ion positions. 

  Using QMS–3D, it is now possible to predict the optimum operating conditions 

for transmission at a given range of 𝑚/𝑧 when designing and manufacturing an 

instrument for a specific application. Ion acceptance at particular operating conditions 

is important to maximise instrument sensitivity and precise ion source design is also 

needed to ensure optimal coupling between the ion source and QMF. These 

conclusions are particularly significant for portable and miniature instruments where 

sensitivity is a key concern. 
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5 Experimental analysis of QMF transmission 

characteristics 

5.1 Introduction 

In the past, few experimental results have been published investigating the effect 

of fringe fields on ion transmission [1, 2]. Early theoretical and experimental work 

found that the effect of fringe fields is more profound on heavier ions resulting in 

decrease of QMF ion transmission efficiency. This is since heavier ions spend a longer 

period in the fringe field regions and are exposed to certain defocusing forces in the 𝑦 

direction [1, 2]. Following this, Ehlert employed an experimental approach based on 

isotope ratio measurements to plot ion transmission efficiency as a function of m/z [3]. 

No other comparable attempt has been published. The resulting curve (see Figure 5.1 

below) showed the expected fall in transmission at higher m/z [1, 2], but transmission 

unexpectedly peaked near 30 Da and fell at lower m/z; this fall was believed at the time 

to be an artefact of the instrument’s RF detection circuitry. Following this, however, 

an approximate linear model of the fringe field (in which 𝐸𝑥 and 𝐸𝑦 ramp linearly from 

zero to full quadrupole fields on attaining a prescribed displacement from the ions’ 

starting position, (typically 𝑟0) [4-6] predicted a transmission fall-off at lower m/z 

using phase space dynamics. It was concluded that QMF mass discrimination effects 

may be predicted as a function of the number of RF cycles (optimal between 1 to 3 RF 

cycles) spent by ions of different m/z in the fringe field around the entrance to the 

QMF. 

Generation of an experimental transmission curve would be advantageous 

considering the single previous example to date [3]. In this chapter, therefore, Ehlert’s 

experimental approach [3] has been revisited using a portable QMS instrument, both 
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to compare the transmission characteristics obtained with a different set of 

instrumental parameters (including the “artefact” at lower 𝑚/𝑧), and to assess the 

accuracy of the simulation model.  A method of fixing the absolute transmission 

efficiency is also explored (not attempted by Ehlert). 

5.2 Ehlert’s method 

Ehlert’s method compares measured and known isotopic abundances to 

establish transmission efficiency ratios 𝜏𝑠1
/𝜏𝑠2

 between pairs of isotopes of several 

elements, where S1 and S2 refer to isotopic species 1 and 2 of the same element S. The 

approach assumes the ion source behaviour will be the same for both isotopes. 

Equation (5.1) then allows comparison of the ratio in detected ion current (𝐼𝑠2
/𝐼𝑠2

) with 

the known isotopic ratio (𝐴𝑠1/𝐴𝑠2) to determine the transmission efficiency ratio of 

the QMF for each pair of isotopes: 

𝜏𝑆1

𝜏𝑆2
=

𝐼𝑆1𝐴𝑆2𝐺𝑆2

𝐼𝑆2𝐴𝑆1𝐺𝑆1
                  (5.1) 

where 𝐺𝑠1 and 𝐺𝑠2 are the gains of the detector used for the respective species. 

Provided the same detector gain is used for two isotopes of the same element, then in 

Faraday mode 𝐺𝑆1/𝐺𝑠2 = 1, while in multiplier mode, it has been shown [7] that 

𝐺𝑠1

𝐺𝑠2
= √

(𝑚/𝑧)𝑠2

(𝑚/𝑧)𝑠1
                  (5.2) 

It is assumed that the transmission curve can be approximated by an equation whose 

logarithm takes the form of Equation (5.3), if a suitable order can be chosen:  

lg 𝜏 = 𝐶0 + 𝐶1 (
𝑚

𝑧
) +  𝐶2 (

𝑚

𝑧
)

2

+ ⋯               (5.3) 
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Except for 𝐶0, all polynomial coefficients (𝐶1, 𝐶2, etc.) are found through least squares 

curve fitting of equation (5.4) (which follows from (5.3)) for all isotopic pairs:   

lg
𝜏𝑆1

𝜏𝑆2
= 𝐶1 {(

𝑚

𝑧
)

𝑆1
− (

𝑚

𝑧
)

𝑆2
} +  𝐶2 {(

𝑚

𝑧
)

2

𝑆1
− (

𝑚

𝑧
)

2

𝑆2
} + ⋯            (5.4) 

The choice of 𝐶0  then sets the scale of the transmission curve generated by 

substituting 𝐶1 to 𝐶7 back into equation (5.3) and raising it to an exponent of 10. Ehlert 

chose 𝐶0 arbitrarily to give 𝜏 = 100 at m/z = 0.  In this work, RF-only transmission 

data were compared to determine 𝜏 empirically as a percentage of the total ion current 

entering the QMF (described in Section 5.4.1).  

5.2.1 Ehlert’s transmission curve 

Figure 5.1 is a recalculation of Ehlert’s smooth transmission curve as a function 

of m/z using the original ion current and isotope transmission ratio data as described 

in [3] (also shown in Table 5.1) and a similar least squares algorithm (7th order 

polynomial fit with standard error in log 𝜏 of 0.0017 and an R-squared of 0.9995.) The 

value of 𝐶0 was set to 2 in accordance with the value chosen arbitrarily by Ehlert, 

which if extended creates an intercept of 𝜏 = 100 for his experimental curve. This is 

not to be confused with a percentage value; it is rather a (hypothetical) prediction of 

relative transmission efficiency at zero m/z, created by extrapolation of the fitted curve. 

Such an intercept value, relative or otherwise, should be treated as a feature of the 

curve fit rather than a necessary prediction of the experimental data. A similar 

argument applies to the points calculated from Equation (5.5) to generate the curve. 

For these reasons, Ehlert’s original practice of extending the curve below 10 Da (the 

lowest measured m/z) or showing the calculated points has not been used.  
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Table 5.1: Ion current and transmission ratios used by Ehlert (obtained from [3]) 

Species (S) (Is1/Is2)*(Gs2/Gs1) As2/As1 τS1/τS2 

20 Ne 2+, 22Ne 2+ 9.397 0.097 0.912 

20 Ne +, 22Ne + 9.62 0.097 0.933 

35 Cl +, 37Cl + 3.18 0.324 1.033 

134 Xe 2+, 136Xe 2+ 1.235 0.8496 1.049 

80 Kr +, 83 Kr + 0.2137 5.0881 1.087 

82 Kr +, 83 Kr + 1.0314 1.0009 1.032 

84 Kr +, 86 Kr + 3.437 0.3053 1.049 

129 Xe +, 131Xe + 1.42 0.8011 1.137 

134 Xe +, 136Xe + 1.373 0.8496 1.166 

 

 

Figure 5.1: QMF transmission curves as a function of m/z generated from Ehlert’s results [3]. 
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5.3 Experimental method  

Measurements were made using a commercial single filter portable QMS 

instrument (supplied by Q-Technologies, Liverpool) incorporating an electron 

ionisation source with a single focus, and a dual detection apparatus (Faraday plate 

and electron multiplier). The instrument has a mass range from 1 to approximately 200 

Da. The geometrical dimensions are: 𝑟0 = 2.753 mm; 𝑟 (radius of circular electrodes) 

= 1.148𝑟0 (5.16 mm); 𝑟𝑖𝑒 = 0.334𝑟0 (0.92 mm); source gap = detector gap = 0.726 𝑟0 

(~2 mm); detector end-plate aperture radius = 0.581𝑟0 (1.6 mm); electrode length (𝑙) 

≈ 45𝑟0 (125.4 mm), and frequency of RF supply (𝑓) = 2 MHz. The system is housed 

in a stainless-steel vacuum chamber with a residual (background) gas total pressure of 

~3×10-8 Torr. Research grade neon, argon, krypton and xenon gas obtained from BOC 

were individually supplied to the vacuum chamber, raising the working pressure to 

~5×10-5 Torr, with an ion injection energy of 5 eV.  

5.3.1 Experimental transmission curve 

Ehlert’s method [3] was followed to produce a transmission efficiency curve 

for this instrument (enhanced by a method to determine absolute transmission 

efficiency.) For the new transmission curve (Figure 5.3), neon, argon, krypton and 

xenon were introduced to the QMS inlet separately from pressurized cylinders under 

uniform operational pressure, source voltage and other instrumental operating 

conditions including 𝑈/𝑉 ratio. Measurements were taken at mass steps of 0.01 Da, 

Figure 5.2 show the sample isotope measurements for neon, argon, krypton and xenon. 

Before the measurements with each gas, background gases in the chamber were 

measured for later subtraction. A minimum time interval of 3 to 5 hour(s) was usually 

allowed to elapse between measurements taken from different gases; in these cases, 

the instrument could reach its base pressure before introducing the subsequent gas.  
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Figure 5.2: Measured mass spectrum show isotopic species of (a) Ne2+ and Ne+, (b) Ar+, (c) K2+ 

and Kr+, (d) Xe2+ and Xe+ 
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Table 5.2: New experimental transmission ratios obtained for different isotopic pairs 

Species (S) (Is1/Is2)*(Gs2/Gs1) As2/As1 τS1/τS2 

20 Ne 2+, 22Ne 2+ 9.337 0.102 0.952 

20 Ne +, 22Ne + 9.102 0.102 0.928 

36 Ar +, 40Ar + 0.003 298.573 0.896 

80 Kr 2+, 86 Kr 2+ 0.125 7.559 0.945 

84 Kr 2+, 86 Kr 2+ 3.212 0.303 0.973 

129 Xe 2+, 134Xe 2+ 2.405 0.395 0.951 

134 Xe 2+, 136Xe 2+ 1.153 0.849 0.979 

78 Kr +, 80 Kr + 0.151 6.439 0.972 

80 Kr +, 82 Kr + 0.201 5.071 1.019 

84 Kr +, 86 Kr + 3.421 0.303 1.037 

129 Xe +, 132Xe + 1.171 1.019 1.193 

134 Xe +, 136Xe + 1.37 0.849 1.163 

 

Table 5.2 provides the ion transmission ratios (τS1/τS2) of isotopic pairs of 

different species calculated from known abundance ratios (As2/As1) [8, 9] using 

equation (5.1). The instrument was operated mostly in Faraday mode, making the 
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detector gain factor equal to unity [3]; in other cases, equation (5.2) was employed to 

correct for mass-selective multiplier effects.  

By procuring coefficients 𝐶1 to 𝐶7 as described in the experimental methods 

section, an equation for the relative transmission 𝜏 was obtained as a function of m/z: 

lg 𝜏 = 𝐶0 − 8.580 × 10−4 (
𝑚

𝑧
) + 2.157 × 10−3 (

𝑚

𝑧
)

2

− 9.961 × 10−5 (
𝑚

𝑧
)

3

+

2.134 × 10−6 (
𝑚

𝑧
)

4

− 2.331 × 10−8 (
𝑚

𝑧
)

5

+ 1.242 × 10−10 (
𝑚

𝑧
)

6

− 2.565 ×

10−13 (
𝑚

𝑧
)

7

                  (5.5) 

Figure 5.3 shows the absolute transmission efficiency curve produced from 

Equation (5.5) following calculation of 𝐶0 (Section 5.4.1; note that neither the shape 

of the curve nor the m/z location of maximum transmission efficiency is influenced by 

𝐶0). 

 

Figure 5.3: QMF absolute transmission curve as a function of m/z generated from isotope 

measurements taken on given instrument (detailed in Table 5.2) 
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Figure 5.3 bears out the general trend shown by Ehlert’s experiments taken on 

a different quadrupole mass spectrometer, with transmission initially rising to a peak 

as 𝑚/𝑧 increases, before falling away, and reaffirms the fall in transmission efficiency 

observed by Ehlert at lower m/z.  The transmission peak occurs at a different m/z 

position (~80 Da), as does the overall optimal transmission range; this is attributable 

to the different instrument parameters such as source gap, electrode length, 𝑟0 , 

frequency of RF waveform, ion energy and resolution settings [10, 11]. 

5.4  Absolute transmission efficiency 

To convert the relative transmission curve predicted by Equation (5.5) into 

absolute transmission efficiency (𝜏𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒) as shown in Figure 5.3, a reliable estimate 

for the scaling constant 𝐶0 is required. To achieve this, several local estimates of 𝐶0 

were calculated, each for a given isotope / charge state (referred to as a component) of 

a different element, by substituting a value (𝑋𝑖) representing the absolute ion 

transmission efficiency for component 𝑖, into Equation (5.5) in place of 𝜏. 𝑋𝑖 was 

obtained by ascertaining the ratio of the measured ion current 𝐼2𝑖 (obtained in mass 

scanning mode with non-zero DC component) with the measured ion current for zero 

DC (RF-only mode). The latter may be taken to represent the input current, 𝐼1𝑖, of 

component 𝑖 at the source aperture. That is, 

𝑋𝑖 =
𝐼2𝑖

𝐼1𝑖
                  (5.6) 

Obtaining the ratio 𝐼2𝑖/𝐼1𝑖 is not a trivial exercise. Attempting this directly by 

choosing the local peak in the RF-only spectrum representing 𝐼1𝑖 was found to be a 

complex process subject to human error and the precise calibration of the instrument’s 

mass scale. Reliability is further reduced because the determination of 𝐼1𝑖 for a single 

isotope introduces significant additional analytical error. The proportions of doubly 
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ionized peaks increased the complexities. Figure 5.4 shows the RF-only spectrum and 

mass spectrum of krypton. A more feasible approach was therefore formulated as 

described below in the RF-only method. 

 

Figure 5.4: Measured krypton mass spectrum and RF-only spectrum. 

5.4.1 RF-only method for estimation of  𝑪𝟎 

Assuming that the maximum RF-only ion current measured, during 

introduction of a single element, represents the total ion current at the source, 𝐼1, of 

this element, then 𝐼1 comprises the currents of 𝑁 isotopic species including its doubly 

ionized variants (referred to as components and denoted by the subscript 𝑖); that is, 

𝐼1 = ∑ 𝐼1𝑖
𝑁
𝑖=1                   (5.7) 

These several components of 𝐼1 occur for different m/z and thus are subject to 

the mass-selective relative transmission effects approximated by Equation (5.5). If 𝐼2𝑖 

refers to the detected ion current for component 𝑖 in mass-scanning mode, the goal is 

to calculate the absolute transmission efficiency 𝑋𝑖 = 𝐼2𝑖/𝐼1𝑖 for a given component. 
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Equation (5.5) yields 𝜏𝑖, the relative transmission at the m/z of component 𝑖: 

𝜏𝑖 = 𝑐𝑋𝑖 = 𝑐𝐼2𝑖/𝐼1𝑖                 (5.8)  

where 𝑐 = 10−𝐶0 is an unknown scale factor. Performing the same computation for 

any other component 𝑗 of the same element,  𝜆𝑗𝑖, the ratio of the transmission for 

component 𝑗 to that of component 𝑖 may be calculated from 

𝜆𝑗𝑖 =
𝜏𝑗

𝜏𝑖
=

(𝐼2𝑗/𝐼1𝑗)

(𝐼2𝑖/𝐼1𝑖) 
                 (5.9) 

Rearranging Equation (5.8), substituting the result for 𝐼1𝑖 into Equation (5.7), 

multiplying by 𝜏1/𝑐 and comparing the result with Equations (5.9) and (5.8) yields 𝑋1: 

𝐼1
𝜏1

𝑐
=

𝜏1

𝑐
∑

𝑐𝐼2𝑖

𝜏𝑖

𝑁
𝑖=1 = 𝐼21 + ∑ 𝐼2𝑖 (

𝜏1

𝜏𝑖
)𝑁

𝑖=2 = 𝐼21 + ∑ 𝐼2𝑖𝜆1𝑖
𝑁
𝑖=2 ⇒ 𝑋1 =

𝐼21+∑ 𝐼2𝑖𝜆1𝑖
𝑁
𝑖=2

𝐼1
   

                        (5.10) 

𝑋1 can be substituted in Equation (5.5) for 𝜏 to obtain a component-specific 

value for 𝐶0: 

𝐶0 = lg (𝑋1/𝜏1)               (5.11) 

Substitution of 𝑋𝑖 into Equation (5.5) for 𝜏, the calculated 𝐶0 is identical 

regardless of which component of the given element is used, but will, in practice, vary 

by element due to analytical error. Comparison of the calculated 𝐶0 showed strong 

agreement between all elements except xenon, which was an outlier predicting higher 

transmission efficiency. This was taken to indicate the likelihood of misalignment of 

sample pressure between the mass spectra and RF-only spectra for xenon. Such a 

misalignment, while not necessarily affecting the transmission ratios obtained for the 

components of xenon, could artificially inflate the absolute transmission calculation. 

It was therefore decided to use the average of the values obtained for neon, argon and 
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krypton, 𝐶0 = −1.673, for absolute calibration of the transmission curve as shown in 

Figure 5.3. 

The effect of the order of polynomial curve fit on the absolute transmission 

curve was investigated. For orders 6 to 3, 𝐶0 varies between -1.848 and -1.588; the 

effect on the peak value of the absolute transmission efficiency is < 1%. As with 

Ehlert’s results, a seventh order polynomial approximation was used for the curve fit 

of log 𝜏, with, in the case of the new data, a standard error of 0.007 and an R-squared 

value of 0.9836. The order of polynomial used affects the shape and accuracy of the 

curve fit. Figure 5.5 shows the transmission curve for different polynomial order. It is 

entirely possible that a lower order polynomial could give a poorer fit at the data points 

but result in a better interpolation between the data points and hence a more accurate 

relative transmission curve; this is particularly relevant to m/z regions with few 

experimental data points.  Lower order polynomials to order 3 (standard error 0.012; 

R-squared 0.922.) were investigated. Above order 3 there was no effect on the m/z 

position of peak transmission, while for order 3, the optimal transmission position was 

shifted slightly to m/z 85. The effect on peak shape was more noticeable: reducing the 

polynomial order produced a broader, flatter transmission peak, with (below order 6) 

elimination of the slight hump on the low m/z side. Overall, the minor impact appeared 

to support the robustness of the generated curve. 
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Figure 5.5: QMF absolute transmission curve for different polynomial order. 

The Ehlert method is also potentially susceptible to small measurement errors. 

Careful subtraction of baseline measurements and deconvolution of overlapping peaks 

are important while calculating the ion current ratios. Ion current ratios are affected by 

pressure fluctuations and voltage drift, and so an average of typically 10 peak 

transmission measurements was obtained over a short period at uniform pressure for 

each element. Analytical error for ion current ratios across a given element ranged 

between 1 to 2.5% RSD; calculations involving small peaks were prone to higher error 

than those with larger peaks. To study the impact on the transmission curve, a random 

error of up to ±2.5 % was artificially introduced to the recorded ion current ratios, 

Figure 5.6 shows some effects of this random error. This resulted in shifting of the 

peak of the transmission curve by ~ ±5 Da and small alterations in the shape of the 

curve. 
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Figure 5.6: Absolute transmission curve with random ±2.5 % errors. The black dotted line curve 

shows the result in Figure 5.3. 

5.5 Simulated transmission curve 

To test the predictions of the simulation model, particularly in terms of the 

maximum transmission efficiency and its location on the m/z scale, ion transmission 

as a function of m/z for the experimental instrument was simulated, with and without 

fringe field effects. This also allows investigation of ion transmission at very low m/z, 

which is difficult to measure experimentally assuming typical ion energies and, as 

discussed in the previous section, it is not possible to predict confidently from 

experimental data at higher m/z using a curve-fitting equation. To minimise statistical 

variations while still allowing time-efficient computation, 20,000 ion trajectories were 

simulated at each mass step of 0.02 Da. The results described here are for a precisely 

centered source plate aperture, emitting a uniformly distributed beam of ions having 

identical energy (5eV), random distribution of initial RF phase angle and travelling 

parallel to the system axis.  
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Figure 5.7: QMF transmission curves as a function of m/z: (a) Ion transmission curves using 2D 

and 3D simulation method. (b) Absolute transmission curve generated from isotope 

measurements taken on the instrument described (detailed in Table 5.2). 

Figure 5.7 (a) shows the simulated ion transmission as a function of m/z with 

and without fringe field effects. For the results without fringe field effects (ideal 
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quadrupole 2D fields, red line), ion transmission reduces sharply with the initial m/z 

increase, and then remains constant. The results including three-dimensional fringe 

field effects show a similar transmission curve to that obtained experimentally by 

Ehlert’s method in Figure 5(b), including a very similar peak transmission position 

(albeit slightly flatter and broader) and a similar m/z range of overall optimal 

transmission. The absolute percentage of transmission is moderately higher than that 

calculated experimentally; this could be symptomatic of imperfect setting of 

simulation parameters (e.g. spread in initial ion energy and angle) or experimental 

imperfections (for example, isotopic fractionation effects or a slightly off-axis source 

plate aperture)[12, 13]. Nevertheless, the level of agreement in terms of order of 

magnitude suggests merit in the RF-only comparison method of fixing absolute 

transmission and supports the fundamental accuracy of the simulation method. 

Comparison between the 2D and 3D simulated curves confirms that the transmission 

peak is purely due to the effect of 3D fringe fields. 
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Figure 5.8: Ion transmission curves for extended mass range using 2D and 3D simulation 

method. The simulation parameters are same as in Figure 5.7 (a). 

Figure 5.8 shows the simulated Ion transmission curves for extended mass 

range using 2D and 3D simulation method. While the broad trends of previous models 

are borne out, [2, 5] with a pattern of transmission reductions at both lower and higher 

m/z, the BEM model also predicts clear fluctuations (non-smooth) in ion transmission 

which are not a result of statistical variations as discussed in [10, 11]. Furthermore, the 

simulation model indicates a sharp rise in transmission for m/z below 4 Da which was 

difficult to investigate experimentally. This is to be expected in the case of ions 

travelling parallel to the system axis, since as m/z tends to zero, their initial velocity 

must tend to infinity, guaranteeing their arrival at the detector. The trend is reduced, 

but still apparent, for a small initial half angle between the ion beam and the system 

axis, as seen in Figure 5.9. This also show the results of varying some of ion input 

conditions such as peaked ion distribution, angular spread and off-axis ion input. 
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Figure 5.9: The effect of different ion entry conditions on transmission as a function of m/z  for 

the same QMF settings and operating conditions as in Figure 5.7 (a) using QMS-3D model with 

source and exit gaps ~ 2mm 

For the specific QMS dimensions and RF frequency deployed in this study, 

experimental and simulation evidence agree that optimal ion transmission occurs when 

the QMF is operated at a m/z range from about 60 to 90 Da. 

5.6 Conclusion 

The predictions of 3D simulations have been tested using Ehlert’s method of 

measuring the variation of transmission with m/z in a quadrupole mass spectrometer. 

Relative transmission values generated in this way were converted to absolute values 

by an RF-only comparison approach devised to exploit the Ehlert method in the case 

of double ionisation. The same trend of rise and fall in transmission has been observed, 

but with optimal transmission occurring at a significantly different m/z due to different 

dimensions and operational parameters of the instrument used. This same region of 

optimal transmission was predicted by simulation of identical experimental QMF 
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parameters; the pattern results from fringe field effects, which mass-selectively 

enhance or inhibit ion transmission. Good agreement has been found between 

simulations and experimental results, the optimal position of the transmission curve 

will change for different instrument and operating conditions, but always there will an 

optimum peak position due to fringe field effects. These conclusions are particularly 

significant for portable and miniature instruments, where sensitivity is a key concern. 

This allows the possibility of adjusting the operating conditions to correlate with 

specific QMS applications and ion mass range of interest.  
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6 Source gap effect and Fringe field length 

6.1 Introduction 

There is a clear requirement for explicit definition of how fringe field length is 

determined, and an avoidance of possible confusion between mass selection 

implications of the fringe field length and those of the source gap length. Using the 

QMS-3D simulation program, this chapter shows that these two measures are not 

interchangeable. The intensity of the fringe field and its penetration into the QMF, 

which can vary greatly, are partially but not proportionally dictated by the length of 

the source gap. 

For the first time the relationship of QMF transmission characteristics to these 

connected but distinct parameters are characterised, and used individual ion 

trajectories to investigate the more complex and realistic picture that emerges. 

Comparing several methods for determining the fringe field length, the investigation 

demonstrates how the size of the physical source gap nonlinearly influences fringe 

field length and intensity, and thereby ion transmission characteristics. The results 

disclose a complex relationship in which different source gaps promote optimal 

transmission at differing m/z ranges. Axial velocity effects are found to vary 

significantly for a given m/z according to source gap. These results are of importance 

to the design of miniature and portable QMF designs for specific applications, enabling 

the source gap to be tailored to optimal transmission at the m/z range of interest. 

6.2 Fringe field length (𝒍𝒇) 

Earlier works have assumed for convenience a fringe field length (𝑙𝑓) of fixed 

distance equal to 𝑟0[1, 2]. While the fringe field length is difficult to determine since 
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it never completely disappears even in the region between the QMF electrodes, there 

will be a distance into this region where its effects become negligible. Few methods 

of determining fringe field lengths are described here. 

6.2.1 𝑬𝒙 and 𝑬𝒚 method 

Figure 6.1 shows the 2D representation of 𝐸𝑦 plots in the y-z plane (as shown 

in Figure 6.2) at a distance of 𝑥 = 0.5r0 for QMF with three different source gaps 

(0.25r0, 0.75r0 and 1.5r0) for an axial displacement of 3𝑟0 from the ion source exit plate 

using the 3D simulation model. The 𝐸𝑦 plots in y-z plane are shown for the (𝑥, 𝑦) 

positions as shown in Figure 6.2. 

 This method determines an effective 𝑙𝑓 by ascertaining a boundary at which 

the gradients of both 𝐸𝑥 and 𝐸𝑦 (with respect to 𝑥 and 𝑦 displacements respectively 

from the QMF axis) fall to 99.9% of their maximal, constant value further inside the 

QMF region (near-perfectly quadrupole fields). The field gradient change occurs at 

significantly different lengths along different axial lines; the values for 𝑙𝑓 used in this 

method required a 0.1% reduction in ideal field gradients to have been reached or 

surpassed across the vast majority of the region within 0.5𝑟0 of the QMF axis. The 

results of this method are shown in Table 6.1, these results of 𝑙𝑓 are compared with the 

alternative approach such as potential and 𝐸𝑧 method as described in next Section 

6.2.2. and 6.2.3. 
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Figure 6.1: Ey plots (2D representations) in the y-z plane at x=0.5r0  (as shown in Figure 6.2) 

for QMF with three different source gaps (0.25r0, 0.75r0 and 1.5r0) are shown to an axial 
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displacement of 3𝑟0 from the ion source exit plate using the 3D simulation model for a typical 

fringe field region. 

 

Figure 6.2: Schematic representation of inscribed circle within electrodes, the red marks 

represents the initial (x,y) positions at each 0.05𝑟0 between the y electrodes at the distance 

x=0.5r0. 

6.2.2 Potential method 

Figure 6.3 shows the 2D representation of potential pots in y-z plane at a 

distance of x=0.5r0 for QMF with three different source gaps (0.25r0, 0.75r0 and 1.5r0) 

for an axial displacement of 3𝑟0 from the ion source exit plate using the 3D simulation 

model. The potential plots in y-z plane are shown for the (𝑥, 𝑦) positions as shown in 

Figure 6.2. In this method the 𝑧 boundary at which the potential falls by 0.1% across 
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many axial lines within 0.5𝑟0 of the QMF axis was calculated, the results are given in 

Table 6.1, these results were found to agree with the previous method in Section 6.2.1. 

 

Figure 6.3: Potential plots (2D representations) in y-z at a distance x=0.5r0 (at x, y positions 

as shown in Figure 6.2) for QMF with three different source gaps (0.25r0, 0.75r0 and 1.5r0) 
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are shown to an axial displacement of 3𝑟0 from the ion source exit plate using the custom 

simulation model for a typical fringe field region. 

Table 6.1: Fringe field length data based on (a) 0.1% reduction from near-perfect quadrupole 

fields of 
𝜕𝐸𝑥

𝜕𝑥
 and 

𝜕𝐸𝑦

𝜕𝑦
, (b) 99.9% reduction from the average maximum 𝐸𝑧 magnitude, and (c) 

0.1% fall in potentials from their values in the near-perfect quadrupole region. 

Source gap   

(r0 units) 

𝝏𝑬𝒙

𝝏𝒙
 method 

(r0 units) 

𝝏𝑬𝒚

𝝏𝒚
 method 

(r0 units) 

𝑬𝒛 method 

(r0 units) 

Potential method 

(r0 units) 

0.125 1.7 1.7 1.8 1.8 

0.25 1.7 1.7 1.8 1.8 

0.5 1.8 1.8 1.9 1.9 

0.75 1.9 1.9 2.1 2 

1 2.2 2.2 2.3 2.2 

1.5 2.6 2.6 2.8 2.7 

2 3.2 3.2 3.3 3.2 
 

6.2.3 𝑬𝒛 method 

Figure 6.4 shows the 2D representation of 𝐸𝑧 plots in y-z plane at a distance of 

x=0.5r0 for QMF with three different source gaps (0.25r0, 0.75r0 and 1.5r0) for an axial 

displacement of 3𝑟0 from the ion source exit plate. Similar to Figure 6.1 and 6.3, the 

𝐸𝑧 plots are shown for the (𝑥, 𝑦) positions in Figure 6.2. 
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Figure 6.4: Ez plots (2D representations) in y-z plane at x=0.5r0  (as shown in Figure 6.2) for 

QMF with three different source gaps (0.25r0, 0.75r0 and 1.5r0) are shown to an axial 

displacement of 3𝑟0 from the ion source exit plate using 3D simulation model. 

As shown in Figure 6.4, the variation of |𝐸𝑧| is not monotonic in the 𝑧 direction, 

and the values of |𝐸𝑧| attained vary according to the source gap. The absolute value of 

𝐸𝑧 must initially increase (from zero) with the corresponding reductions in 𝐸𝑥 and 𝐸𝑦 
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when travelling towards the source plate, the 𝑧 boundary at which |𝐸𝑧| reduces below 

a threshold value along many axial lines was used. This threshold value was therefore 

chosen as 0.1% of the average of maximum 𝐸𝑧 across the vast majority of the region 

(as shown in Figure 6.5) within 0.5𝑟0 of the system axis and across all source gaps 

(±1.25 × 10−4 𝑉/𝑚). The strength of the fringe field along various axial lines can be 

judged from the different lengths at which 𝐸𝑧 dipped below this consistent threshold 

value as detailed in Table 6.2.   The (𝑥, 𝑦) positions presented in Table 6.2 were chosen 

to maximise coverage of the transverse space within 0.5𝑟0 (exploiting the symmetry 

of the QMF) and are shown in Figure 6.5. This method has the advantage of illustrating 

differences in both magnitude and gradient of 𝐸𝑧 along various axial lines. The values 

in Table 6.2 demonstrate the extent of variation of 𝑙𝑓 for different (𝑥, 𝑦) positions; the 

magnitude and gradient of 𝐸𝑧 vary greatly according to perpendicular displacement 

from the electrodes (see also Figure 6.4). The average lengths for all (x,y) positions in 

Table 6.2 are given in Table 6.1, these 𝐸𝑧  results agree well with the methods already 

outlined.  

Table 6.2: Fringe field length based on a common 𝐸𝑧 field strength boundary along axial lines 

for the given positions in the transverse (𝑥, 𝑦) plane. 

Source gap 

(r0 units) 

Fringe field length (in r0 units) for the given (x , 𝒚 ) positions in the transverse plane (r0 units) 

(0,0.05) (0,0.1) (0,0.15) (0,0.2) (0,0.25) (0,0.3) (0,0.35) (0,0.4) (0,0.45) (0,0.5) 

0.125 1.2 1.5 1.7 1.8 1.9 2 2 2 2 2 

0.25 1.2 1.5 1.7 1.8 1.9 1.9 2 2 2.1 2.1 

0.5 1.3 1.6 1.8 1.9 2 2 2.1 2.1 2.2 2.2 

0.75 1.5 1.8 2 2.1 2.2 2.2 2.3 2.3 2.4 2.4 

1 1.7 2 2.2 2.3 2.4 2.4 2.5 2.5 2.6 2.6 

1.5 2.2 2.5 2.7 2.8 2.9 2.9 3 3 3.1 3.1 

2 2.7 3 3.2 3.3 3.4 3.4 3.5 3.5 3.6 3.6 

2.5 3.5 3.7 3.8 3.9 3.9 4 4 4 4.1 4.1 
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Figure 6.5: Initial (x,y) positions shown in r0 units; the red marks represents the positions 

used to calculate the fringe field length as shown in Table 6.2. Green dots are positions 

covered by symmetry with the red dots. 

Table 6.1 summarises the results of the three approaches. The fringe field 

lengths determined agree well with one another. 𝑙𝑓 is identical for the source gaps 

0.25𝑟0 and 0.125𝑟0, in agreement with the findings of previous works, although taking 

a slightly higher value [3, 4]. 

6.3 Source gap effect and fringe field length 

Figure 6.6 shows the transmission results of simulating six source gap lengths 

from 0.125𝑟0 to 2𝑟0 (QMF dimensions and operating parameters are otherwise 
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identical to those of the transmission curve in Figure 6.8). Varying the source gap 

affects both the intensity of the fringe field around the QMF entrance, its length, and 

its degree of penetration into the QMF. These factors significantly alter the influence 

of the fringe field on ion transmission. Beneficial transmission effects change when 

the source gap length is altered, such that the ion’s arrival conditions (QMF entry 

positions, angle and velocity) are important in addition to the general relationship 

between the number of RF cycles spent in the fringe field, and ion transmission. 
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Figure 6.6: The effect of source gap length on ion transmission: (a) as a function of m/z (b) 

as a function of the number of RF cycles the ion spends in the fringe field. (Fringe field length 

calculated using a gradient change percentage threshold for 𝐸𝑥 and 𝐸𝑦). 

Figure 6.6(a) shows the source gap influence as a function of m/z. The peak 

position of the transmission curve (signified by a red dot) is dependent the length of 

source gap when other parameters are held constant. The peak shift in the transmission 

curve for source gaps below 0.25𝑟0 is negligible, this result agrees with earlier 



117 

 

predictions of minimal difference in fringe field length for source gaps less than 

0.25𝑟0[3]. Optimal transmission shifts to lower 𝑚/𝑧 as the source gap increases; the 

optimal position shows greatest mobility for source gaps between 0.5𝑟0 and 𝑟0. 

Increasing the source gap beyond 1.5𝑟0 significantly compromises transmission but 

with little change to the optimal 𝑚/𝑧 range. It is also noticeable that the spread of 𝑚/𝑧 

experiencing optimal transmission reduces as the source gap length is increased. There 

is little appreciable difference in the transmission peak height (i.e. optimal 

transmission efficiency) for source gaps ≤ 𝑟0. The optimum value increases markedly 

for a source gaps of 1.5𝑟0 and reduces again for a 2𝑟0 gap. 

 

Figure 6.7: The effect of source gap length on ion transmission as a function of m/z for the 

same QMF settings and operating conditions as in Figure 6.6 (a); except, ions exiting the 

source exit plate with angular spread of +/- 5o 

High transmission with a long source gap will be reduced if ions are introduced 

with an angle spread as shown in Figure 6.7, but the trend and peak position remain 

the same.  The effects predicted in Figure 6.6 (a) are also similar for a QMF with 

hyperbolic electrodes as shown in Figure 6.8. In general, the height of the transmission 
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curve tends to reduce slightly for source gaps increasing from 0.25𝑟0 to 𝑟0. The peak 

of transmission curve will also shift by changing ion energies but the trend in 

transmission curve height and shape differs from the source gap change. 

 

Figure 6.8: The effect of source gap length on ion transmission as a function of m/z for the 

same QMF with hyperbolic electrodes. Dimensions and other operating conditions including 

parallel ion entry conditions are same as in Figure 6.6 (a) 

Figure 6.6 (b) shows ion transmission as a function of the approximate number 

of RF cycles spent by ions in the fringe field, 𝑁𝑓 (𝑟0 units). 𝑁𝑓 may be calculated by: 

 𝑁𝑓 = 𝑙𝑓𝑓√
𝑚

2ϵ𝑧𝑒
 [5], where 𝑙𝑓 is the length of the fringe field, 𝑓 is the frequency of the 

RF voltage, 𝑚 is the mass of the ion, 𝜖𝑧 is the accelerating voltage of the ion source in 

the 𝑧 direction and 𝑒 is electron charge. This method of calculating 𝑁𝑓 technically 

relies on the assumption of constant axial velocity in the fringe field, as practiced by 

the majority of previous workers in this field. However, a cursory comparison with the 

actual number of cycles predicted by accurate simulations across multiple source gaps, 
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m/z and RF phase angles suggested that the equation serves reasonably well, i.e. that 

fluctuations in axial velocity do not have a major effect on fringe field dwell times. 

The results presented in Figure 6.6 (b) show that peak transmission for all 

source gaps occurs in fringe field dwell times between ~0.6𝑟0 and 1.3𝑟0 RF cycles, in 

accordance with the previous analysis [1, 4, 5]. While this approximate general 

relationship between 𝑁𝑓 and transmission efficiency is clear, the specific range of 𝑁𝑓 

for optimal transmission is dependent on the individual source gap. Usually increasing 

the source gap promotes optimal transmission for ions experiencing smaller number 

of RF cycles in the fringe field. The effect of the source gap on the optimal 

transmission position with respect to 𝑁𝑓 (highlighted by red dots) is most significant 

between gaps of 0.25𝑟0 and 1.5𝑟0. 

 

Figure 6.9: The effect of source gap length on ion transmission for individual mass peaks of 

high and low m/z 

Smaller source gaps are clearly beneficial for optimal transmission at higher 

𝑚/𝑧, and vice versa. To illustrate a potential application of these findings, the 

simulated spectra in Figure 6.9 show that a smaller source gap of ~0.25𝑟0 is beneficial 

for transmission efficiency of stable ions with m/z 120 (for the given QMF settings), 

while for a low mass ion such as m/z 12, a larger source gap of ~1.5𝑟0 is beneficial. It 

is clear, that the improvement in transmission is not at the expense of resolution in 
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either case. Optimizing the source gap is a critical component of QMS design for mass-

specific applications;[6, 7] in a modern twist on the conclusions of Hennequin and 

Inglebert,[8] accurate simulation of QMF behaviour for the specific instrument under 

consideration is a key to realising the most appropriate source gap design. 

6.3.1 Axial velocity effects 

In order to explore more fully the reasons behind the influence of the source 

gap on fringe field transmission effects, particularly in relation to suggestions in prior 

literature about the effects of axial velocity perturbation [8],  the trajectories of 

fundamentally stable low and high mass ions were simulated for three different source 

gaps of length 0.25𝑟0, 0.75𝑟0 and 1.5𝑟0. Figures 6.10 and 6.11 show the trajectories of 

𝑚/𝑧 119.9 and 11.98, corresponding to spectral peak positions at m/z 120 and 12 

respectively, as shown in Figure 6.9. In each case, ions left the source end-plate at the 

initial transverse position (𝑥, 𝑦) = (0.1𝑟0 ,0.2𝑟0), across 8 equispaced initial RF 

phases 0, 0.25𝜋, 0.5𝜋, 0.75𝜋, 𝜋,   1.25𝜋, 1.5 and  1.75𝜋 radians. 

Axial velocity fluctuations in the fringe field region are large across all 

conditions, and result in significant alteration of axial velocities (𝑉𝑧) at the exit of the 

fringe field as compared with initial velocities. Although the spread of 𝑉𝑧 alterations 

across phases is such that the simplified calculation of 𝑁𝑓 outlined above (Figure 

6.6(b)) is found to fall within range (approximately an average), the effect of 𝑉𝑧 

alteration is significant together with 𝑉𝑥 and 𝑉𝑦 for individual ion acceptance or 

rejection at each initial phase. 𝑉𝑧 fluctuations in the fringe field region are complex and 

display different characteristics for each source gap.  These complex fluctuations 

contribute to the alteration of ions’ positions and angles of travel on leaving the fringe 
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field (as compared to hypothetical alternatives of ideal fields in the source gap or an 

abrupt step from zero to ideal fields at the electrodes). 

 

Figure 6.10: Trajectories of ion with m/z 119.9, starting position (x,y) = (0.1r0, 0.2r0), initial 

phases 0, 0.25𝜋, 0.5𝜋, 0.75𝜋, 𝜋, 1.25𝜋, 1.5 and 1.75𝜋 radians in QMF with three different 

source gaps (QMF electrodes start at the black dotted line): (a), (b) and (c) show the z velocity 

as a function of z positions and the corresponding x and y trajectories for the source gaps 

0.25r0, 0.75r0 and 1.5r0 

Figure 6.10 shows the trajectories of ions with m/z 119.9. Figure 6 (a), (b) 

and (c) show the effect on 𝑧-velocity with respect to ion motion in the 𝑧-direction 

for each source gap and their corresponding 𝑥 and 𝑦 trajectories. In Figure 6.10(a), 

for the smallest source gap, the alteration to 𝑉𝑧 in combination with the initial phase 
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angle, and arrival conditions (i.e. positions and angles of travel on leaving the fringe 

field) favour high mass transmission, causing ions with initial phase angle 0.25𝜋, 

0.5𝜋, 𝜋 and 1.25𝜋 radians to possess ultimately successful trajectories. Increasing 

the source gap to 0.75𝑟0 (Figure 6.10(b)), the intensity and length of the fringe field 

changes, altering the range of 𝑧 velocities and causing ions with the same initial 

positions to be unsuccessful in the 𝑦 direction across all RF phases. Further 

increasing the gap to 1.5𝑟0 (Figure 6.10 (c)) significantly increases the range of 

fluctuation of 𝑉𝑧 and associated ion arrival conditions, causing all ions to fail in the 

𝑦 direction. 

 From Figure 6.10, it is evident that high mass ions mostly fail in the 𝑦 plane, 

agreeing with the early expectations of Brubaker [9]. Trajectories of the same ion 

across different initial RF phase angles display significantly different amplitudes in 

the QMF, despite only minor differences in the fringe region itself [10].  This 

suggests that minute variations in arrival conditions may be responsible for 

acceptance or rejection in the QMF. This is particularly evident from the 𝑦𝑧 

trajectories Figure 6.10 (c) for initial phases 0.75𝜋 and 1.25𝜋, in which the ions 

appear to hover on a boundary between stability and instability immediately before 

striking the electrode. 
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Figure 6.11: Trajectories of ion with m/z 11.98, starting position (𝑥, 𝑦) = (0.1r0, 0.2r0), initial 

phases 0, 0.25𝜋, 0.5𝜋, 0.75𝜋, 𝜋,   1.25𝜋, 1.5 and  1.75𝜋 radians in QMF with two different 

source gaps: (a), (b) and (c) show the 𝑧 velocity as a function of 𝑧 positions and the 

corresponding x and y trajectories for the source gaps 0.25r0, 0.75r0 and 1.5r0 

Figure 6.11 shows the trajectories of a low mass ion with m/z 11.98 with the 

same initial conditions as Figure 6.10. 𝐸𝑧 fluctuations in the fringe field region are 

small compared to the higher mass ions of Figure 6.10. Figure 6.11(a) and (b) show 

that for all initial phase angles, the ion fails in either the 𝑥𝑧 or 𝑦𝑧 plane (a point which 

is returned to below) for both of the smaller source gaps 0.25𝑟0 and 0.75𝑟0. The ion 

with initial phase 0.5𝜋 (green, 0.75𝑟0 source gap) shows the successful trajectory 
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characteristics of a stable ion, this could be due to the influence of 𝑉𝑧 in addition to the 

ion’s position, 𝑉𝑥 , 𝑉𝑦 and field phase. The larger source gap (1.5𝑟0) minimizes the 

alteration of 𝑧 velocity and associated ion arrival conditions, causing the same ion with 

initial phase angle 0, 0.25𝜋, 1.5𝜋 and 1.75𝜋 to possess a successful trajectory in both 

𝑥 and 𝑦.  

More cases of initial positions and precise m/z were investigated than were 

possible to present in Figures 6.10 and 6.11.  In most of these cases, rejected low mass 

ions are unsuccessful in the 𝑥𝑧 plane, while high mass ions are unsuccessful in 𝑦𝑧. 

However, Figure 6.11 illustrates that this pattern may be broken for greater 

displacement in initial position at the source end plate. For example, in Figure 6.11(a) 

most ions are unsuccessful in the 𝑦 direction, against the general pattern; this is due to 

the large initial 𝑦 position. 
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Figure 6.12: z acceleration plotted for ion trajectories with starting position (x,y) = (0.1r0, 

0.2r0), initial phases 0, 0.25𝜋, 0.5𝜋, 0.75𝜋, 𝜋, 1.25𝜋, 1.5 and  1.75𝜋 radians in QMF with 

three different source gaps 0.25r0, 0.75r0 and 1.5r0: (a) trajectories simulated for m/z 119.9 (b) 

trajectories simulated for m/z 11.98. 

Figure 6.12 shows the z acceleration of ions in fringe field length for different 

source gaps for high and low m/z ions. Z acceleration is a strong function of source 

gap, where it varies based on the length of source gap and penetrate into the QMF 

region for both high and low m/z. In general, the z accelerations of high mass ions are 

bigger than the low mass ions for all source gaps. As shown in Figure 6.12, for high 

mass ions, the z acceleration effect is greater for larger source gaps. For low mass ions, 
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a smaller source gap has a large effect. Ion acceleration in the z –direction reduces 

gradually as the ions enter the QMF region (after crossing the source gap) and 

approach zero at the end of fringe field length. The position at which the z acceleration 

approaches zero agrees with the estimation of fringe field length as shown in Table 

6.1. 

In an ideal QMF with perfectly quadrupole fields, ions having initial phase 

angle 𝜋 radians will mostly possess successful trajectories [11]. In practice, the 

dependence of acceptance on the initial phase angle is highly complex in the presence 

of realistic 3D fringe fields, since the fringe field intensity, length and penetration into 

the QMF, have a major influence on ion acceptance, and vary depending on the ion’s 

initial phase and position.  

Overall, Figures 6.10 and 6.11 suggest that smaller source gaps contribute to 

fringe field characteristics which are beneficial for high mass ions, while the converse 

is true for low mass ions. Most rejected ions appear to possess fundamentally stable 

trajectories even after the influence of the fringing field but are rejected due to their 

large amplitudes causing them to exceed 𝑟0. Initial investigations of the effect of an 

extremely large 𝑟0 with respect to the source exit aperture radius may indicate that such 

unusual conditions cause a smaller source gap to be favourable for ions of all m/z. This 

suggests a methodology for maximizing transmission across the range of m/z. 

However, such an approach is not feasible for miniature, portable instruments, and the 

results presented here therefore demonstrate an alternative approach to maximizing 

transmission by choosing a source gap appropriate to the specific m/z range of interest. 
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6.4 Conclusion 

Simulations varying the source gap length have shown its complex relationship 

with fringe field length. Various methods are used to accurately estimate the fringe 

field length for different source gap lengths, the two measures are not interchangeable; 

the intensity of the fringe field and its penetration into the QMF, which can vary 

greatly, are partially but not proportionally dictated by the length of the source gap. 

Accurate 3D simulations enable precise mapping of the relationship between 

the source gap and the region of optimal transmission. Smaller source gaps promote 

optimal transmission at higher m/z without the need for increased ion energies. Ion 

trajectories indicate that significant fluctuations in axial velocity in the fringe field 

region are among the key determinants of successful transmission. It is possible to 

predict in detail the optimum source gap length for transmission at a given range of 

𝑚/𝑧 when designing and manufacturing an instrument for specific application. These 

conclusions are particularly significant for portable and miniature instruments, where 

sensitivity is a key concern. 
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7 Environmental application of a portable QMS 

7.1 Introduction 

The worldwide increase of industrial activity has in some cases entailed 

violations of environmental safety regulations. This has led to a situation of 

uncontrolled pollutants in the environment. Air quality monitoring plays a major role 

in the prevention and control of the air pollutants, which can cause harmful effects to 

the public health and welfare.  It is better to prevent the pollution and its harmful effects 

to the environment than dealing with its consequences.  

7.1.1 Volatile halogenated hydrocarbons and their effects 

Volatile organic compounds (VOCs) are organic chemicals that vaporise at 

ordinary room temperature. These compounds are both naturally occurring and 

artificially produced by humankind. Some VOCs are dangerous, and they directly or 

indirectly contribute towards ambient air pollution [1]. The monitoring of air pollution 

through VOCs is considered a topic of widespread scientific, political and general 

interest due to the hazardous and toxic effects of these compounds on living organisms 

and ecosystems [1-3].  

Halogenated hydrocarbons are organic compounds that contain at least one 

halogen atom (fluorine [F], chlorine [Cl], bromine [Br], or iodine [I]) bonded to a 

carbon atom. Volatile halogenated hydrocarbons are a subclass of VOCs, which have 

been extensively used for a range of industrial, agricultural, commercial and household 

applications since the beginning of the 20th century [4]. Ineffective emission 

management policies during VOC use and inadequate disposal strategies or 

technologies have contributed to the growth of this environmental problem.  
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Exposure to volatile organohalogen compounds (VOHCs) can occur through 

inhalation of contaminated air, via food or water or dermal contact (e.g. contaminated 

water usage in the domestic and/or workplace environment) [5-10]. Exposure to high 

amounts of halogenated VOC pollutants can cause adverse impact for animal and 

human health. Conditions such as thyroid disruption, immunotoxicity, hepatic and 

kidney disorders, neurological malfunctions and cancer formation have been linked 

with halogenated VOC pollutants [11, 12]. Quantification of these compounds in the 

atmosphere, in water or soil, whether produced from natural or manmade processes, is 

therefore an important area of research.  

7.1.2 Detection methodologies for volatile halogenated hydrocarbons 

        Analytical methodologies for the determination of volatile halogenated 

hydrocarbons in environmental gas samples mostly use laboratory-based gas 

chromatography (GC) hybrid techniques. The following analytical techniques have 

been extensively used for the analysis of volatile organohalogen compounds 

considered in this work (Table 7.1): GC coupled with mass spectrometry (GC-MS), 

GC coupled with an electron capture detector (GC-ECD), GC with a photoionisation 

detector (GC-PID) and with a flame ionization detector (GC-FID) [13-21]. In some 

analysis GC or liquid chromatography (LC) coupled to tandem MS (GC-MS/MS or 

LC-MS/MS) has been used [22]. Plasma-assisted reaction chemical ionisation 

(PARCI) MS has been tested and positively evaluated for the elementary analysis of 

organobromines [23]. Gas sampling procedures include direct sample collection in 

cryogenically cooled traps, the use of sorbent tubes filled with absorptive materials, 

the use of canisters or needle trap devices packed with silica and nanotubes [24]. Solid 

phase micro extraction (SPME) has also been shown to be useful in the chemical 

analysis of such compounds [13, 25]. Even though conventional laboratory analytical 
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methodologies have numerous advantages, they are time consuming, complicated and 

demanding techniques. They involve multiple stages from sample collection and 

preparation to sample analysis and the data acquisition. There is a high demand for 

portable instrumentation with in-situ analytical capabilities and with minimal sample 

preparation requirements for real-time field analysis [26]. 

7.1.3 Motivation 

Advances in the miniaturisation, resulting in the development of portable MS 

instruments that can be deployed during real-time field applications [27-36]. In 

comparison to huge laboratory-based MS systems, portable MIMS offers direct on-

site qualitative and quantitative chemical analysis with real-time monitoring 

capabilities [37-47]. Portable MIMS may be either man-portable as a backpack system, 

or within a carrying case or vehicle mounted.  

    The fundamental MIMS operating principle is the pervaporative separation of 

sample molecules through semipermeable membrane materials [37, 38]. The sample 

molecules introduced into the MS vacuum chamber travel to the ion source where they 

are ionised. The generated ions are separated according to their m/z ratio by the mass 

analyser and finally detected by the detector. The physical and chemical properties of 

the sample molecules are significant for the choice of the right membrane interface 

and this can affect the mass analysis. The main features of MIMS include: high 

sensitivity (ppt/ppb limits of detection - LODs), fast analysis capability (within few 

seconds), reliability, repeatability, robustness, low maintenance cost and simple to use 

[37, 38]. The above properties allow portable MIMS to be an ideal choice for real-time 

environmental monitoring purposes. 
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    In this work [48], for the first time, a lightweight (11 Kg) portable MIMS system is 

used for the detection and monitoring of VOHCs in the gaseous phase (concentration 

range from low ppb to low ppm).  

7.1.4 Concept of this work 

The experimental work is described in four main subcategories:  

▪ volatile organochlorine compounds,  

▪ volatile organobromine and chlorobromocarbon compounds,  

▪ volatile chlorofluorocarbon and organoiodine compounds and  

▪ mixture of VOHCs. 

The compounds for this work, and their characteristic properties (e.g. vapour pressure, 

log Kow, etc.) are presented in Table 7.1.  

Table 7.1: Summary of the volatile organohalogen compounds used in the MIMS experiments 

[13-15, 49]. 

Compound 

CAS 

Number 

Molecular 

weight 

Vapour 

pressure 

(kPa) at 

25oC 

log octanol/water 

partition 

coefficient (log 

Kow) 

Odour 

threshold 

(ppm) 

Trichloromethane 67-66-3 119.378 26.2645 1.97 3.30 

1,2-Dichloroethane 107-06-

2 

98.959 10.5191 1.48 3 

1,1,1-Trichloroethane 71-55-6 133.404 16.5319 2.49 100 

1,1,1,2-

Tetrachloroethane 

630-20-

6 

167.849 1.5998 2.93 1.5 

Bromomethane 74-83-9 94.939 215.9822 1.19 0.08 
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Dibromomethane 74-95-3 173.835 5.9195 1.70 N/A 

Chlorobromomethane 74-97-5 129.384 18.9317 1.41 2.1 

Dichlorobromomethane 

75-27-4 163.829 

6.6661 

(20oC) 

2.00 1.6 

Chlorodifluoromethane 75-45-6 86.468 966.5873 1.08 N/A 

Trichlorofluoromethane 75-69-4 137.368 107.0578 2.53 0.028 

1,1,2-Trichloro-1,2,2-

trifluoroethane 

76-13-1 187.376 48.3960 3.16 45 

Methyl iodide 74-88-4 141.939 53.9955 1.51 N/A 

 

Table 7.2: Summary of common uses and potential health effects of the volatile organohalogen 

compounds tested in this work [13, 14, 51]. 

Compound Main uses Possible health effects 

Trichloromethane 
1. Laboratory and industrial 

solvent 

2. Intermediate product in 

pesticides synthesis 

3. Metal degreasing solvent 

4. Production of wood strains and 

varnishes 

1. Cancer formation 

2. Affects the nervous system 

3. Liver and kidneys disorder 

1,2-Dichloroethane 
1. Solvent in electronics industry, 

paint and coating industry 

2. Production of vinyl chloride 

 

1. Cancer formation 

2. Nervous system disorders 

3. Liver and kidneys disorder 

1,1,1-Trichloroethane 
Prior to the Montreal Protocol, it 

was used as: 

1. Dizziness and headache 

2. Respiratory problems 

3. Hepatic effects 
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1. Cleaner for photographic films 

2. Insecticidal fumigant 

3. Aerosol propellant 

4. Solvent in electronics industry 

4. Nervous system disorder 

1,1,1,2-

Tetrachloroethane 

1. Intermediate product in the 

synthesis of other chemicals 

e.g. trichloroethylene, etc. 

2. Solvent 

1. Inhalation problems 

2. Carcinogen  

3. Toxic  

Bromomethane 
1. Pesticide, insecticide, 

nematocide 

2. Intermediate product in the 

synthesis of other chemicals 

1. Inhalation problems 

2. Neurological effects 

Dibromomethane 
1. Solvent for fats, waxes, resins, 

etc. 

2. Ingredient of fire extinguishing 

fluids 

1. Nervous system depressant  

2. Liver and kidney disorders 

3. Blood anomalies 

Chlorobromomethane 
1. Intermediate in the 

manufacturing process of 

pesticides and other chemicals 

2. Fire extinguisher 

1. Skin and eye irritation 

2. Central nervous system 

disorders 

3. Blood damage 

Dichlorobromomethane 
1. Reagent and solvent in organic 

chemistry 

2. Fats and waxes separation 

solvent 

1. Liver and kidney disorders 

2. Brain effects e.g. 

incoordination, etc. 

3. Cancer formation 

Chlorodifluoromethane Phased out in developed countries, 

but in use in developing countries 

1. Propellant and refrigerant 

2. Pesticide  

1. Toxic 

2. Irregular heart beats 

3. Inhalation difficulties 

4. Nervous system problems 

Trichlorofluoromethane 1. Refrigerant 1. Irregular heart beating 
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2. Consumer products e.g. hair 

sprays or deodorants 

3. Insecticide 

2. Dizziness  

3. Lung problems 

1,1,2-Trichloro-1,2,2-

trifluoroethane 

1. Dry cleaning agent 

2. Polymer manufacturing 

industries 

3. Electronics industry 

4. Chemical intermediate 

1. Affect central nervous system 

2. Respiratory disorders 

Methyl iodide 

1. Manufacturing of pesticides 

and nematocides 

2. Fumigant 

3. Industrial processes 

1. Nervous system disorder 

2. Skin, lung and kidneys 

disorders 

3. Pulmonary edema 

 

Table 7.2 provides common uses of these compounds used in this work and 

their possible effects upon human health. Trihalomethanes [2] (THMs) such as 

trichloromethane, bromodichloromethane, chlorodifluoromethane, and 

chlorofluorocarbon [2] (CFC) compounds such as chlorodifluomethane, 

trichlorofluoromethane and 1,1,2-trichloro-1,2,2-trifluoroethane are included in the 

list. THMs are mostly produced as by-products during the chlorination of water and 

are carcinogens. CFCs are environmental pollutants that contribute to ozone depletion, 

improving the greenhouse effect and are therefore controlled by the Montreal Protocol 

[50]. However, exposure details for most of the examined compounds in various 

scenarios or media (atmosphere, water, soil, etc.) are not currently fully established by 

international organisations and there are numerous ongoing research studies working 

towards this direction. Data regarding safe exposure limits in humans are insufficient 

and require detailed investigation. Thus, the need for continuous monitoring of 

VOHCs in the air using portable MS is emerging. 
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7.2 Experimental method 

7.2.1 Chemicals used 

Certified analytical standard stock solutions of trichloromethane (200 μg/mL 

in methanol), 1,2-dichloroethane (200 μg/mL in methanol), 1,1,1-trichloroethane 

(200 μg/mL in methanol), 1,1,1,2-tetrachloroethane (5000 μg/mL in methanol), 

dibromomethane (2000 μg/mL in methanol); chlorobromomethane (200 μg/mL in 

methanol), bromodichloromethane (200 μg/mL in methanol), trichlorofluoromethane 

(200 μg/mL in methanol), 1,1,2-trichloro-1,2,2-trifluoroethane (2000 μg/mL in 

methanol), and methyl iodide (2000μg/ mL in methanol:H2O (80:20)) were purchased 

from Sigma Aldrich Co. LLC., U.K. Bromomethane (200 μg/mL in methanol) and 

chlorodifluoromethane (1000 μg/mL in methanol) were purchased from Fisher 

Scientific UK Ltd. (Loughborough). All chemicals were in the liquid phase and stored 

in the fridge at 4oC until their use. 

7.2.2 Instrument setup 

Experiments were carried out using a portable MIMS provided by Q-Technologies 

Ltd., Liverpool, UK [52]. The schematic representation of the MIMS system is shown 

in Figure 7.1. It consists of four main components:  

▪ an inlet sampling probe,  

▪ a triple filter quadrupole mass spectrometer,  

▪ the vacuum system and  

▪ the electronic control unit.  
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Figure 7.1: Schematic representation of the portable MIMS system. 

Samples introduced through a membrane inlet sampling probe connected to the 

vacuum chamber in a close distance from the ion source of the system. The inlet 

sampling probe uses a very thin flat silicon membrane made from 

polydimethylsiloxane (PDMS) and was provided by Technical Products, Inc. of 

Georgia, USA. The membrane allows selective permeation of generally low molecular 

weight non-polar molecules from the ambient environment into the vacuum chamber. 

The suction flow rate applied onto the membrane from the vacuum side was controlled 

manually using a Swagelok metering valve. The thickness of the PDMS membrane 

sheet was 0.12 mm whereas the sampling area was 33.2 mm2. The membrane was 

continuously kept at ambient temperature throughout all experiments. No sample 

enrichment procedures were used. 
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The triple filter quadrupole mass spectrometer (QMS) consists of an electron 

ionisation (EI) source, the mass analyser (with a pre, main and post filter) and the 

detector. The mass analyser consists of a 125 mm main filter with a 25 mm small 

quadrupole filter at either end. Electrodes are made from stainless steel and have 

diameter of 6.3 mm. Only RF voltage is applied to the pre and post filter. The MIMS 

system has a mass range of m/z 1-200 with a better than 1 amu resolution over the 

entire mass range. The RF frequency is 2 MHz and the RF amplitude 1600 V whereas 

the DC/RF ratio is set to 8.6. The scanning speed can be varied and is typically between 

10 and 15 amu/sec.  

The detection of ions is performed by a Channeltron type electron multiplier. Data 

were recorded on a laptop computer and analysed using the NIST 11 mass spectral 

library as reference database for spectral peaks of each compound.  

The system vacuum was achieved and maintained in stable low pressure values 

during experiments using the Agilent Mini-TASK AG 81 pumping system. It consists 

of the Agilent Turbo-V 81-M turbopump and a dry diaphragm forepump. Total base 

pressure of the system was 1× 10-7 Torr (with the sample inlet valve fully closed). 

Operating pressure during mass analysis with the membrane sampling probe attached 

and the sample inlet valve fully open was varying between 2.0 × 10-6 Torr and 2.0 × 

10-5 Torr depending on the concentration, the nature and physical and chemical 

properties of the under-examination gas standard. During data acquisition, 10 

acquisition points were recorded per unit mass. On average, 10 scans throughout the 

mass region m/z 40-200 were recorded per sample concentration. High concentration 

atmospheric molecules (such as N2 or O2) were not scanned to reduce the risk of 

detector degradation. In total 60 scans per compound and per experimental replication 

were recorded. The experiments were replicated three times to allow us to perform 
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statistical analysis of the results obtained and to investigate the reproducibility of this 

technique. 

7.2.3 Sample preparation method 

Gas calibration standards were prepared using the static dilution bottles gas 

standard generation technique [37, 38, 53-55]. Liquid stock solutions of individual 

halogenated hydrocarbons were bought at standard concentrations and stored as 

mentioned before in Section 7.2.1. Calculated quantities of every single reference 

liquid solution corresponding to a standard gas phase concentration were injected with 

a high precision micropippete (purchased from Mettler-Toledo Ltd., Leicester, UK) in 

1.2 L and 2.8 L narrow-neck glass flasks (Sigma Aldrich Co. LLC., U.K.). The glass 

flasks were filled with atmospheric air, covered with a lid and several layers of 

parafilm M wrapping film (obtained from Sigma Aldrich Co. LLC., U.K.), and left in 

a warm place (30oC) for 4 hours to ensure complete evaporation of the molecules in 

the liquid phase.  

Prior to the start of the experiments, the glass flasks were carefully purged with 

odour-free soap and deionised water (ReAgent Chemical Services Ltd, Cheshire, UK). 

Overnight heating at 60oC ensured complete evaporation of any remaining water 

droplets. Ten additional purging cycles using zero grade nitrogen (purchased from 

BOC UK Ltd.) at flow rate 2 L/min per cycle (using a G-series thermal mass flow 

controller with flow rate range 0.5 – 10 L/min bought from MKS Instruments), 

followed the above step as a second purification stage of the flasks.   

Gas standards of the targeted compounds were prepared at the following 

concentrations: blank, 100 ppb, 250 ppb, 500 ppb, 750 ppb and 1 ppm. Blank samples 

containing only atmospheric air were also prepared and tested in order to determine 
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the base level as well as to investigate possible chemical contamination of the flasks. 

Mass spectrometric testing for every compound was done from the lowest 

concentration to the highest. Due to the toxicity and potential hazards of the examined 

compounds, all the required health and safety precautionary measures were followed 

during sample preparation and mass analysis.  

 

7.3 Results and discussion 

The experiments were classified into four subcategories according to the halogen 

atoms linked with the carbon atoms of every organic chemical. Therefore, organic 

compounds containing at least one molecularly bonded atom of chlorine are described 

in Section 7.3.1, compounds linked with one or more bromine or both chlorine and 

bromine atom are presented in Section 7.3.2 and compounds with covalently bonded 

atoms of both chlorine and fluorine as well as iodine are summarised in Section 7.3.3. 

Finally, the Section 7.3.4 presents data obtained from a mixture of orghanohalogen 

compounds (one from each group 7.3.1 – 7.3.3). 

 

7.3.1 Analysis of organochlorine compounds 

This section investigates the mass spectrometric detection and quantitative 

analysis of volatile organochlorine compounds in the gas phase using the portable 

MIMS system (described in Section 7.2.2). Representative mass spectra for four 

characteristic organochlorine compounds corresponding to 250 ppb are presented in 

Figure 7.2. Characteristic mass fragments for every single compound are clearly 

shown (Figure 7.2). Experimental mass spectra match with the reference mass spectra 

obtained from NIST 11 mass spectral library.  
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To test the system response at different concentration levels and to generate 

calibration plots and concentration prediction models, gas phase standard samples 

were prepared having the following concentrations: blank, 100 ppb, 250 ppb, 500 ppb, 

750 ppb and 1000 ppb. Samples were analysed and mass spectra were recorded.  Signal 

current values corresponding to the most relatively abundant (100%) mass fragment 

of every compound at the maximum intensity were used to produce calibration curves 

and to calculate R2 values. 

 

Figure 7.3: Calibration curves for a) trichloromethane (m/z 83), b) 1,2-dichloroethane (m/z 62), 

c) 1,1,1-trichloroethane (m/z 97) and d) 1,1,1,2-tetrachloroethane (m/z 131) obtained from the 

MIMS system. 

For the organochlorine compounds tested in the concentration range from 100 

ppb to 1 ppm, the MIMS system exhibited excellent linearity with R2 values ranging 

from 0.9969 to 0.9997 (Figure 7.3). The calibration curve equations for its respective 

compounds are described below; 
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Reference Compound Equation 

A Trichloromethane 𝑦 = 1𝐸 − 13𝑥 − 6𝐸 − 13 

B 1,2-dichloroethane 𝑦 = 1𝐸 − 13𝑥 + 2𝐸 − 12 

C 1,1,1-trichloroethane 𝑦 = 1𝐸 − 13𝑥 − 6𝐸 − 13 

d 1,1,1,2-tetrachloroethane 𝑦 = 8𝐸 − 14𝑥 + 6𝐸 − 14  

where 𝑦 is the signal current and 𝑥 is the concentration of the gaseous standards. 

7.3.2 Analysis of organobromine and chlorobromocarbon compounds 

This section investigates the mass spectrometric detection and on-line 

monitoring of volatile organobromine and chlorobromocarbon compounds in the 

gaseous phase using the MIMS system. Representative mass spectra for four 

characteristic compounds corresponding to 250 ppb are presented in Figure 7.4. 

Experimental mass spectra were compared with the reference ones from NIST and 

showed very good agreement.  
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Figure 7.5: Calibration curves for a) bromomethane (m/z 94), b) dibromomethane (m/z 174), c) 

chlorobromomethane (m/z 49) and d) bromodichloromethane (m/z 83) obtained from the MIMS 

system. 

The MIMS response was tested with gas samples at various concentration 

levels in the ppb region, and the output signal current values were plotted. The R2 

values for this group of compounds were in the range from 0.9988 to 0.9996 (Figure 

7.5). The calibration curve equations for its respective compounds are described 

below; 

Reference Compound Equation 

A Bromomethane 𝑦 = 2𝐸 − 14𝑥 − 3𝐸 − 15 

B Dibromomethane 𝑦 = 3𝐸 − 14𝑥 + 2𝐸 − 13 

C Chlorobromomethane 𝑦 = 8𝐸 − 14𝑥 + 1𝐸 − 12 

d Bromodichloromethane 𝑦 = 7𝐸 − 14𝑥 − 4𝐸 − 13  

where 𝑦 is the signal current and 𝑥 is the concentration of the gaseous standards. 
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7.3.3 Analysis of chlorofluorocarbon and organoiodine compounds 

This experimental series targets the mass spectrometric analysis and on-line 

screening of volatile chlorofluorocarbon and organoiodine compounds in the gaseous 

phase using the MIMS system. Representative mass spectra for a) 

chlorodifluoromethane, b) trichlorofluoromethane, c) 1,1,2-trichloro-1,2,2-

trifluoroethane and d) methyl iodide corresponding to 250 ppb are presented in Figure 

7.6. Experimental mass spectra correspond precisely to the reference mass spectra 

from NIST library. However, the only deviation observed was with the experimentally 

obtained mass fragments m/z 67 and m/z 69 of chlorodifluoromethane which have 

about two times more abundant signal intensities compared to the reference peaks from 

the NIST spectrum.  
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Figure 7.7: Calibration curves for a) chlorodifluomethane (m/z 51), b) trichlorofluoromethane 

(m/z 101), c) 1,1,2-trichloro-1,2,2-trifluoroethane (m/z 101) and d) methyl iodide (m/z 142) 

obtained from the MIMS system. 

MIMS screening capabilities were examined with gas samples at various 

concentration levels in the ppb region and the output signal current values were plotted. 

The R2 values for this group of compounds were in the range from 0.9988 to 0.9991 

(Figure 7.7). The calibration curve equations for its respective compounds are 

described below: 

Reference Compound Equation 

a Chlorodifluomethane 𝑦 = 1𝐸 − 14𝑥 − 1𝐸 − 14 

b Trichlorofluoromethane 𝑦 = 2𝐸 − 13𝑥 + 4𝐸 − 13 

c 1,1,2-trichloro-1,2,2-trifluoroethane 𝑦 = 1𝐸 − 14𝑥 − 3𝐸 − 14 

d Methyl iodide 𝑦 = 2𝐸 − 13𝑥 + 2𝐸 − 12 

where 𝑦 is the signal current and 𝑥 is the concentration of the gaseous standards. 
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7.3.4 Multi-compound detection experiment 

This section investigates the MIMS system response when sampling complex 

mixtures. The aim of this test was the mass spectrometric differentiation of 

characteristic mass fragments from a mixture containing three organohalogen 

compounds. Gas standards of trichloromethane, chlorobromomethane and 

trichlorofluoromethane corresponding to 100 ppb each were prepared in 1.2 L glass 

flasks. As described in the sample preparation section the flasks were covered with a 

lid and several layers of parafilm M and left in a warm place for 4 hours to reach 

thermodynamic equilibrium. Three 6.35 mm Swagelok PFA flexible tubes with total 

length 15 cm each were imported into the flasks via small holes made on their lids. 

The other end sides of the PFA tubes were connected to a stainless steel built-in-house 

cylindrical mixing chamber (Figure 7.8). Sampling was achieved by connecting the 

system membrane inlet sampling probe directly with the output end of the mixing 

chamber.  

 

Figure 7.8: Schematic presentation of the experimental setup that was used to monitor a three 

organohalogen compound gaseous mixture. Flask 1, 2, 3 correspond to trichloromethane, 

chlorobromomethane and trichlorofluoromethane respectively at 100 ppb each. Experimental 

mass peaks for trichloromethane (m/z 83, 85, 87), chlorobromomethane (m/z 128, 130, 132) and 

trichlorofluoromethane (m/z 101, 103, 105) are shown. 
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7.3.5 Evaluation of the method 

The MIMS system performance was evaluated by addressing the following 

analytical criteria:  

▪ membrane response times (rise and fall),  

▪ linear dynamic range within the examined concentration area (essential for 

quantitative research in complex and unknown concentration raw sample 

mixtures),  

▪ sensitivity (LODs),  

▪ repeatability and 

▪ response in mixture effects. 

Alongside with the system technical characteristics (small dimensions and 

overall weight), the above criteria are important for on-site qualitative investigations 

and on-line quantitative measurements/monitoring of organic pollutants and hazardous 

or toxic organic chemicals.   

     For the organohalogen compounds tested, membrane mean rise time was 24.8 

sec, whereas the average fall time was 45.25 sec. Rise time corresponds to the time 

that is needed for the peaks signal intensity to reach 90% of their maximum value. Fall 

response time is the time that is required from the membrane and subsequently from 

the system to purge and the signal intensities of the monitored mass fragments to return 

back to the base/noise level [53]. From previous experiments with other chemical 

substances, it was found that detection times can be improved if the membrane probe 

is heated [38, 53]. Linear regression coefficient values (R2) were obtained from the 

calibration plots and are in the range from 0.9969 to 0.9997 for the examined 

concentration area (100 ppb – 1000 ppb). This shows that the MIMS system is 
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analytically stable and can be used as a reliable monitoring molecular sensor and a 

concentration prediction tool for compounds of interest in complex samples.  

    Detection limits were determined from the resulting calibration curves were found 

to be in the low ppb concentration area (< 10 ppb) as shown in Table 6.3. LOD 

estimates were based on signal current values obtained from the 100 ppb samples. 

They were calculated based on experimentally obtained signal current values of the 

most abundant mass fragment of every individual compound and counted to be three 

times above the base (noise) line/level. The LOD could be further improved by heating 

the membrane inlet sampling probe and by applying special signal extraction 

algorithms to the recorded mass spectra [38, 53]. MIMS measurements during the three 

replicates were reproducible, leading to repeatable signal current values with relative 

standard deviation calculated to be 4.96 %. Moreover, MIMS response during the 

analysis of a mixture of three organohalogen compounds was also examined resulting 

into clear detection and distinction among its individual components. 

Table 7.3: Summary of the PDMS membrane response times (rise and fall), R2 values and limits 

of detection (LOD) for the examined organohalogen compounds. 

Compound name 

Characteristic mass 

peaks (m/z) 

Rise time 

(sec) 

Fall 

time 

(sec) 

R2 

LOD 

(ppb) 

Trichloromethane (m/z 83) 47, 83, 85, 87 22 46 0.9969 2.17 

1,2-Dichloroethane (m/z 62) 62, 64, 98, 100 20 43 0.9991 2.07 

1,1,1-Trichloroethane (m/z 97) 61, 97, 99, 117, 119 23 45 0.9989 2.72 

1,1,1,2-Tetrachloroethane (m/z 

131) 

60, 61, 95, 97, 117, 

119, 131, 133, 135 

24 46 0.9997 3.56 

Bromomethane (m/z 94) 79, 94, 96 20 34 0.9996 8.54 
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Dibromomethane (m/z 174) 79, 81, 93, 95, 172, 

174, 176 

16 32 0.9995 8.92 

Chlorobromomethane (m/z 49) 49, 128, 130, 132 22 38 0.9992 3.21 

Bromodichloromethane (m/z 83) 83, 85, 91, 129 25 43 0.9988 4.28 

Chlorodifluoromethane (m/z 51) 51, 67, 69 26 50 0.9988 2.14 

Trichlorofluoromethane (m/z 

101) 

66, 101, 103, 105 32 52 0.9990 1.96 

1,1,2-Trichloro-1,2,2-

trifluoroethane (m/z 101) 

85, 101, 103, 105, 

151, 153, 155 

36 56 0.9991 2.23 

Methyl iodide (m/z 142) 127, 141, 142 32 58 0.9988 1.41 

7.3.6 Validation of a real-world scenario 

This methodology was validated on laboratory scale experiments by using a 

simulation test chamber. A heavy duty single wall cardboard box with dimensions 305 

mm x 229 mm x 229 mm was used to simulate a domestic or a workplace environment. 

Gas standards of dibromomethane and trichlorofluoromethane corresponding to 10 

ppm each were prepared in 1.2 L glass flasks and placed into the test chamber. The 

glass flasks uncovered and the generated within them standard gases spread and diluted 

into the enclosed cardboard box air. A small hole (15 mm) in the middle of one of the 

side walls of the test chamber and at a distance of 300 mm from the two glass flasks 

was used as a sampling point. The MS membrane inlet probe was inserted in the middle 

of the sampling point and was continuously monitoring the confined air.  

Two scenarios were tested here:  

▪ no air flow applied to the top of the flasks and  
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▪ medium intensity (1 L/ min) of air flow was applied prior to the glass flasks 

and towards the MS inlet with the use of a mechanical fan to assist the tranfer 

of the sample molecules to the inlet of the MS. 

Sample gas plumes travelled with different speeds to the MS system for chemical 

analysis. Figure 7.9 shows schematically the described setup and a representative mass 

spectrum for scenario b) obtained with the MIMS system. Mixture sample detection 

times for the two examined scenarios (a and b) were 168 sec and 57 sec respectively. 

The detected concentrations (calculated from the associated calibration plots) for 

dibromomethane and trichlorofluoromethane correspond to 47.6 ppb and 31.4 ppb.  

 

Figure 7.9: Schematic presentation of the experimental setup that was used for the validation of 

this methodology. Flask 1 and 2 correspond to dibromomethane and trichlorofluoromethane 

respectively. Experimental mass peaks for dibromomethane (m/z 79, 81, 93, 95, 172, 174, 176) 

and trichlorofluoromethane (m/z 101, 103, 105) are shown. 

7.4 Conclusions 

For the first time, a lightweight portable membrane inlet mass spectrometer has 

been used for the qualitative and quantitative analysis (both detection and screening) 

of volatile organohalogen compounds in the gaseous phase as an environmental air 

quality monitoring application. In these experiments, the following sub-groups of 

halocarbons were tested:  

▪ volatile organochlorine compounds,  
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▪ volatile organobromine and chlorobromocarbon compounds and  

▪ volatile chlorofluorocarbon and organoiodine compounds.  

Investigated the accuracy of the methodology by addressing essential analytical 

criteria such as response times, detection limits, repeatability and response in complex 

situations during measurements. The system demonstrated detection times of seconds, 

and the calculated detection limits are in the low ppb concentration. The technique 

shows repeatable responses with a calculated relative standard deviation of 4.96 %. 

Experiments with multi-component mixtures showed ease of detection and 

determination of targeted mass peaks characteristic for the compounds under 

examination. The described technique was successfully validated for real-world 

scenario in laboratory-based experiments. 
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8 Conclusions and future work 

The main subject of the research performed in this thesis is the improvement 

of transmission characteristics of the Quadrupole Mass Spectrometer (QMS) 

instrument. In particular, the influence of fringe fields on ion transmission has been 

studied for a wide range of QMS operating conditions using 2D and 3D theoretical 

simulation integrated with experimentation. Excellent correlation was found between 

simulation results and experimental observations. The 3D software and the results 

presented in this thesis enables both academics, and researchers within industry to 

accurately optimise the design of QMS instruments.  

In the case of an ideal QMF (without fringe field effects), the mass peak height 

(% transmission) is constant irrespective of the changes in ion velocity (ion mass or 

energy) provided ions experience a sufficient number of RF cycles within the QMF. 

However, in the real case, the mass peak height varies according to the initial ion 

velocity conditions and the research presented in this thesis has shown that this is due 

to the effects of fringe fields present at the entrance and exit of QMF electrodes. The 

pattern of change in peak height with the change in ion velocity is represented by a 

curve (referred to as a transmission curve) with a maximum transmission position at 

certain ion velocity values. The presence of the fringe fields is considered beneficial 

at this peak position of the transmission curve. The operating conditions necessary to 

provide optimised performance (in which better transmission can be achieved without 

compromising the resolution) are determined for a given QMF.  

Using the QMS-3D simulation software, the proportions of ions that are either 

transmitted or lost for the given QMF have been analysed along the transmission curve. 

In the case of lost ions, the proportions of ions that are returned to the source, lost in 
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the x-direction, lost in the y-direction and lost in the exit gap have been predicted. The 

ions lost in the exit gap are negligible and this strongly suggests that the effects of the 

fringe field at the exit of the QMF is less pronounced when compared to the entrance 

effect. For the first time, the trajectories of ions returned back to the source have been 

presented and initial ion positions that can cause this ion reflection effect have been 

analysed. 

The acceptance of the QMF from the ion source end plate has been analysed 

for various ion velocities using both the QMS-2D and QMS-3D simulation programs. 

The acceptance based on initial x-y positions and phase angles was presented at 

various points of the mass spectrum of a given analyte at given m/z such as the low 

mass tail, peak and high mass tail of 40Ar+ at various ion velocities. In the case of an 

ideal QMF, the pattern of ion acceptance based on its initial positions and phase angle 

is the same for all ion velocity conditions. However, this is not true in practice because 

of the presence of fringe fields. For the first time, this special pattern of an ion’s 

acceptance based on its initial x-y positions is shown for different ion velocities. There 

is an additional ring shaped acceptance of low-velocity ions which correspond to a 

mini-peak in the transmission curve. It is clear that this special pattern of ion 

acceptance will be the same for any QMF, but the corresponding velocity positions 

will vary based on the QMF dimensions and operating conditions. Initial investigations 

of ion acceptance based on phase angle reveal a complex pattern, where there is no 

fixed phase angle (like π radians in the case of an ideal QMF) which favours successful 

transmission at all the time. The QMF acceptance varies based on initial ion velocity 

conditions. Future work will include ion source modelling with ion focusing 

methodologies to investigate ion coupling between the source and QMF. These 
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analyses and ion acceptance results are of considerable significance for improving ion 

source/focusing design during the development of QMS for specific applications. 

The experimental examination of transmission characteristics resulted in a 

transmission curve similar to that of Ehlert on a fundamentally different QMS 

instrument. A similar trend showing the rise, and fall in transmission was observed, 

with optimal transmission occurring at a significantly different m/z as compared to 

Ehlert due to the different dimensions and operational parameters of the instrument 

used. This demonstrates that the optimum peak position will vary based on the given 

QMF dimensions and operating conditions. A novel method was used for the 

calibration of the absolute transmission curve, and the results agreed well with the 

predictions of the QMS-3D simulation program.  

Using the QMS-3D simulation program, different methods of calculating 

fringe field length have been shown. Varying the length of the source gap changes the 

fringe field length and its intensity at the entrance of QMF. There is a non-linear 

relationship between these two lengths and for the first time, the beneficial effect of 

the source gap length on ion transmission has been revealed. Also, the z-velocity 

perturbations in the fringe field region have been visualised. Altering the source gap 

shifts the peak of the transmission curve, and thereby the region of optimum 

transmission. A smaller source gap promotes optimal transmission at higher m/z and 

vice versa. A similar effect can be achieved by altering ion energies but at the cost of 

resolution or sensitivity. These results are significant for the design of portable QMS 

where sensitivity is a key concern. Future work will involve a QMS instrument with a 

movable ion source to experimentally investigate the benefits of source gap length. 

Further studies should also analyse the impact of the r/r0 ratio in QMF performance in 

the presence of fringe field effects, for different source gap lengths. Pre-filter 
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modelling should also be included, to analyse the performance effects and investigate 

the optimum operating conditions for a given QMF design and electrode structure. 

To investigate real world applications of portable MS, as a part of this thesis 

work, a portable membrane inlet QMS instrument has been used for the quantitative 

and qualitative analysis of volatile halogenated hydrocarbons in the gas phase as an 

environmental air quality monitoring application. The results obtained showed a good 

linearity within the measured concentration range, fast response time, detection limits 

in low ppb concentration, repeatability and response in complex situations. Future 

work should include an investigation to enhance sensitivity and detection times by 

testing different membrane materials, and also by heating the sampling probe. The 

QMS -3D simulation software with incorporated pre-filter modelling will be used to 

investigate the operating conditions for optimum instrument performance; following 

this, experiments will be carried out to characterise the real-world behaviour resulting 

from these conditions. Investigation of environmental pollutants will continue by 

testing other potential hazardous and toxic chemicals in the gas phase as well as in 

water and soil using MIMS. A logical future goal is the design and development of a 

portable QMS targeting a comprehensive range of environmental and medical 

applications. 
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