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Abstract 

Effluence of organic compounds like benzene, toluene, ethylbenzene and xylenes 

(“BTEX”), and methane from an industrial setting can have a negative impact on human 

health and the environment. Miniature sector mass spectrometers have the potential to 

acquire desirable attributes for ideal organic compound detection such as robustness, 

low cost, high chemical specificity, high sensitivity, and low power requirements. 

However, barriers to their miniaturization exist in the form of a throughput vs. 

resolution tradeoff. Spatially coded apertures can break this tradeoff by increasing 

throughput without sacrificing resolution. Cycloidal sector mass spectrometers are ideal 

candidates for incorporation of spatially coded apertures when used with array 

detectors, since they use perfectly focus the image of coded aperture at the detector due 

to perpendicularly oriented uniform electric and magnetic fields.  

A previous demonstration of a proof-of concept cycloidal-coded aperture 

miniature mass spectrometer (C-CAMMS) instrument employed aperture coding, a 

carbon nanotube (CNT) field emission electron ionization source, a cycloidal mass 

analyzer, and a capacitive transimpedance amplifier (CTIA) array detector to achieve 

greater than ten-fold increase in throughput without sacrificing resolution. However, the 

coded aperture image corresponding to each ion species was not constant due to a 

spatiotemporal variation in electron emission from CNTs, a non-uniformity in the 
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electric field, and a misalignment of the detector and the ion source with the mass 

analyzer focal plane.  

In this work, modifications to the sample inlet, ion source, and the mass analyzer 

design of the previous C-CAMMS instrument were made to improve its performance. A 

membrane inlet enhanced the organic compound detection sensitivity of the new C-

CAMMS instrument and enabled low detection limits of 50 ppm for methane and 20 ppb 

for toluene. A thermionic filament-based ion source produced a significantly more stable 

coded aperture image than the CNT based ion source. The aperture image fluctuations 

in the CNT-based source were determined to be likely a result of adsorption and 

desorption of molecules on the CNT surface that caused local work function changes 

and induced spatiotemporal variation in electron emission and subsequent ion 

generation. Modifications to the mass analyzer improved the electric field uniformity, 

improved the alignment of the ion source and the detector with the mass analyzer focal 

plane, and increased the depth-of-focus to further facilitate alignment. Finally, a 

comparison of reconstructed spectra of a mixture of dry air and toluene at different 

electric fields was performed using the improved C-CAMMS prototype. A reduction in 

reconstruction artifacts for a wide mass-to-charge (m/z) range highlighted the improved 

performance enabled by the design changes.  
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1. General Introduction 

 

1.1 Motivation 

The detection, continuous monitoring, and control of widespread hazardous 

chemical pollutants represents a vital challenge for this century. Certain organic 

compounds like methane and BTEX (an acronym that stands for Benzene, Toluene, 

Ethylbenzene and Xylene) can be dispersed in air, dissolved in water, or leached into 

soil, resulting in a widespread potential health and environmental hazard for humans 

and biota worldwide [1-4]. Methane, a major component of natural gas, is a source of 

energy and fuel. Produced by both thermogenic (from natural gas reserves) and biogenic 

(microbes in ruminant animals, or in shallow coal deposits) sources, it is also a potent 

greenhouse gas and plays an important role in influencing global climate [5, 6]. BTEX 

are aromatic hydrocarbons which are a class of volatile organic compounds (VOCs) 

found in crude oil and petroleum derivatives such as gasoline and other refined 

petroleum products [7]. They also find use in consumer products such as paints and 

lacquers, thinners, rubber products, adhesives, inks, cosmetics and pharmaceutical 

products [4, 8]. Once released in the environment, the BTEX compounds usually 

evaporate quickly into the air (owing to their high vapor pressure at room temperature), 

or dissolve in water [9]. Both prolonged and short-term exposure to them can 

potentially have a severe impact on human health and the environment. Benzene is a 
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particularly dangerous chemical as a known human carcinogen [10, 11], and may 

also cause circulatory, immunological and neurological dysfunctions [12, 13]. A long-

term exposure to toluene and xylene can affect the brain and the central nervous 

system [14, 15]. Ethylbenzene has been discussed as an animal carcinogen, and a 

possible human carcinogen [16]. Several incidents of toxic leaks of BTEX into the 

environment, most notably the Love Canal tragedy in New York [17], have 

highlighted a need for their real-time detection. Therefore, a real-time continuous 

monitoring of environmental pollution from methane and BTEX is necessary to mitigate 

their potential negative effects on the environment and human health. 

 

1.2 Background 

1.2.1 Conventional Leak Detection Systems 

There are several analytical and sensory detection techniques and methods that 

can be used for chemical speciation, quantification and characterization of organic 

compounds including gas chromatography (GC) [18], and spectroscopic techniques like 

UV-Visible [19], infrared (IR) [20], and Raman scattering [21]. A GC system consists of a 

narrow capillary column, a carrier gas, and a detector. It separates and detects 

compounds based on their chemical and physical properties and their interaction with 

the column [18]. Even though it has an ability to detect low concentrations and can 

distinguish between a wide variety of chemicals, it is slow, expensive, and has size and 
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weight limitations with regards to field sensing. Spectroscopic techniques are either 

based on measuring photon absorption or Raman scattering and are a function of the 

absorption or Raman scattering cross sections for the molecules of interest. Both UV-

visible and IR spectroscopic techniques are based on photon absorption. Most molecules 

have unique absorption spectra in the UV-visible and IR range, making their detection 

and speciation possible [19, 20]. However, their absorption cross-sections can be quite 

small. In addition, the absorption peaks are broad, making a deconvolution of the 

spectra very challenging, especially at low concentrations. Raman spectroscopy is 

different from UV-Vis and IR in that it measures the change in wavelength of a photon 

as it scatters from a molecule, as opposed to measuring the absorption of photons [22]. 

Even though the peaks in Raman spectra are generally narrower and better separated, 

the scattering cross-sections are also small, resulting in a low detection sensitivity [21]. 

Surface-enhanced Raman spectroscopy (SERS) uses plasmonic enhancement to increase 

the scattering cross section [23-25]. However, in addition to having relatively complex 

sample preparation methods, the main disadvantage of this technique is that it is surface 

sensitive so the molecules of interest must adsorb on the surface to be detected. 

Over the past few years, the emergence of portable and field deployable chemical 

sensing technologies like e-noses [26, 27], photoionization [28] and fiber optical detectors 

[29] have enabled a new foundation for environmental monitoring. E-Noses emulate the 

principle of mammalian olfaction by using a sensor array in combination with a pattern-
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recognition algorithm [26, 30]. The sensor array measures the electrical or optical 

properties of the sensor transduction element. The array signals are then subject to a 

pattern-recognition algorithm for compound identification. They have a relatively 

simple design and are inexpensive but suffer from a low chemical specificity. They are 

also sensitive to humidity and other environmental effects like temperature variations, 

potentially masking the chemical response [31]. Photoionization detectors (PIDs) are 

inexpensive hand-held portable instruments used to detect gaseous samples [32, 33]. 

Samples introduced into a PID are ionized by high energy UV photons, resulting in 

electron removal and the formation of positively charged ions. These ions produce an 

electric current, which is the signal output of the detector [28, 32, 34]. A major 

disadvantage of PIDs in general is that they are not very selective and cannot 

differentiate between different compounds. Their selectivity can be improved by 

coupling them with gas chromatography [35], but at the expense of portability and cost. 

Another portable device used for detecting organic compounds is a fiber optical sensor, 

that uses a hydrocarbon-sensitive cladding. Compounds adsorbed to the cladding’s 

surface alter its refractive index, resulting in a change in the transmitted light [29]. But 

these sensors have a low sensitivity and are prone to mass loading effects and cladding 

damage due to frequent absorption of chemicals. Current environmental monitoring 

programs, including the fenceline monitoring method by the Environmental Protection 

Agency (EPA) [36] typically involve an off-line measurement where a thermal 
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desorption and cold trap passively collects the sample before being shipped to a 

laboratory for analysis. However, it is slow and time consuming due to sample 

transportation, analyte desorption, pre-concentration and analysis [19]. 

 

1.2.2 Emergence of Miniature Mass Spectrometers 

An analytical technique known as mass spectrometry has become an ideal 

standard for performing comprehensive chemical analysis and resolve a broad range of 

molecular and biological species with high precision and accuracy [37-40]. Mass 

spectrometers can have desirable attributes for an ideal organic compound detection 

sensor including – robustness, low cost, high chemical specificity, sub-parts per billion 

(ppb) sensitivity, portability, and low power requirements. Most importantly, it also 

offers real-time measurement capability, which is important for environmental leak 

detection applications [41, 42]. However, to realize these benefits for field applications, 

the mass spectrometer must be sufficiently small and light weight as to be portable and 

sufficiently low cost to be viable for dispersed use across multiple locations.  Challenges 

to these requirements are discussed in Section 1.2.2.5. 

The major components of a mass spectrometer include a sample inlet, an ion 

source, a mass analyzer, and a detector. The inlet delivers the analytes from the 

atmosphere to the mass spectrometer vacuum; the ion source ionizes the sample stream, 

which is then directed to the mass analyzer. The mass analyzer acts as a mass dispersive 
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element and uses several techniques to separate the ions by their mass-to-charge ratio. 

Finally, the ion current due to these mass-separated ions is detected, amplified, and 

displayed in the form of a mass spectrum [43, 44]. 

 

1.2.2.1 Membrane Sample Introduction 

Several different methods can be used for the introduction of samples into the 

ion source of a mass spectrometer. The selection of the inlet depends on the state of 

matter, volatility, and thermal stability of the analyte. Some of the commonly used inlet 

techniques for environmental mass spectrometry include gas chromatography, capillary 

direct leak, and membrane-based separation [45]. Alternatively, techniques like 

atmospheric pressure chemical ionization (APCI), atmospheric pressure photoionization 

(APPI), and electrospray ionization (ESI) combine sample introduction and ionization 

techniques to deliver ions directly to the mass analyzer [37]. A gas chromatograph, 

previously discussed as a possible alternative to a mass spectrometer for leak detection 

applications, can be used to introduce samples to the mass spectrometer [45]. Most gas 

chromatography-mass spectrometry tandem systems typically involve a direct interface 

between the gas chromatograph capillary column and the mass spectrometer ionization 

source [37]. Gas chromatography offers analyte separation, in addition to good 

quantitation and easy automation. However, it makes the sample introduction 

expensive, complicated, and not as fast as some of the other direct techniques like 



 

7 

insertion probes or capillary leak inlets [45]. A capillary direct leak inlet is the simplest 

form of sample introduction into a mass spectrometer, where a long capillary coupled 

with an adjustable leak valve feed directly into the mass spectrometer ionization source. 

Advantages of using such inlet systems include very fast response times, simplicity, 

robustness, and long-term monitoring capability [45]. However, their poor selectivity 

may be detrimental for trace compound detection using a mass spectrometer. APCI, 

APPI, and ESI are tandem sample introduction and ionization techniques used for 

analysis of liquid samples. For APCI/APPI, sample is introduced into a heated probe at 

atmospheric pressure, vaporized, ionized by either a corona discharge needle (APCI) or 

by a UV lamp (APPI), and finally directed to the mass analyzer via differential pumping. 

ESI converts the liquid sample stream to an electrostatically-charged aerosol which is 

introduced into the mass analyzer via differential pumping [37]. However, APCI, APPI, 

and ESI each suffer from significant matrix effects [45, 46] that occur when compounds 

co-eluting with the compounds of interest alter the ionization efficiency of the process 

[47], making quantification difficult. 

Polymeric membrane-based sample introduction methods have emerged as an 

attractive approach for real-time environmental monitoring when coupled with mass 

spectrometers [45]. Low energy requirements, simplicity of operation, high specificity, 

and real-time usage capability make polymeric membranes ideal candidates for 

transferring a sample stream containing volatile organic compounds (BTEX, for 
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example) to mass spectrometers for leak detection applications [46, 48]. The feature that 

is exploited in most membrane inlet-mass spectrometry (MIMS) systems is the selective 

permeation of volatile and semi-volatile organic compounds (VOCs and SVOCs), 

allowing for their enrichment in the sample stream (by a factor of 10-100) [49]. This 

selective enrichment process allows for low levels of analyte concentration to be 

detected. The membranes used in MIMS are predominantly nonporous membranes such 

as polytetrafluoroethylene (PTFE), polyethylene, polypropylene and 

polydimethylsiloxane (PDMS) [50]. 

In membrane gas separation processes, the ability to control the permeation rate 

of different species is very important. Figure 1 depicts the gas separation process of a 

PDMS membrane-based sample introduction system for a mass spectrometer. This 

process of separation in dense (nonporous) polymeric membranes can be generalized as 

a three-step process involving absorption and diffusion. First, a gas mixture contacts the 

feed side of the membrane and penetrates (dissolves or absorbs in) the initial superficial 

layers of the membrane, establishing a concentration gradient across the membrane [51]. 

Next, the dissolved gases diffuse across the membrane due to the previously established 

gradient in concentration. Finally, the permeate stream enriched in one of the mixture 

components desorbs and is withdrawn from the downstream side of the membrane. 

This mechanism, termed as the solution-diffusion model, is a semi-empirical model first 

described by Graham in 1866 [52]. The solution-diffusion model assumes that the 
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pressure within a membrane is uniform and that there is a continuous chemical potential 

gradient across the membrane expressed as a concentration gradient [53]. The rate of 

permeation of gases in membranes is a function of both the type of gas and the nature of 

the membrane used, depending on both gas solubility in the membrane and the 

diffusion rate of gas across the membrane. Diffusivity is a kinetic term that reflects the 

effect of the surrounding environment on the molecular motion of permeating 

components. It is a measure of mobility of penetrant molecules in the membrane. It 

depends on the size of the gas molecule, and is a thermally activated process [54]. The 

smaller the size of the gas molecule, the faster the diffusion through the membrane. 

Solubility is an equilibrium term that depends on the polarity of both the gas molecule 

and the membrane [53]. Gas solubility in polymers generally increases with increasing 

gas condensability, which in turn is measured by gas critical temperature, boiling point, 

or Lennard-Jones force constant with a good correlation [54, 55]. 

 

Figure 1: A schematic depicting the solution-diffusion gas separation 

mechanism of a PDMS membrane.  
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Most Commonly used membranes in MIMS systems are silicone and silicone-

based polymers like PDMS [48, 56-58]. PDMS is the most widely used silicone-

based organic polymer, and is particularly known for its unusual flow properties [59]. It 

is viscoelastic, meaning that at high temperatures (or long flow times), it acts like 

a viscous liquid but at low temperatures, it acts like an elastic solid [60]. Membranes like 

PTFE, polyethylene and polypropylene are either less selective for hydrocarbons 

compared to other polymeric membranes, or less permeable against most air 

components and organic compounds [53, 61, 62]. PDMS membranes are determined to 

be more compatible for BTEX detection with mass spectrometers because of their unique 

properties of high preferential permeability for volatile organic compounds [48, 53, 62, 

63]. 

 

1.2.2.2 Electron Ionization Sources 

Analyses with mass spectrometry are conducted with charged particles because 

of an ease of experimental manipulation of the motion of ionized species as compared to 

neutral molecules. An ion source converts sample molecules or atoms into gas-phase ion 

species. Some of the ionization techniques include electron ionization (EI) [64], chemical 

ionization (CI) [65], ESI [66], APCI [67], APPI [68], and matrix-assisted laser ionization 

(MALDI) [69]. Classification of ionization sources can be based on the amount of energy 

they deliver to the analyte, and whether the analyte is in a solid, liquid or a gas phase. 
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Except EI (“hard ionization”), the other ionization techniques listed above are termed as 

“soft ionization” techniques since they deliver low energy to the analyte in the 

ionization process. ESI, APCI, and APPI are soft ionization techniques used for liquid 

samples. In CI, a reagent gas is ionized first and transfers its charge to the sample 

molecules. Ionization occurs due to thermal energy collisions between neutral analyte 

molecules and the reagent ions. It is also a relatively less energetic/soft ionization 

technique, resulting in little or no fragmentation of molecular ions [37, 43]. MALDI 

evaporates and ionizes of a solid sample layer via the absorption of laser light 

irradiation [37]. 

EI, one of the oldest and most popular modes of ionization, was first used by 

Dempster in 1918 [70]. This technique uses high energy (typically 70 eV) electrons at low 

pressure to ionize gaseous-phase sample molecules, converting the neutral molecules to 

positively charged ions (radial cations). Since the kinetic energy of the incident electrons 

is much higher than the ionization energy (IE) of the sample molecule, the excess energy 

may cause the molecular ion to undergo further fragmentation into smaller molecular 

ions. Therefore, the fragmentation pattern is indicative of the structure of the sample 

molecule [37, 43]. For the purposes of detection of organic compounds dispersed in air, 

gas-phase ionization techniques like EI are useful.  

The electrons in an EI source can be produced through thermionic (hot cathode) 

or field (cold cathode) emission. Thermionic emission generates electrons by heating a 
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thin metal wire (typically tungsten) to high temperatures (> 1000 K). At these high 

temperatures, electrons in the metal can be thermally excited to an energy greater than 

the work function of the material. Once the electrons acquire sufficient potential energy 

to overcome the work function, they can escape from the metal surface into vacuum [71]. 

Electron sources used for electron ionization typically employ thermionic filaments 

because they offer stable electron emission. However, thermionic filaments have a high-

power consumption, significant heat generation, short lifetimes at higher pressures, and 

an inability to be pulsed on and off frequently – all disadvantageous for environmental 

mass spectrometry applications. These disadvantages have led to an interest in cold 

cathode field emission sources, especially carbon nanotube (CNT)-based sources as 

potential alternatives to thermionic filaments in miniature mass spectrometers [72, 73].  

Electron field emission occurs via quantum-mechanical tunneling of electrons 

from a conductor through a surface potential barrier into vacuum in the presence of a 

sufficiently high external electrostatic field [74-76]. The work function of a material is 

approximated as a rectangular energy barrier for an electron at the surface of a 

conductor. When a significantly strong electric field is present, the energy barrier is 

lowered and can be approximated as a triangular barrier [74]. This phenomenon was 

explained and modeled by Fowler and Nordheim [74] and became known as Fowler-

Nordheim tunneling theory. In the field emission regime, electrons are effectively in 

local thermodynamic equilibrium which is why this statistical emission regime is often 
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referred to as cold field electron emission; therefore, field emitters are often referred to 

as cold cathodes [74].  

In order to induce field emission, an electric field on the order of 1x107 V/cm is 

necessary to produce a sufficiently small barrier such that electrons have a higher 

probability of tunneling through it [74]. However, by changing the morphology of the 

emitter to a sharp tip, the necessary applied field is greatly reduced by a phenomenon 

known as field enhancement. A parameter known as the field enhancement factor (β) is 

used to reconcile the difference between the applied macroscopic electric field (Eapplied) 

and the microscopic, or local electric field (Elocal), at the emitter tip. Field enhancement 

occurs due to bending equipotential field lines around the sharp tip of a conductor. 

Therefore, the local electric field at the emitter-vacuum interface can be written as 

. This field enhancement increases with an increasing aspect ratio, which 

is why CNTs are effective as field emitters. The high-aspect ratio geometry allows CNTs 

to undergo field emission at very low applied fields. Since the origins of the Fowler–

Nordheim theory, there have been correction factors made to their original 

mathematical representation of field emission[73], to account for high aspect ratio 

emitters, as well as the work function of the emitter material. Using universal constants a 

and b associated with carbon-based emitters well established from literature, where a = 

1.54 x10-6 AeVV-2, and b = 6.83 x103 eV-3/2 Vµm-1, a modified F-N equation can be 

established for calculating the emission current density. 
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   (1) 

Therefore, the application of the F-N equation to CNT field emitters can be used 

to determine the relationship between the emission current density J, the applied electric 

field strength Eapplied, field enhancement factor β, and the work function ϕ of the CNT 

field emitters. Since being first reported as electron field emitters [77, 78], CNTs have 

been well studied and have proven themselves to be a viable candidate for electron 

sources in various applications, including mass spectrometry [79, 80]. 

 

1.2.2.3 Cycloidal Mass Analyzers 

A moving ion can be distinguished from another ion on the basis of differences 

in their momentum, kinetic energy, and velocity. The mass analyzer, which is at the 

heart of a mass spectrometer, performs two vital functions – disperse ions in terms of 

their mass-to-charge (m/z) ratio; and focus all the mass-resolved ions at the detector [37, 

43]. In mass spectrometry, m/z is a notation used to interpret output data collected from 

a mass spectrometer [44]. m/z is a dimensionless quantity by definition, since it is a ratio 

of the dimensionless mass number m of a given ion, to the net number of its elementary 

charges, z [81]. There are a variety of mass analyzers using different methods for mass 

separation, including: sector instruments [70, 82, 83], time-of-flight (TOF) analyzers [84], 

quadrupoles [85], and ion traps [86, 87]. Mass spectrometers can also be developed to 
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use more than one type of mass analyzer, known as tandem or hybrid mass 

spectrometers [37, 88]. A TOF analyzes ions by recording their flight time. A short pulse 

of ions of different m/z are dispersed in time during their flight/path along a long field-

free drift path. A TOF has a capability of being used in tandem mass spectrometers [89], 

and its m/z range is unlimited [90]. However, it requires powerful vacuum pumps 

because of its need for low operating pressures [91]. In addition it has a poor mass 

resolution, which can be improved by using reflectrons, or by orthogonal injection [89]. 

A linear quadrupole mass analyzer consists of two pairs of opposing metal rods, with 

each opposing pair connected electrically, and is operated using both radio frequency 

(RF) and DC fields. A quadrupole operates as a mass analyzer when fields are applied 

such that only ions of a single m/z have stable trajectories for acceleration through the 

rod assembly; other ions with unstable trajectories will collide with the rods and be 

absorbed [37, 91]. Quadrupoles are inexpensive, small, robust[91-93], and offer tandem 

mass spectrometry capability [37, 89]. However, they are inherently scanning 

instruments [37], which means that they don’t offer simultaneous detection of all the ion 

species being analyzed. Ion trap mass analyzers use a modification of the quadrupole to 

create stable trajectories/traps for ions of a certain m/z with a combination of DC and RF 

fields, while the ions with unstable trajectories are removed [37]. Since ion trap mass 

analyzers can accumulate ions over time [93], they offer high sensitivity, useful for 
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environmental analysis [91]. Ion traps are prone to space charge effects that can cause 

performance deterioration [87], including poor resolution [87, 93] and mass errors [94]. 

Sector mass analyzers use either a magnetic field, or a combination of electric 

and magnetic fields to separate ions of different m/z. A magnetic sector mass analyzer 

was one of the first mass analyzers used for mass dispersion [70]. It uses a magnetic field 

to separate ions of different m/z values by bending ion trajectories accelerated from an 

ion source into circular paths, via momentum separation and directional focusing [37]. 

However, it has a limited mass range and resolution due to an inability to correct for 

initial energy dispersion. A double-focusing mass analyzer uses a combination of electric 

and magnetic sectors. Ionization of sample molecules in the ion source produces ions 

with different kinetic energies and spatial distribution. By combining the energy-

focusing action of an electric sector with direction-focusing action of a magnetic sector, 

both directional and velocity inhomogeneity can be corrected [43]. This is called double 

focusing, and a double-focusing sector instrument offers a higher mass resolution than a 

traditional magnetic sector mass analyzer [37]. Several double-focusing sector mass 

analyzers, for instance Mattauch-Herzog [82], Bainbridge-Jordan [95], and Hinterberger-

Konig [96] offer a first-order correction to the energy and angular dispersion of the ions 

emerging from the ion source. However, the prolate trochoid mass analyzers, also 

known as cycloidal mass analyzers, offer perfect focusing to all orders. First described 

by Bleakney and Hipple in 1938, the parallel electric and magnetic sectors of the 
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cycloidal mass analyzers generate orthogonal and uniform electric and magnetic fields 

[83, 97-102]. The key aspect of why a cycloidal mass analyzer is ideal for coded apertures 

is demonstrated in Equation (2) for displacement ai of the ions from the ion source exit 

slit to their focusing position on detector. This value for ai is derived by solving the 

equations of motion for a charged particle in perpendicularly oriented uniform electric 

and magnetic fields. 

   (2) 

In the above equation, mi is the mass of the ith ion, z is the charge on the ion, E is 

the applied uniform electric field, and B is the applied uniform magnetic field. From the 

equation, it is evident that the displacement does not depend on the initial energy or 

angle of ion emission from the ion source, which is why the cycloidal mass analyzer is 

perfect focusing. 

 

1.2.2.4 Array Detectors 

A detector provides information on ion current, or abundance of ions after they 

are mass dispersed by the mass analyzer [37, 43]. There are two major categories of 

detectors – focal-point detectors, that detect ions one m/z at a time and are typically used 

with scanning mass analyzers; and focal-plane detectors, that monitor all the ions 

simultaneously all the time and are used with direction focusing mass analyzers [103]. 

Focal-point detection, therefore, results in an inefficient sample use as not all ions 
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generated are measured, whereas focal-plane detection results in an improved 

sensitivity and a multiplexing opportunity. Several types of detectors exist, including: 

Faraday cup [104], electron multiplier [105], microchannel plate (MCP) [106], and 

capacitive transimpedance amplifier (CTIA) array detectors [103, 107]. A Faraday cup 

detector is one of the simplest focal-point detectors available, utilizing conducting 

electrodes to directly measure charge (current) [37, 103]. The electrode is typically 

connected to a high-impedance amplifier via a large feedback resistance that provides a 

large gain, at the expense of an increased noise [43]. A major disadvantage of Faraday 

cup detectors is poor sensitivity, arising due to a lack of internal amplification, and due 

to noise generated by a large feedback resistance [103]. An electron multiplier is also a 

type of focal-point detector. It typically consists of either a series of discrete electrodes 

(also known as dynodes) arranged in a voltage divider circuit, or a single continuous 

channel electrode with sufficient resistance to result in a gradual voltage drop across its 

length[37]. Incoming ions strike the first dynode producing secondary electrons, which 

are then accelerated farther into the detector, striking the surface or the next dynode and 

giving rise to more secondary electrons. This process is repeated over several stages, 

producing a cascade of electrons, resulting in a large amplification of the ion signal. 

However, secondary electron emission is a variable process, making the value of the 

gain unstable with time, not ideal for high precision measurements [108]. An MCP is an 

array detector, consisting of an array of tiny tubes or slots (called micro-channels) 
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densely distributed over the whole surface. Each of the channels acts as a continuous 

channel electron multiplier. Discrimination of slower ions as compared to faster ions is 

observed with MCPs [37], and their plates are sensitive to environmental conditions 

[103]. A CTIA array detector is a type of focal-plane array detector where arrays of micro 

Faraday cup electrodes are connected to a CTIA [103]. It contains a capacitor in the 

amplifier feedback loop instead of a resistor. This makes it a charge sensitive device. The 

charge-to-voltage gain is controlled by the feedback capacitor; the smaller the 

capacitance, the larger the gain. The gain is stable and reproducible since its controlled 

by capacitors which are passive components. In addition, modern CMOS manufacturing 

allows fabrication of extremely small capacitors, allowing for very high gain. The 

capacitor used in a CTIA produces less noise [103, 107, 109-111]. In addition, small 

capacitors take up less physical space than large resistors, allowing more amplifiers to 

be constructed in a smaller space, paving the path for miniaturization of mass 

spectrometers. 

 

1.2.2.5 Barriers to Miniaturization of Sector Mass Spectrometers 

Mass spectrometers have traditionally been limited to laboratories due to 

persistent barriers in the form of size, weight, power constraints, limited detector 

technologies, and vacuum requirements. Miniaturization of mass spectrometers often 

leads to their poor performance relative to laboratory instruments as a result of a 
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tradeoff between throughput and resolution [112]. Sector mass analyzers have 

historically utilized either large, bulky permanent magnets, or electromagnets with high 

power consumption because of the high magnetic field strength required. In addition, 

they’ve been designated as scanning instruments since they scan mass spectra across a 

single element detector, despite having geometries with favorable focusing properties 

that allow for detection of ions across the entire mass range simultaneously. Therefore, 

most commonly used miniature mass analyzers have been based on ion trap, 

quadrupole, or time-of-flight mass analyzers [44, 91, 113]. Recently, however, there has 

been a renewed interest in miniature sector mass analyzers with the advancement of 

high-performance neodymium-iron-boron (Nd-Fe-B) rare earth permanent magnets that 

reduce the mass analyzer size and weight, enable the construction of high field strength 

permanent magnets [114-116], and require zero power to operate. Spatially focusing 

sector mass spectrometers can incorporate recent advancements in detector technology, 

including ion array detectors [107, 117-119], to offer simultaneous detection of ions over 

a wide mass range. Furthermore, the use of spatially coded apertures can break the 

trade-off between throughput and resolution in a sector mass spectrometer and increase 

throughput without sacrificing resolution [112, 120-123]. 

In a conventional sector mass spectrometer with a position-sensitive array 

detector, a narrow slit is used to define mass analyzer input [112]. As the instrument size 

shrinks, the slit must also shrink to maintain resolution, at the expense of throughput. 
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This leads to a throughput vs. resolution trade-off. A method to achieve increased 

throughput while maintaining resolution is by replacing a single slit with a coded 

aperture, or array of slits of different sizes. The total open area of the slits determines the 

throughput while the width of the smallest slit determines the resolution. Spatial 

aperture coding is a computational sensing technique that has been historically used in 

optical [124, 125] and x-ray imaging [126]. Over the past few years, the application of 

coded apertures to sector mass spectrometers has paved the way towards their 

miniaturization by eliminating the tradeoff between throughput and resolution [120-

123]. Previous work has demonstrated the ability of aperture coding to increase the 

throughput without sacrificing resolution in a 90˚ magnetic sector mass analyzer [121, 

123], a Mattauch-Herzog mass analyzer [122], and a cycloidal mass analyzer [120] all 

coupled with a position sensitive array detector. The cycloidal mass analyzer, when 

coupled with a focal plane array detector, is particularly well suited for use with 

aperture coding. The perfect focusing properties of the cycloidal mass analyzer enable a 

1:1 image of the coded aperture to be projected on the detector for each m/z, generating a 

coded spectrum for a range of ion species at the array detector. A conventional mass 

spectrum can be computationally reconstructed from the coded spectrum using a simple 

calibration process. First, the system response is estimated from the coded spectrum of a 

known compound, and is essentially equivalent to the aperture image projected on the 

detector for a single m/z. Second, a reconstructed spectrum for an unknown compound 
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or compounds is obtained by a deconvolution of the estimated system response from the 

coded spectrum [112]. A previous proof-of-concept cycloidal coded aperture miniature 

mass spectrometer (C-CAMMS) first demonstrated the use of spatially coded apertures 

in a cycloidal sector mass analyzer [120]. It employed a cycloidal mass analyzer, a 

carbon nanotube (CNT) field emission electron ionization source, and a capacitive 

transimpedance amplifier (CTIA) array detector to demonstrate an order of magnitude 

increase in throughput without loss in resolution as compared with a single slit 

instrument. 

 

1.3 Research Objectives 

The current research builds on the previously developed C-CAMMS instrument. 

In particular, this work investigates the operational characteristics and system physics 

necessitated by previous experimental observations of artifacts in spectral 

reconstruction, and temporal variation in the coded aperture images.  

Figure 2 demonstrates the first of these observations. Figure 2 (a) depicts 

experimental (red) and simulated (gray) coded mass spectra, and (b) depicts 

reconstructed mass spectra for 50:50 mixture of argon and dry air with the previous C-

CAMMS instrument, adapted from Amsden et al. [120]. Artifacts in the reconstructed 

mass spectrum (Figure 2) to the left of the main reconstruction peak were observed 

when a deconvolution of the system response from the detector measurements was 
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performed for spectral reconstruction. These artifacts were hypothesized to be caused by 

variations in the system response and/or aperture image due to non-uniformities in 

electric field and misalignment of the detector and the ion source with the mass analyzer 

focal plane [120]. As discussed earlier, a cycloidal mass analyzer focuses a 1:1 image of 

the coded aperture/slit pattern on the detector for each m/z. But this assumption breaks 

down if the mass resolving electromagnetic fields are not perfectly uniform [100], or if 

the detector is not aligned perfectly with the focal plane of the mass analyzer. 

 

 

Figure 2: (a) depicts experimental (red) and simulated (gray) coded mass 

spectra, and (b) depicts reconstructed mass spectra for 50:50 mixture of argon and dry 

air with the previous C-CAMMS instrument, adapted from Amsden et al. [120]. 

Arrows point to artifacts in the reconstruction. 
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In addition, there were significant temporal fluctuations of the coded aperture 

images during operation of the instrument. Figure 3 (a), (b), (c) and (d) demonstrate 

experimental coded mass spectra for 50:50 mixture of argon and dry air with the 

previous C-CAMMS instrument over a two second period, where fluctuations in the 

coded aperture image peak position, intensity, and shape corresponding to each m/z can 

be observed. Historically, thermionic filament-based electron ionization has been used 

most commonly with mass spectrometers to create gas phase ions from a wide range of 

small molecules. Despite the potential benefits of using CNT-based electron ionization 

sources, a major disadvantage with CNT electron emission is the spatiotemporal 

variation in emission current [127-129]. The poor stability of CNT electron emission was 

hypothesized to be correlated with the poor aperture imaging performance of the 

previous C-CAMMS instrument. 

 

Figure 3: (a), (b), (c) and (d) Depict experimental coded mass spectra for 50:50 

mixture of argon and dry air with the previous C-CAMMS instrument over a two 

second period. 
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The primary goal of this research is to study and modify the previous C-CAMMS 

instrument design to improve the uniformity of aperture image over time and over the 

entire m/z range. Investigating changes in C-CAMMS instrumentation is important to 

potentially obtain high resolution, artifact-free, and reproducible reconstructed mass 

spectra. A secondary goal is to explore is the compatibility of CNT-based electron 

ionization sources with aperture coding. Furthermore, a characterization and 

implementation of a membrane inlet can expand the application space of the previous C-

CAMMS instrument by enhancing its capability to detect low concentrations of organic 

compounds like BTEX and methane, towards environmental sensing. 

 

1.4 Dissertation Outline 

The work presented in this dissertation is organized as follows: 

Chapter 2 presents the design and characterization of a membrane inlet for use 

with a cycloidal coded aperture miniature mass spectrometer (C-CAMMS) prototype. 

Also presented is a performance validation of the C-CAMMS prototype towards 

achieving low detection limits for methane and toluene.   

Chapter 3 compares traditional thermionic filament and carbon nanotube field 

emitter-based electron ionization sources in cycloidal coded aperture mass analyzers. In 

particular, an examination into the impact of stability of CNT field emission vs. 

thermionic emission on the stability of aperture imaging is conducted. 
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Chapter 4 demonstrates an improvement in the quality of reconstructed mass 

spectra in a C-CAMMS prototype, highlighted by several improvements in instrument 

design. 

Chapter 5 presents a summary of scientific contributions and conclusions, with 

brief discussions of future work to continue the research featured in this work. 
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2. Characterization of a Membrane Inlet for Hydrocarbon 
Detection with a Coded Aperture Miniature Mass 
Spectrometer 

 

2.1 Introduction 

On-site trace analysis of hazardous chemicals as well as continuous monitoring 

of fugitive emissions has become critical in recent years. Certain hazardous organic 

compounds can disperse in air, dissolve in water and may be found in surface and 

groundwater at contaminated sites or in close vicinity to oil, coal and gas deposits [1, 2]. 

Once released in the environment, both a short-term and a prolonged exposure to these 

toxic chemicals can have a potentially harmful impact on residents, workers, and biota 

in proximity [3, 4, 130]. Growing public awareness on the negative environmental 

impact of natural gas and petroleum derivatives has necessitated the need for a rapid, 

portable and economical detection system. There are several analytical detection 

techniques used for chemical speciation, quantification and characterization of organic 

compounds including e-noses [26, 30], gas chromatography [18], infrared spectroscopy 

[20], and Raman spectroscopy [23]. Current environmental monitoring programs, 

including the fenceline monitoring method [36] by the Environmental Protection Agency 

(EPA) typically involve an off-line measurement where an adsorbent carbon cartridge 

passively collects the sample before being shipped to a laboratory for analysis. However, 

most of these detection techniques fall short of satisfying all of the desired attributes for 
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the ideal hydrocarbon detection device, including - robustness, low cost, a high chemical 

specificity, sub-parts per billion (ppb) sensitivity, portability, low power requirements, 

and real-time detection capability. 

Over the past few years, the emergence of portable and field deployable chemical 

sensing technologies like the photoionization [28] and fiber optical detectors [29] have 

enabled a new foundation for environmental monitoring. An analytical technique, 

known as mass spectrometry, can perform a comprehensive chemical analysis with high 

precision and accuracy [37]. It provides information about molecular structures, reaction 

dynamics, ion chemistry, structural specificity and sensitivity. Most importantly, it also 

offers real-time measurement capability, which is important for leak detection of 

hazardous volatile organic compounds (VOCs) [41, 42]. In the past decade or so, a great 

deal of research has been done to move a mass spectrometer from its traditional 

laboratory setting to the field through miniaturization [44, 131, 132]. However, issues 

persist because of constraints in weight, size, electric power requirements and vacuum 

requirements. Additionally, field deployment must contend with a tradeoff between 

throughput (i.e., sensitivity) and resolution that limits performance relative to laboratory 

instruments. Coded aperture miniaturized mass spectrometers have recently been 

shown to overcome the throughput-resolution tradeoff that limits miniaturization in 

conventional instruments [112, 120-123].  
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Polymeric membranes have emerged as an attractive approach to separating 

materials in many industrial, medical and chemical applications, as well as real-time 

environmental monitoring [53]. Low energy requirements, simplicity of operation, high 

specificity, and real-time usage capability make polymeric membranes ideal candidates 

for transferring sample stream containing VOCs to mass spectrometers for leak 

detection applications. Other sampling techniques like gas chromatography (GC) and 

direct leak inlets exist but are expensive and have a slow response time (in the case of 

GCs), or have selectivity issues (in the case of direct leak inlets) [45]. The feature that is 

exploited in most Membrane Inlet Mass Spectrometry (MIMS) systems is a certain 

degree of preconcentration/enrichment of VOCs in the sample stream, as a result of their 

selective permeation [133]. This preconcentration enhances the sensitivity of mass 

spectrometers to detect low concentrations of VOCs. The membranes used in MIMS are 

predominantly nonporous membranes such as polytetrafluoroethylene (PTFE), 

polyethylene, polypropylene, and silicones [50].  

This work presents a design and characterization of a membrane inlet for use 

with a cycloidal coded aperture miniature mass spectrometer (C-CAMMS) prototype. 

Specifically, we examine how well the potential benefits of membrane inlets translate to 

low limits of detection for methane and toluene with C-CAMMS.  
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2.2 Instrument Design – Membrane Inlet 

The cycloidal coded aperture miniature mass spectrometer-mini prototype (C-

CAMMS-MP) used in this study is described in detail in Chapter 4 and is largely based 

on the C-CAMMS proof-of-concept instrument described in reference [120]. The 

following sub-sections detail the salient features of design and construction of a 

membrane inlet for C-CAMMS-MP. 

 

2.2.1 Membrane Material and Shape 

The potential application of a polymeric membrane for gas separation depends 

on two parameters – permeability and selectivity. Permeability is the propensity of a 

material to allow certain gases to pass through, which is a function of both the type of 

gas and the nature of the membrane used. Selectivity is the ability of a membrane to 

selectively allow a particular gas molecule to pass through it from a mixture of gases 

[134-136]. Several membrane materials were considered for the design and construction 

of the membrane sample inlets to be used with C-CAMMS-MP. Membranes like 

polytetrafluoroethylene (PTFE), polyethylene and polypropylene were either less 

selective for hydrocarbons compared to other polymeric membranes, or less permeable 

against most air components and organic compounds [53, 61, 62]. Silicone membranes 

like polydimethylsiloxane (PDMS) on the other hand were found to be more compatible 

for hydrocarbon detection with mass spectrometers because of their unique properties of 
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high preferential permeability for volatile organic compounds [48, 53, 62, 63]. After a 

selection of the membrane material, the next aspect of the membrane inlet design was 

determined to be the membrane shape. Flat sheet and hollow fiber are two membrane 

shapes most commonly used in MIMS systems. Of the two membrane shapes that were 

considered, the hollow fiber shape permitted more flexibility in design configuration 

[58, 137]. 

2.2.2 Membrane Dimensions and Vacuum Pressure Profile 

After a selection of the hollow fiber as the preferred shape, the optimum 

membrane dimensions were theoretically determined.  The best length and inner/outer 

diameter combination of the membrane for use with the inlet can be determined using 

diffusive flow transport mechanism. A quantitative measure of transport through the 

membrane is the flow through it. This flow can be partly explained by the diffusion 

theory, which is based on the hypothesis that the net rate of transfer of a diffusing 

substance through a unit sectional area of an isotropic material is proportional to the 

concentration gradient normal to the section. For a hollow cylindrical membrane, the 

steady state analyte flow through it can be described using Fick’s diffusion equation, 

and can be written as [138]:  

   (3) 

where, ISS = Analyte flow through the membrane (mol/sec) 
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l = length of membrane (cm) 

A = analyte permeability (mol cm/cm2 s mbar) 

PS = partial pressure of analyte on sample side of the membrane (mbar) 

ro and ri = outer and inner radii of the hollow cylinder (cm), respectively 

From Equation (3), it is evident that thinner and longer membranes lead to 

higher flow rates. For our experiments, we chose a commercial Dow Corning PDMS 

membrane with 0.058” inner diameter (i.d.) and 0.077” outer diameter (o.d.), for a 

thickness of 0.019”. The i.d. and the o.d. of the membrane were chosen such that the 

membrane was thin enough for sufficiently high flow rates, and thick enough to be 

robust. From a mass spectrometer system perspective, the net volumetric gas 

throughput from a leak in the system can be estimated by the change in base pressure of 

the system before and after the introduction of the leak (which gives the partial pressure 

of the gas introduced into the system) and limited by the maximum pumping capacity of 

the vacuum pump operating on the system [139]. Since the membrane is the major 

source of leak in C-CAMMS-MP, the change in base pressure of C-CAMMS-MP drives 

the flow. We can therefore approximate the steady-state flow rate across the membrane 

as:  

  (4) 

where, Pbf = C-CAMMS-MP final base pressure with membrane inlet (mbar) 

Pbi = C-CAMMS-MP initial base pressure without membrane inlet (mbar) 
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Fb = pumping rate of vacuum pump (cm3/s) 

The length of the membrane can be determined by substituting Equation (4) into 

Equation (3). 

   (5) 

Considering that almost all the parameters in the above Equation (7) are known 

and are either a property of the membrane (ro, ri, A), a property of the analyte (A, Ps), or 

a property of the vacuum pump (Fb), it becomes easy to determine the length of the 

membrane using Pbf. It may be noted that the values of A (permeability) for different 

gases in PDMS can be determined from various sources in literature [133], and may be 

used in Equation (7). An experimental determination of permeability is beyond the 

scope of this study. Based on system considerations like sensitivity and normal working 

pressure range for the thermionic filament in the ion source, Pbf can be chosen as the C-

CAMMS-MP operating pressure. With Pbi as the C-CAMMS-MP system base pressure at 

5.3e-6 mbar, and Pbf chosen as 2.7e-5 mbar, length l of the PDMS membrane was 

calculated to be about 3.5 cm (1.42”) and used for this study. 

We used the theoretical flow rate determined from Equation (3) to study and 

understand the impact of membrane dimensions on C-CAMMS-MP vacuum pressure. 

To do that, we built a CAD model of the internal volume of C-CAMMS-MP in 

Solidworks and simulated the model in Molflow+, that provided a visual describing the 
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pressure profile across the ion source and the mass analyzer. These simulations also 

provide a useful understanding of the volumetric conductance across C-CAMMS-MP 

that impacts system performance metrics like sensitivity. Molfow+ is a Monte Carlo 

simulator intended to calculate pressure profiles and conductance in ultra-high vacuum 

developed at CERN (European Organization for Nuclear Research). It uses the test 

particle Monte Carlo (TPMC) method where a small number of virtual test particles 

represent a larger number of physical molecules. The derived quantities of the test 

particles are then scaled up to match the physical numbers [140]. Figure 4 presents a 

colormap of the pressure profile in a cross-sectional plane of the mass analyzer internal 

volume in C-CAMMS-MP simulated with Molflow+. Inset shows the pressure profile in 

a cross-section of the ion source. All the colored areas in the simulation represent steady-

state pressure profiles in the internal volume of C-CAMMS-MP. The black areas 

represent physical, solid components within which internal pressure cannot be 

determined. From Figure 4, it can be observed that the pressure within C-CAMMS-MP 

mass analyzer is of the same order of magnitude (< 5e-5 mbar) as determined 

experimentally. 
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Figure 4: A colormap of the pressure profile in a cross-sectional plane of the 

mass analyzer internal volume in C-CAMMS-MP simulated with Molflow+. The inset 

shows the pressure profile in a cross-section of the ion source. All the colored areas in 

the simulation represent steady-state pressure profiles in the internal volume of C-

CAMMS-MP. The black areas represent physical, solid components within which 

internal pressure cannot be determined. 

 

2.2.3 Membrane Configuration and Assembly 

The membrane inlet was chosen to be a standalone unit because of the ease and 

flexibility in choosing between different inlet design configurations without redesigning 

the complete C-CAMMS-MP vacuum/inlet interface. The inlet was designed and 

modelled using Solidworks as a CAD model in an attempt to seamlessly integrate it with 

C-CAMMS-MP. For constructing the inlet, two hollow fiber sampling geometries 

reported in literature – flow-through and flow-over – were considered [137]. Figure 5 

shows a schematic of the flow-through configuration membrane inlet used in this study. 

As the name suggests, the flow-through configuration involves flowing the sample 
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stream inside the membrane and having the analyte (aliphatic or aromatic compound)-

enriched stream permeate out from it. The inlet was designed and constructed such that 

the gaseous feed stream containing the analytes of interest was introduced into the 

PDMS membrane. The feed stream would permeate from the inner to the outer walls of 

PDMS tubing encased inside a 1/4” i.d. Teflon tubing. The analyte-enriched analyte 

stream flow was then directed into the C-CAMMS-MP ion source via a 1/16” i.d. Teflon 

tubing. The PDMS tubing was held in place structurally on two pieces of hollow 1/16” 

i.d. stainless steel tubes and atmospherically sealed via a Swagelok nut and tee assembly 

housing PTFE ferrules. The stainless-steel tubing was cut using a specialized tube cutter 

and deburring tool (RestekTM) designed for use with very small diameter tubing.  The 

PDMS membrane was dipped in hexane before slipping it onto the support tubing and 

leaving it to dry overnight. Since the i.d. of the PDMS membrane was smaller than the 

supporting tubing, dipping it in hexane swelled it to more than twice its normal 

dimensions [141]. Allowing the hexane to evaporate returned the PDMS membrane to its 

normal dimensions and resulted in a good vacuum seal between the membrane and the 

steel tubing. This setup was then encased inside ¼” i.d. Teflon tubing, using PTFE 

(Teflon) reducing ferrules (1/4” to 1/16”), that provided additional vacuum seal and 

support for the membrane-steel tubing setup. Once the inlet was assembled, the feed 

stream was connected to the MFCs (mass flow controllers) via ¼” i.d. Teflon tubing, 

with the exhaust stream connected to a chemical hood. The flow-over configuration 
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geometry involves flowing the sample stream outside the membrane and having the 

VOC-enriched permeate into the membrane. However, it was not considered for this 

study since literature review suggested low absolute signal from the flow-over as 

compared with the flow-through configuration. The low absolute signal was attributed 

to a buckling of the soft PDMS membrane in the flow-over configuration under low 

pressure conditions causing a significant reduction in the effective membrane area [137]. 

  

 

Figure 5: A schematic of the flow-through membrane inlet configuration 

 

2.3 Experimental Validation 

2.3.1 Lab Data Collection Procedure 

2.3.1.1 Sample Introduction Parameters 

The analyte stream flow was introduced into C-CAMMS-MP’s membrane inlet 

via a custom gas mixing system consisting of several mass flow controllers, pneumatic 
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valves and pressurized gas cylinders, as described in reference [120]. It was controlled 

using mass flow controllers via a custom LabView program. For our experiments, 100 

ppm toluene and 25000 ppm (2.5%) methane balanced in dry air were used as the 

sample analyte to characterize the performance of C-CAMMS-MP for environmental 

applications. Methane is a greenhouse gas and has an important role in influencing 

global climate [5]. Although benzene is the primary chemical of interest due to its 

carcinogenic nature [10], toluene is used for leak detection characterization since it has a 

similar fragmentation pattern to benzene, but is less toxic. The concentration of methane 

was varied from 25000 ppm to 25 ppm by diluting 25000 ppm methane balanced in dry 

air with 100% dry air using mass flow controllers and flowing the dilution through the 

membrane inlet. The concentration of toluene was varied from 100 ppm to 100 ppb 

similarly. The C-CAMMS-MP system pressure was maintained at 2.7  10-5 mbar by the 

membrane inlet. 

 

2.3.1.2 Instrumentation Control 

Power for the vacuum pumps, the control electronics, and the detector was 

supplied using a custom 24V DC power supply. Voltages for the filament float, the ion 

repeller, the electron repeller, and the electric sector were applied using Keithley 2410 

sourcemeters via a python script. The thermionic filament was powered by Agilent 

3640A power supply. The filament was floated at a potential of -40 V relative to 30 V on 
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the ion repeller to produce 70 eV electrons. Achieving ~1 µA of electron emission current 

from the filament required a potential difference of 1.1 V across it, with 1.6 A of current 

running through it. The electron repeller was maintained at a voltage of -40 V to direct 

the electron current towards the ion repeller. The current values on the filament float, 

the ion repeller, and the electron repeller were measured as -1.05 µA, 1 µA, and 0 A 

respectively, indicating that almost all of the electrons emitted by the filament reached 

the ion repeller. Equal and opposite voltages were applied to the top and bottom 

electrodes of the electric sector, with respect to the two center electrodes that were 

electrically grounded. The voltage divider circuit then distributed the voltages 

appropriately to all the other electric sector electrodes. For methane and toluene data 

collection, the electric sector voltages were maintained at ±50 V and ±17 V respectively, 

resulting in electric sector fields at 1190 V/m and 405 V/m respectively. The thermal 

electric system, the vacuum pumps, and the detector power were controlled by a 

MSP430 microcontroller via a python program. The thermal electric power was 

maintained at 50% duty cycle, cooling the detector to approximately -5˚C as described in 

reference [120]. The data from the detector was collected using a python script and 

analyzed using custom MATLAB scripts. 
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2.3.2 Steady-State Performance Characterization 

2.3.2.1 Methane Detection Limit with Coded Aperture 

To characterize and validate the performance of C-CAMMS-MP towards the 

detection of methane, experiments were conducted with 10 different concentrations of 

methane. Figure 6 (a) shows experimental (blue) and simulated (gray) coded mass 

spectra of 25000 ppm (2.5%) methane. Figure 6 (b) shows the overlaid coded spectra 

(normalized for variations in electron current) of three different concentrations of 

methane. Also added to the top horizontal axes in Figure 6 (a) and (b) are alternative m/z 

axes fitted to detector pixels to help identify ion species corresponding to each aperture 

image in the coded mass spectra. An image of the coded aperture appears at each m/z in 

the spectrum. The top horizontal axis in Figure 6 (a) and (b) indicates the m/z 

corresponding to each aperture image. Each of the coded aperture images from left to 

right in Figure 6 (a) and (b) correspond to m/z 13, 14, 15, 16, 17, 18, 28, and 32. The coded 

aperture uses a pattern consisting of three slits: 100 μm, 150 μm, and 50 μm wide, 

separated by 100 μm and 150 μm respectively. The simulated spectra (in gray) are 

constructed from NIST Chemistry WebBook data. The NIST mass spectrum of methane 

has ion fragments ranging from m/z 12 - 17, with the most abundant ion fragments at m/z 

15 and 16 [142]. The differences between the simulated and coded spectra are due to 

dispersion caused by non-uniformities in the electric and magnetic fields, space charge, 

and mechanical tolerances in the components that make up the mass analyzer [143]. It is 



 

41 

evident from Figure 6 (b) that C-CAMMS-MP is capable of detecting different 

concentrations of methane, since consistently lower relative intensities of aperture 

images corresponding to m/z 15 and 16 can be observed as the concentration of methane 

is reduced. The aperture images for N2+ and O2+ (m/z 28 and 32) ion species have artifacts 

and are saturated on the detector. However, they are not used for quantitative analysis 

since they are outside the span of m/z in which the methane ion fragments are found. 

 

Figure 6: (a) Shows experimental (blue) and simulated (gray) coded mass 

spectra of 25000 ppm (2.5%) methane balanced in dry air, and (b) shows overlaid 

coded spectra of three different concentrations of methane (25000, 12500, and 1250 

ppm) with blank (0 ppm methane) balanced in dry air. Each of (a) and (b) has a second 

horizontal m/z axis at the top to help identify the ion species corresponding to each 

aperture image/cluster of peaks. 

Figure 7 (a) depicts overlaid reconstructed mass spectra obtained by performing 

a deconvolution of the system response from the coded mass spectra shown in Figure 6 

(b). The reconstruction algorithm is explained in detail by Amsden et al. [120]. As 

observed in Figure 6, a saturation in the relative intensity of coded aperture images for 

m/z 28 and 32 result in non-ideal reconstructed peaks at these m/z. However, for the 
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purpose of calibration of C-CAMMS-MP for methane (from m/z 12 - 17), these 

reconstruction peaks can be neglected. For better data visualization, Figure 7 (b) presents 

an expanded view of reconstructed peaks at m/z 15 from Figure 7 (a) for different 

concentrations of methane. Additionally, a linear dependence of peak intensity on 

methane concentration can also observed from Figure 7 (c), demonstrating the potential 

of C-CAMMS-MP towards predicting methane concentrations in unknown samples. A 

calibration graph in Figure 7 (c) plots the mean intensity values of the reconstructed 

peaks at m/z 15 for 10 different concentrations of methane ranging from 0 to 25000 ppm, 

with 1 (standard deviation) error bars, fitted to a linear regression line (in red). Each 

data point in the calibration graph corresponding to a different methane concentration is 

an average of 20 peak intensity values. Low  values (as observed from one of the data 

points in the inset in Figure 7 (c)) of the order of 0.06, compared with the mean intensity 

values for each data point in the calibration graph suggest a stable C-CAMMS-MP 

instrument response to a particular concentration of methane. This means that a well-

calibrated C-CAMMS-MP can reliably predict methane concentration in unknown 

samples with sufficient accuracy. From this graph, we calculated a detection limit of 50 

ppm for methane using the method [144, 145]: detection limit = 3.3*B/m, where B is the 

standard deviation of reconstructed peak intensity of blank (0 ppm methane), and m is 

the slope of the linear fit of the calibration graph. 
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Figure 7: (a) depicts the overlaid reconstructed mass spectra obtained by 

performing a deconvolution of the system response from the coded mass spectra 

shown in Figure 6 (b). (b) presents an expanded view of reconstructed peaks at m/z 15, 

highlighted by the black box in (a). (c) plots the mean intensity values of the 

reconstructed peaks at m/z 15 for 10 different concentrations of methane with 

1 (standard deviation) error bars, fitted to a linear regression line (in red). The inset 

in (c) presents an expanded view of the mean intensity at 25000 ppm methane with 

the fitted line. 

 

2.3.2.2 Toluene Detection Limit with a Single Slit 

To characterize and calibrate the performance of C-CAMMS-MP towards the 

detection of toluene, experiments were conducted with 17 different concentrations of 

toluene ranging from 0 to 100 ppm, with smaller increments at low concentrations, and 
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larger increments at higher concentrations. For the purpose of these experiments the 

coded aperture in C-CAMMS-MP was replaced with a single 50 µm slit to elucidate C-

CAMMS-MP’s lower detection limit for toluene with a coded aperture, as compared 

with a slit. Figure 8 (a) shows the overlaid slit spectra (normalized for variations in 

electron current) of three different concentrations of toluene. Figure 8 (b) depicts 

overlaid reconstructed mass spectra obtained by performing a deconvolution of the 

system response from the slit spectra shown in (a). Figure 8 (a) and (b) also have 

additional m/z axes fitted to detector pixels to help identify ion species corresponding to 

each peak in the slit and reconstructed slit mass spectra. Figure 8 (c) plots the mean 

intensity values of the reconstructed peak at m/z 91 (from Figure 8 (b)) for 17 different 

concentrations of toluene with 1 (standard deviation) error bars, fitted to a linear 

regression line (in red). Each of the peaks in (c) correspond to toluene ion fragments 

from m/z 32 - 100. Figure 8 (d) presents an expanded view of calibration graph in Figure 

8 (c) highlighted by the box in Figure 8 (d). Each data point in the calibration graph 

corresponding to a different toluene concentration is an average of 20 peak intensity 

values. Low  values of the order of 0.07, compared with the mean intensity values for 

each data point in the calibration graph suggest a stable C-CAMMS-MP instrument 

response to a particular concentration of toluene. This means that a well-calibrated C-

CAMMS-MP can reliably predict toluene concentration in unknown samples with 

sufficient accuracy. From the calibration graph in Figure 8 (c), a detection limit of 20 ppb 
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for toluene was determined. Using a coded aperture in place of a slit, the C-CAMMS-MP 

could potentially achieve an order of magnitude lower detection limit due to an increase 

in throughput from a slit to a coded aperture and will be the focus of future 

investigations. 

 

Figure 8: (a) shows the overlaid slit spectra (normalized for variations in 

electron current) of three different concentrations of toluene. (b) depicts overlaid 

reconstructed mass spectra obtained by performing a deconvolution of the system 

response from the slit spectra shown in (a). Both (a) and (b) also have additional m/z 

axes fitted to pixel numbers to help identify ion species corresponding to each peak in 

the slit and reconstructed slit mass spectra. (c) plots the mean intensity values of the 

reconstructed peak at m/z 91 (from (b)) for 17 different concentrations of toluene with 

1 error bars, fitted to a linear regression line (in red). (d) presents an expanded view 

of calibration graph in (c) highlighted by the black box in (a). 
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2.3.3 Real-time Performance Characterization 

Since the PDMS membrane in the membrane inlet effectively acts as a diffusion 

layer for gases permeating into the C-CAMMS-MP vacuum, the net flux through the 

membrane is not instantaneous, but rather a function of time. To study real-time 

response of C-CAMMS-MP for methane and toluene, their non-steady state 

characteristics were determined using the membrane inlet. Figure 9 shows the 

normalized real-time instrument response plots for 25000 ppm methane and 100 ppm 

toluene (each balanced in dry air) at m/z 15 and 91, respectively. The responses follow 

typical Fickian diffusivity trends [138] with a smaller molecule like methane diffusing 

faster through the membrane over a much bigger molecule like toluene [53]. Since the 

diffusion of gases through a membrane is considered a thermally activated process, it 

can be expressed in terms of an Arrhenius type relationship [53, 146]. Therefore, raising 

the temperature of the membrane increases gas diffusion through it, and enables a faster 

instrument response. To increase the temperature of our membrane inlet, a fiberglass 

heat tape was wrapped around the membrane and connected to a variable transformer. 

The transformer supplied the current required for heating the tape. The fiberglass tape 

also housed a thermocouple that was connected to a digital thermometer readout. The 

fiberglass tape was enclosed inside a thermal insulating tape, to ensure minimum heat 

loss to the environment. It is evident from Figure 9 that a heated membrane inlet enables 

a faster instrument response. The response time (t10-90%) for 25000 ppm methane and 100 
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ppm toluene was calculated to be 16 seconds and 204 seconds respectively. With the 

membrane inlet heated to 100 ˚C, enabled a faster response time of 44 seconds for 100 

ppm toluene. Since the methane response is fast at room temperature, a heated response 

of methane wasn’t measured. For an even faster toluene response, thinner membranes 

are required and will be the focus of future iterations of the membrane inlet used with 

C-CAMMS-MP. 

 

Figure 9: shows the normalized real-time instrument response plots for 25000 

ppm methane and 100 ppm toluene at m/z 15 and 91 respectively at room temperature 

(25 ˚C). Also included is the instrument response over time for 100 ppm toluene at an 

elevated membrane inlet temperature (100 ˚C) 

 

2.4 Conclusions 

This work presented the design and characterization of a membrane inlet for use 

with a miniature cycloidal coded aperture mass spectrometer for the detection of 
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hydrocarbons methane and toluene. For the construction of the inlet, several design 

parameters including membrane material, shape, and geometry were studied. Optimum 

membrane dimensions were determined theoretically and used to build and study the 

vacuum pressure profile of the miniature mass spectrometer. The constructed 

membrane inlet was then used to characterize and validate the performance of the 

miniature mass spectrometer towards the detection of methane and toluene. It enabled 

low detection limits of 50 ppm for methane with a coded aperture, and 20 ppb for 

toluene with a slit replacing the coded aperture, as the spatial filters in the miniature 

mass spectrometer. The real-time responses of the instrument towards methane and 

toluene were determined to be 16 s and 204 s, respectively. Heating the membrane 

enabled an even faster response time of 44 s for toluene. Future iterations of the 

miniature mass spectrometer will use thinner membranes and a coded aperture in place 

of a slit to achieve a faster response and an improved trace detection capability for 

hydrocarbons. 
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3. Comparison of Thermionic Filament and Carbon 
Nanotube Field Emitter-based Electron Ionization 
Sources in Cycloidal Coded Aperture Mass Analyzers 

 

3.1 Introduction 

Miniature mass spectrometers find use in a wide variety of potential applications 

including environmental monitoring [147-150], protein characterization [151], and space 

exploration [152, 153]. Most miniature mass spectrometers are based on quadrupole or 

ion trap mass analyzers [44, 91, 113]. However, with the development and incorporation 

of three key technologies: neodymium-iron-boron (Nd-Fe-B) permanent magnets [114, 

115], ion array detectors [107, 109, 117, 119], and spatial aperture coding in mass 

spectrometry [120, 121, 123, 154], there is interest in miniature sector instruments as they 

consume less power, offer simultaneous detection of ions over a wide mass range, and 

increase throughput without sacrificing resolution. 

Shrinking sector mass spectrometers results in a trade-off between throughput 

and resolution [112, 120]. Replacing the traditional resolution defining slit in a magnetic 

sector mass spectrometer with an array of slits called a coded aperture can overcome 

this trade-off. The resulting coded spectrum has an image of the coded aperture 

projected on the detector for each mass to charge. The mass spectrum can be 

computationally reconstructed using a two-step approach. First, the system response 

function is estimated from the coded spectrum of a known compound. Second, the 
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reconstructed spectrum is obtained by a deconvolution of the estimated system response 

from the coded spectrum for an unknown compound or compounds [112]. In the last 

decade, aperture coding has been demonstrated in 90˚ magnetic sector [121, 123] and 

Mattauch-Herzog double-focusing [154] mass analyzers. More recently, a cycloidal 

coded aperture miniature mass spectrometer (C-CAMMS) proof-of-concept instrument 

demonstrated over a ten-fold increase in throughput without a loss of resolution as 

compared with a single slit instrument. C-CAMMS also incorporated a carbon nanotube 

(CNT) field emission electron ionization source and a capacitive transimpedance 

amplifier (CTIA) array detector [120]. 

To take full advantage of spatial aperture coding and enable an accurate spectral 

reconstruction, the ion source must produce spatially and temporally uniform aperture 

images at the detector to ensure a constant system response. Historically, electron 

ionization has been used most commonly with mass spectrometers to create gas phase 

ions from a wide range of small molecules [44]. Electron sources used for electron 

ionization generally employ thermionic filaments because they offer stable electron 

emission. However, thermionic filaments have a high-power consumption, significant 

heat generation, short lifetimes at higher pressures, and an inability to be pulsed on and 

off frequently – all disadvantageous for fieldable mass spectrometry applications. CNT 

field emission sources have been demonstrated to be attractive potential alternatives to 

thermionic filaments in miniature mass spectrometers [72, 73]. CNTs show good 
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electrical conductivity, high electric field tolerance, and chemical inertness [155-157]. 

Additionally, their low power consumption [72, 73, 158, 159], high current densities [77, 

160], ability to switch on-off rapidly [120, 158, 161], longer lifetimes (especially at 

elevated pressures) [73, 162], and room temperature operation [161] are advantageous 

over thermionic sources in miniature mass spectrometry applications. However, a major 

disadvantage with CNT electron emission is the spatiotemporal variation in emission 

current [127-129].  

This study compares the aperture imaging performance of a CNT field emission-

based ion source to a traditional thermionic emission-based ion source in cycloidal 

coded aperture miniature mass spectrometers with CTIA array detectors. In particular, 

we examine how the stability of CNT electron emission affects the aperture imaging 

performance compared to that of thermionic emission. 

 

3.2 Materials and Methods 

There are two miniature mass spectrometers used in this study, C-CAMMS-CNT 

which uses a CNT field emission-based source, and C-CAMMS-TF which uses a 

thermionic filament (TF)-based source. Both systems are largely based on the previous 

C-CAMMS instrument described in reference [120]. Key differences between the ion 

sources, cycloidal mass analyzers, and vacuum systems in C-CAMMS-CNT and C-

CAMMS-TF are described in the following sections. Other major components including 
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the inlet, array detector, and the control electronics used in C-CAMMS-CNT and C-

CAMMS-TF are the same as those used in the previous C-CAMMS instrument [120]. 

 

3.2.1 Mass Analyzer 

The cycloidal mass analyzer design for both systems consists of a permanent 

magnet magnetic sector and an array of electrodes for the electric sector. The magnetic 

sector (flux density - 0.3 T) used in both systems has an opposed dipole design as 

described previously [120, 163]. The electric sectors in both systems are comprised of 25 

electrodes that are 3 mm tall and separated by 0.5 mm, creating an L-shaped box. To 

generate the desired electric field, C-CAMMS-CNT uses a printed circuit board (PCB) 

electric sector in the form of an L-shaped hollow box with an internal cavity 12.9 mm 

deep, 84.9 mm tall, 75.9 mm wide at the base of the L, and 42.4 mm wide towards the 

top of the L. The ion sources in the electric sectors of C-CAMMS-CNT and C-CAMMS-

TF are placed midway between two center electric sector electrodes, rather than in-line 

with the grounded electrode as was done in the previous C-CAMMS instrument [120]. 

Landry et al. determined that this configuration produced a more uniform electric field 

and an improved aperture imaging quality [163]. The electric sector electrodes in C-

CAMMS-CNT are fabricated as gold tracks on the inner surface of a 1 mm thick 370HR 

(Isola) circuit board. The circuit board was fabricated to conform to IPC-A-600 Class 2 

specifications. The IPC-A-600 Class 2 standard is a specification for acceptability 
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requirements for the circuit board. It is not intended to be used as a performance 

specification for printed board manufacture, but rather sets the criteria for an acceptable 

quality of board based on a visual inspection process. These visual indicators ensure that 

the quality and performance repeatability are maintained. The gold tracks were 

fabricated from 1-ounce copper with a plating finish of electroless nickel immersion gold 

per IPC-4552 specifications, similar to the previous C-CAMMS instrument [120]. C-

CAMMS-TF uses machined aluminum electrodes in place of a circuit board electric 

sector electrodes, arranged to form an electric sector retaining the L-shape with an 

internal cavity 15 mm deep, 84 mm tall, 78 mm wide at the base of the L, and 45.5 mm 

wide toward the top of the L. These electrodes enable more precise alignment of the ion 

source, detector, and mass analyzer focal plane. The aluminum electrodes are sputter 

coated with a layer of titanium and gold to reduce surface charge collection and are 

separated by ceramic spacers. Further details on the construction of C-CAMMS-TF will 

be provided in a forthcoming publication. In particular, C-CAMMS-TF will have 

improved resolution over C-CAMMS-CNT due to an improved alignment of the coded 

aperture and the detector with the mass analyzer focal plane. However, none of the 

differences in the mass analyzers in C-CAMMS-CNT and C-CAMMS-TF are expected to 

result in a temporal change in the coded aperture image as observed in C-CAMMS-

CNT. C-CAMMS-TF is the same as the C-CAMMS-MP instrument used in Chapters 2 
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and 4, and further details on the construction of C-CAMMS-MP are provided in Chapter 

4. 

 

3.2.2 Ion Source 

The CNT field emission-based ion source in C-CAMMS-CNT is a standalone 

entity similar to the miniature ion source described in reference [120]. Figure 10 (a), (b), 

(c), (d), and (h) depict the ion source in C-CAMMS-CNT and some of its components, 

including CNT-based electron sources, the ion repeller box, and the apertures. A low 

temperature co-fired ceramic (LTCC) scaffold (pictured in Figure 10 (b)) houses the CNT 

electron sources, an ion repeller, an extraction aperture, and a coded aperture. The 

electron source is a vertically aligned multi-walled CNT array grown in an etched cavity 

on a silicon wafer. The ion repeller is constructed using an electroformed metal box with 

grids on opposing sides. The grids direct transmission of electrons from the CNT 

sources into the center of the ion repeller. The ion repeller in C-CAMMS-CNT is wider 

than the one in the previous C-CAMMS instrument by 1.9 mm (increasing from 2.6 mm 

to 4.5 mm in width). A wider ion repeller reduces angular dispersion of the ion beam by 

reducing curvature in the equipotential lines, resulting in ion trajectories with less 

angular dispersion. The extraction aperture directs the ions out of the ion source, and the 

coded aperture acts as a spatial filter for the ion beam. 
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The thermionic emission-based ion source in C-CAMMS-TF is placed in a 

specially designed cavity within the electric sector electrodes to improve alignment and 

the depth-of-focus. Figure 10 (e), (f), (g), and (h) show a cross-section of the thermionic 

filament-based source in C-CAMMS-TF and some of its key components, where (e) is a 

cross-section of the source, (f) shows the filament and the repeller together, (g) is the 

filament; and (h) is a schematic of the coded aperture used in both C-CAMMS-CNT and 

C-CAMMS-TF. The thermionic source is an yttria-coated iridium filament housed in a 

Vespel body (Scientific Instrument Services, Inc.). A thinner filament compared to the 

height of the CNT array reduces the potential gradient over which ions are generated, 

resulting in lower energy dispersion. The ion repeller box is 5 mm wide, compared to 

the 4.5 mm wide C-CAMMS-CNT ion repeller which further reduces the angular 

dispersion of the ion beam. The ion repeller box is constructed out of titanium and 

plated in gold to reduce surface charge accumulation [164]. The extraction aperture was 

not included as part of the C-CAMMS-TF ion source as simulations indicated it had a 

minimal effect on the shape of the equipotential lines inside the ion source, and therefore 

little effect on directing the ions out of the ion source [120]. 
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Figure 10: (a), (b), (c) and (d) depict the ion source in C-CAMMS-CNT, where 

(a) is a cross-section of the source, (b) is the assembled LTCC ion source, (c) is the 

CNT chip, and (d) is scanning electron microscope image of a cross-section of the 

CNT emitter array; (e), (f) and (g) show a cross-section of the thermionic filament-

based source in C-CAMMS-TF and some of its key components, where (e) is a cross-

section of the source, (f) shows the filament and the repeller together, (g) is the 

filament; and (h) is a schematic of the coded aperture used in both C-CAMMS-CNT 

and C-CAMMS-TF. 

 

3.3 Results 

3.3.1 Electron Emission Comparison 

Figure 11 shows a comparison of the electron emission current over time for the 

CNT chip vs. the filament. Vacuum for both ion sources was held at a chamber pressure 

of approximately 1.3x10-5 mbar. The voltages for the ion repeller, filament float, CNT 
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chips and the apertures were supplied and controlled by Keithley 2410 source meters. 

The filament was powered by an Agilent 3640A DC power supply. The CNTs’ electron 

emission stability over time was obtained by collecting the emission current at a fixed 

potential difference of 160 V between the ion repeller and the CNT chip over a 30 min 

period. The potential on the CNT chip was selected to be -120 V relative to 40 V on the 

ion repeller to match the potential difference between them required for field emission 

from the CNTs. The filament electron emission stability over time was obtained by 

collecting the emission current at a constant potential difference of 70 V between the 

repeller and the filament. The filament was floated at a potential of -30V relative to 40 V 

on the ion repeller to produce 70 eV electrons (Figure 10 (e)). Achieving 400 nA of 

emission current from the filament required a potential difference of 1.1 V across the 

filament with 1.5 A of current running through the filament. From Figure 11, electron 

current from the CNTs was observed to be 130±60 nA, whereas the electron current from 

the heated filament was determined to be 400±3 nA, clearly demonstrating higher 

emission stability (electron current is expressed as: mean ± standard deviation). There 

are several potential methods to improve current stability in CNT field emitters which 

are discussed in Section 3.4. 



 

58 

 

Figure 11: A comparison of electron emission current for CNTs vs. a 

thermionic filament over time, demonstrating a more stable emission current from the 

filament. 

 

3.3.2 Coded aperture imaging performance 

To compare the aperture imaging performance of the CNT and thermionic 

filament-based ion sources, the stability of the aperture image of singly ionized argon 

was observed over time for C-CAMMS-CNT and C-CAMMS-TF. Figure 12 (a) and (b) 

compare several coded aperture images of singly ionized argon (Ar+ at m/z 40) taken 

with each instrument over a two second duration. The aperture uses a pattern consisting 

of three slits: 100 μm, 150 μm, and 50 μm wide, separated by 100 μm and 150 μm 

respectively. In each figure, an ideal coded aperture image is shown in grey behind the 

experimental data in blue. As discussed in the C-CAMMS paper, the difference between 

the ideal image and the experimental image is due to alignment and field uniformity 
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[120]. An improved definition of peaks corresponding to each of the aperture images for 

C-CAMMS-TF in Figure 12 (b) also indicates an improvement in resolution over the 

aperture images for C-CAMMS-CNT in Figure 12 (a). The improvement in resolution 

can be attributed to improvements in alignment, as discussed in Section 3.2.1. 

Note that the peak height corresponding to each slit of the coded aperture image 

in Figure 12 (a) for C-CAMMS-CNT varies more with time compared to Figure 12 (b) for 

C-CAMMS-TF. To further investigate and characterize this variation, the data for the Ar+ 

coded aperture image was collected over a duration of 100 seconds. Figure 12 (c) and (d) 

compare the relative intensity of each peak of the coded aperture image (corresponding 

to the 100, 150, and 50 µm slits of the aperture) over a period of 100 seconds for C-

CAMMS-CNT and C-CAMMS-TF. From the plots, it is clear that there is a large 

variation in peak height over time for each slit of the coded aperture image for Ar+ with 

C-CAMMS-CNT (Figure 12 (c)) compared to C-CAMMS-TF (Figure 12 (d)). These data 

indicate that the aperture image for C-CAMMS-CNT is less stable than the aperture 

image for C-CAMMS-TF. The potential causes behind the aperture image variation in C-

CAMMS-CNT are discussed in detail in the next section. 
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Figure 12: (a) Aperture image for Ar+ (m/z – 40) obtained over time over a 

period of two seconds with CNT-based, vs. (b) thermionic filament-based ion source; 

the grey trace is the simulated coded aperture image for Ar+, (c) relative intensity of 

each peak of the aperture image for Ar+ (m/z – 40) over time for CNT-based, vs. (d) 

thermionic filament-based ion source. 

 

3.4 Discussion and Conclusion 

The data in Figure 12 demonstrates that the coded aperture image stability is 

much worse in C-CAMMS-CNT than in C-CAMMS-TF. The stable coded aperture image 

in C-CAMMS-TF will ensure a constant system response and improved spectral 

reconstruction quality. The variation in the coded aperture image in C-CAMMS-CNT 
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could be a result of spatiotemporal fluctuations in the ion current, as seen from Figure 12 

(c). These variations in ion current could stem from a spatiotemporal variation in 

electron emission from the CNTs [165]. Figure 12 also supports this hypothesis by 

providing evidence of a noisier electron emission from the CNTs compared to 

thermionic emission. 

The Fowler-Nordheim (FN) equation [74] that describes field emission from a 

planar surface provides insights into the cause of spatiotemporal variation in field 

emission from carbon nanotube films such as those used in C-CAMMS-CNT, and the 

resultant variation in ion current and coded aperture image. The FN equation indicates 

that the emission current is proportional to the local electric field F and work function ϕ 

(Equation (6)). 

   (6) 

Since the emission current is an exponential function of F and ϕ3/2, small changes 

in either quantity result in large changes in emitted current. Changes in the emitter tip 

geometry due to ion bombardment and or surface migration of atoms in the presence of 

a high field cause variations in F [127, 166]. However, for CNTs the impact of ion 

bombardment is minimal due to the low sputter coefficient of carbon [167], and the 

crystalline covalent structure of a CNT makes surface migration at the CNT tip also 
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unlikely due to the high activation energy needed for the removal of a sp2 bonded 

carbon atom [127, 168].  

Adsorption and desorption of gases on the surface of the CNTs can cause as 

much as 20% variation in ϕ, resulting in almost two orders of magnitude change in 

emitted current [127, 169-171]. Molecules continually adsorbing and desorbing from 

different locations on the surface of the CNTs and changing the work function and 

emission current in these constantly varying locations will result in spatiotemporal 

variations in the emission of electrons from the CNTs. It is also possible that the strong 

0.3 T magnetic field could cause some variation in the CNT emission current [172]. 

However, with our CNTs, we see a similar variation in emission current both with and 

without a magnetic field present (data not shown), so the adsorption and desorption of 

gases changing the work function is likely the dominant mechanism causing current 

fluctuations. For a uniform illumination of the aperture and a stable image of the 

aperture at the detector, the ionization volume defined by the electron trajectories needs 

to be wider (widths w1, w2, and w3 in Figure 13) than the width of the open area of the 

aperture (width w in Figure 13). A spatiotemporal variation in the ionization volume 

and the resultant ion trajectories will lead to a non-uniform illumination of the aperture, 

affecting the aperture image stability. Figure 13 demonstrates how a spatial variation in 

electron emission from CNTs at three different times t1, t2 and t3 can cause a 

spatiotemporal variation in ionization volume and ion trajectories, resulting in a non-
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uniform illumination of the aperture each time. In Figure 13, the electron trajectories 

(coming out of the page) are colored in red, blue and yellow, to signify the 

spatiotemporal variation caused by random adsorption and/or desorption processes 

occurring in different locations at different times. This spatiotemporal variation in 

electron trajectories leads to a spatiotemporal variation in the ionization volume and ion 

trajectories (also with matching red, blue and yellow colors denoting a correlation 

between the spatiotemporal variation in electron trajectories and ion trajectories). Since 

each of the ionization volumes defined by the electron trajectories is narrower than the 

total aperture open area width, the spatiotemporal variation in the ion trajectories will 

cause a non-uniform illumination of the coded aperture as a function of time. In 

contrast, the high operating temperatures of the thermionic filament could make the 

adsorption of gases on the filament surface less likely, minimizing work function 

changes [173] and subsequent spatial variations in thermionic current. The aperture 

image with C-CAMMS-TF containing a thermionic filament-based ion source is more 
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stable, resulting from the more stable and uniform (i.e., with a less spatiotemporal 

variation) volume of electrons providing a spatially uniform ionization current. 

 

Figure 13: Cross section view of C-CAMMS-CNT ion source, illustrating a 

spatial variation in electron emission from CNTs at three different times t1, t2 and t3. 

This spatiotemporal variation in electron trajectories leads to a spatiotemporal 

variation in the ionization volume and ion trajectories. Since each of the ionization 

volumes defined by the electron trajectories is narrower than the total aperture open 

area width, the spatiotemporal variation in the ion trajectories will cause a non-

uniform illumination of the coded aperture as a function of time. 

There are several potential methods to improve the spatiotemporal emission 

stability of CNTs. Reports have suggested that a joule heating of the CNTs will prevent 

adsorption and desorption of gases on their surface, preventing work function changes  

[127, 174]. However, the additional power requirements may make heating the CNTs 

impractical in some fieldable applications such as those targeting space exploration, flat 

panel displays, and vacuum microelectronics. In addition, several studies have indicated 

that the stability of field emission from CNTs can be increased by encapsulating them in 

an insulator to reduce electric field screening effects and polishing the surface to ensure 

a homogeneous length for the CNTs [129, 175, 176]. Moreover, a recent report suggests 
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that sputter-coated titanium may prevent the contamination of the CNT surface by 

residual vacuum chamber gases [177]. 

In conclusion, this work presented a comparison of CNT field emission-based 

and thermionic filament-based ion sources, used with cycloidal coded aperture 

miniature mass spectrometers. It was determined that spatiotemporal variation in 

electron emission from CNTs can result in a non-uniform illumination of the coded 

aperture. In contrast, spatiotemporally uniform thermionic emission of electrons from a 

heated filament provides an ideal volume of ions for uniform illumination of the 

aperture. 
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4. Improving the Performance of a Cycloidal Coded-
Aperture Miniature Mass Spectrometer 

 

4.1 Introduction 

Miniaturization of mass spectrometers is desirable for many applications 

including; trace detection of explosives, pesticides, or narcotics [178-180]; point-of-care 

diagnostics [181]; environmental monitoring [147-150]; and space exploration [152, 153]. 

Barriers towards miniaturization persist in the form of size, weight, and power 

constraints; limited detector technologies, and vacuum requirements. Additionally, 

miniaturization of mass spectrometers must contend with a tradeoff between 

throughput and resolution that limits performance relative to traditional, full-scale 

laboratory instruments [112]. Most commonly used miniature mass spectrometers are 

based on ion trap, quadrupole, or time-of-flight mass analyzers [44, 91, 113]. Recently, 

there has been a renewed interest in miniature sector mass spectrometers due to the 

development of high-performance neodymium-iron-boron (Nd-Fe-B) permanent 

magnets that reduce the mass analyzer size and weight [114, 115], and ion array 

detectors that offer simultaneous detection of ions over a wide mass range [107, 117-

119]. Furthermore, the use of spatially coded apertures can break the trade-off between 

throughput and resolution in a sector mass spectrometer and increase throughput 

without sacrificing resolution [112, 120-123]. 
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Spatial aperture coding is a computational sensing technique that has been 

historically used in optical [124, 125] and x-ray imaging [126], and more recently in 

sector mass spectrometry [120-123]. In an analytical instrument like a sector mass 

spectrometer, the measurements, g, are related to the mass spectrum through the 

equation g = HS + n, where S is the input mass spectrum, n is noise, and H is the 

measurement matrix that incorporates the physics and architecture of the system and 

maps the input of the mass analyzer to the output of the mass analyzer at the detector. 

In a conventional sector mass spectrometer with a position-sensitive array detector, a 

narrow slit is used to define mass analyzer input and make the measurement matrix an 

identity matrix [112]. This ensures that there is only one set of detector array elements 

(pixels) associated with each m/z, and a simple calibration of detector position (pixel 

number) to m/z is all that is needed to convert the detector signal to a mass spectrum. 

However, as the instrument size shrinks, to maintain resolution, the slit must also shrink 

leading to severe throughput limitations at resolutions required for most applications. In 

a computational spectrometer, the measurement matrix can be designed to maximize the 

parameters of interest like throughput and resolution. In practice, one method to achieve 

increased throughput while maintaining resolution is by replacing a single slit with a 

coded aperture, or array of slits of different sizes. The total open area of the slits 

determines the throughput while the width of the smallest slit determines the resolution. 

The measurement matrix then contains off-diagonal elements representative of 
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multiplexing and there is no longer a single set of detector elements for each m/z.  After 

determination of the measurement matrix H from the physics and architecture of the 

system, a mass spectrum can be reconstructed from the coded spectrum for an unknown 

compound or compounds by solving the inverse problem Ŝ = H -1g , where Ŝ  

represents an estimate of the real spectrum S[112]. 

Previous work demonstrated the ability of aperture coding to increase the 

throughput without sacrificing resolution in a 90˚ magnetic sector mass analyzer [121, 

123], a Mattauch-Herzog mass analyzer [122], and a cycloidal mass analyzer [120], all of 

which were coupled with a position sensitive array detector. For the 90˚ and Mattauch-

Herzog instruments, a distorted image of the aperture is projected on the detector that 

varies for each m/z due to the physics and architecture of the mass analyzer. This 

requires a complex construction and calibration of the measurement matrix H for 

spectral reconstruction. The cycloidal mass analyzer, when coupled with a focal plane 

array detector, is particularly well suited for use with aperture coding. The perfect 

focusing properties of the cycloidal mass analyzer enable a 1:1 image of the coded 

aperture to be projected on the detector for each m/z. Therefore, a simple deconvolution 

of the system response from the detector measurements is all that is required to solve the 

inverse problem for spectral reconstruction. The system response is estimated by 

deconvolving the aperture image from the spectrum of a known compound and is 

essentially equivalent to the aperture image projected on the detector for a single m/z. A 
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previous proof-of-concept cycloidal coded aperture miniature mass spectrometer (C-

CAMMS) employed a cycloidal mass analyzer, a carbon nanotube (CNT) field emission 

electron ionization source, and a capacitive transimpedance amplifier (CTIA) array 

detector to demonstrate an order of magnitude increase in throughput without loss in 

resolution. However, a deconvolution of the system response from the detector 

measurements for spectral reconstruction resulted in artifacts in the reconstructed mass 

spectrum. These artifacts were caused by variations in the system response and aperture 

image due to non-uniformities in electric field and misalignment of the detector and the 

ion source with the mass analyzer focal plane [120]. 

This work presents a redesign of the ion source and the electric sector from the 

previous C-CAMMS instrument to improve the uniformity of the aperture image and 

system response, thereby reducing artifacts in spectral reconstruction using a simple 

deconvolution algorithm. The improvement in the uniformity of aperture image and 

system response is achieved by improving the electric field uniformity and ensuring that 

the detector and the ion source are better aligned with the mass analyzer focal plane. 

The alignment is further facilitated by reducing the angular dispersion in the ion beam 

caused by the ion source geometry, which increases the depth-of-focus. The 

improvement in consistency of the aperture image and system response results in an 

improvement in performance of C-CAMMS, demonstrated by generating reconstructed 

spectra containing a mixture of dry air and toluene with limited artifacts. 
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4.2 Instrument Design 

The improved C-CAMMS miniature prototype (C-CAMMS-MP) is based on the 

previous C-CAMMS instrument [120] and consists of a membrane inlet, a thermionic 

filament-based ion source, a cycloidal mass analyzer, an array detector, control 

electronics, and a vacuum system. The following sections describe each subsystem and 

the changes we made to the sub-components in the previous C-CAMMS instrument to 

improve performance. 

 

4.2.1 Sample Inlet and Vacuum System 

The sample inlet in the previous C-CAMMS instrument was a direct-leak inlet 

that used a precision needle valve to control the sample flow into the C-CAMMS ion 

source [120]. In C-CAMMS-MP, samples are introduced via a polydimethylsiloxane 

(PDMS) membrane inlet. The membrane inlet is one of the more commonly used, 

passive, and selective inlet techniques for mass spectrometry [45, 56-58, 182]. The 

membrane inlet in C-CAMMS-MP is constructed using a 1 inch long and 1/16-inch 

diameter hollow cylindrical PDMS membrane (Dow Corning) encased in a ¼-inch 

Teflon tubing. The PDMS membrane is secured on two pieces of 1/16-inch stainless steel 

tubing and atmospherically sealed via a Swagelok nut and tee assembly housing Teflon 

ferrules. The inlet is designed such that the feed stream containing the analytes of 
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interest permeates through the membrane and flows into the C-CAMMS-MP vacuum, 

also known as a flow-through configuration [137]. The flow is then directed into C-

CAMMS-MP ion source via a 1/16-inch diameter Teflon tube. The membrane inlet is 

connected to a custom gas mixing system consisting of several mass flow controllers 

(controlled by a LabVIEW program), pneumatic valves, and pressurized gas cylinders, 

as previously described [120]. 

The previous C-CAMMS instrument used an Agilent Technologies IDP-15 Dry 

Scroll vacuum pump backing an Agilent Turbo V81M turbo pump. In their place, the C-

CAMMS-MP employs a Pfeiffer Vacuum miniature diaphragm pump (MVP 010) and a 

Pfeiffer Vacuum turbomolecular pump (HiPace 10) for portability. The system base 

pressure is 5.3 x 10-6 mbar with the membrane inlet sealed. 

 

4.2.2 Ion Source 

As mentioned in the introduction, improving the uniformity of the system 

response can be accomplished by increasing the depth-of-focus of the mass analyzer. 

Increasing the depth-of-focus reduces the precision with which the various components 

of the mass spectrometer need to be aligned. The depth-of-focus is increased by 

reducing the energy and angular dispersion of the ion beam [120]. For an ion beam with 

low dispersion, the ion source design must follow two key principles: ions must be 

generated over a small potential difference for low energy dispersion; and equipotential 
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lines in the ion source must be parallel to the aperture for low angular dispersion. Figure 

14 (a) and (b) show computer-aided design (CAD) cross-sections of the ion sources in 

the previous C-CAMMS and C-CAMMS-MP, respectively. Figure 23 shows the 

positioning of the ion sources in the two instruments, and Figure 24 and Figure 25 in 

Appendix B show additional views of the two ion sources. 
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Figure 14: (a) Proof-of-concept C-CAMMS ion source CAD design cross-

section, (b) C-CAMMS-MP ion source CAD design cross-section, (c) proof-of-concept 

C-CAMMS CAD design cross-section, (d) C-CAMMS-MP CAD design cross-section, 

(e) proof-of-concept C-CAMMS electric sector, ion source, and detector, (f) C-

CAMMS-MP electric sector, ion source, and detector (magnetic sector not shown). The 

electric field is in the –y direction, and the magnetic field is in the –z direction. 
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The ion source in the previous C-CAMMS instrument [120] was a standalone 

miniature Neir-type [64] carbon nanotube (CNT) field emission electron ionization 

source, that was inserted into a slot in the center of the electric sector [183]. It was 

constructed using a low temperature co-fired ceramic (LTCC) scaffold [184] containing a 

CNT field emitter array, an ion repeller box, an extraction aperture, and a coded 

aperture. The CNT emitter array was grown in an etched cavity on a silicon chip and 

supplied electrons for ionization. The ion repeller was constructed using an 

electroformed metal box with grids on opposing sides. The grids directed the 

transmission of electrons into the middle of the ion repeller. Positioned above the ion 

repeller box were extraction and coded apertures. The apertures directed ions out of the 

ion source and spatially filtered them [120].  

Major changes in the C-CAMMS-MP ion source are related to ion optics, 

geometry, and the type of electron source used. Rather than a standalone unit like the 

previous ion source, the C-CAMMS-MP ion source is incorporated into the electric 

sector geometry, improving alignment. The main components of the C-CAMMS-MP ion 

source are a thermionic filament-based electron source, an ion repeller box, and a coded 

aperture. The thermionic emitter is an yttria-coated iridium filament housed in a Vespel 

body (Scientific Instrument Services, Inc.). The thermionic filament-based electron 

ionization source offers an improved stability of aperture imaging over time compared 

to the carbon nanotube-based field emission source used in the previous C-CAMMS 
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instrument. Additionally, the width of the filament is smaller than the width of the CNT 

array producing a thinner sheet of electrons in the ionization volume. Therefore, the 

potential gradient over which ions are generated is smaller in the filament-based source, 

resulting in lower ion energy dispersion [185]. Directly behind the filament is a gold-

plated PC-board used as an electron repeller to direct all the emitted electron current 

from the filament towards the ion repeller. The ion repeller in C-CAMMS-MP is 

machined out of titanium and plated in gold to reduce surface charge accumulation [164, 

186]. It is 5 mm wide, 2.4 mm wider than the one used in the previous C-CAMMS 

instrument. A wider ion repeller reduces angular dispersion of the ion beam by 

reducing curvature in the equipotential lines, making them more parallel [185]. 

Therefore, the ion source is designed to produce low ion energy and angular dispersion. 

The C-CAMMS-MP ion source does not include an extraction aperture, since our 

simulations indicate that it had minimal impact on ion trajectories and dispersion 

(Figure 15). 

Figure 15 shows electron and ion trajectories corresponding to (a) previous C-

CAMMS ion source, with an average ion energy of 26.5 ± 0.9 eV, and (b) C-CAMMS-MP 

ion source, with an average ion energy of 27.4 ± 0.4 eV indicating a lower energy 

dispersion. The C-CAMMS-MP ion source also produced lower angular dispersion of 

the ions exiting the aperture plane, over that of the previous C-CAMMS ion source. The 

color-coded ion trajectories represent simulated ion energies. Removal of the extraction 
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aperture in the C-CAMMS-MP ion source indicated its minimal impact on ion energies, 

expressed in an average ion energy similar to the previous C-CAMMS ion source (26.5 

eV vs. 27.4 eV, respectively). 

 

Figure 15: Electron and ion trajectories corresponding to (a) previous C-

CAMMS ion source, with an average ion energy of 26.5 ± 0.9 eV, and (b) C-CAMMS-

MP ion source, with an average ion energy of 27.4 ± 0.4 eV indicating a lower energy 

dispersion. The color-coded ion trajectories represent simulated ion energies. 

 

4.2.3 Vacuum Feedthrough 

The C-CAMMS-MP uses a 140 mm x 60 mm x 12.7 mm block of brass that 

provides an improved vacuum seal in place of the printed circuit board vacuum 

feedthrough used in the previous C-CAMMS instrument [120]. This new feedthrough 

also has 12 through-holes around the outer perimeter for ½ inch long #6-32 brass screws 

to secure it to the vacuum manifold. 
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4.2.4 Mass Analyzer 

The cycloidal mass analyzer design for both the previous C-CAMMS and C-

CAMMS-MP instruments consists of a permanent magnet magnetic sector and an array 

of electrodes for the electric sector. The magnetic sector (flux density - 0.3 T) has the 

same opposed dipole design as described in previous publications [120, 163]. Figure 14 

(c) and (d) show CAD images of the electric sectors, and Figure 14 (e) and (f) show 

photographs of the assembled electric sectors from the previous C-CAMMS and the C-

CAMMS-MP instruments, respectively. Figure 23 and Figure 26 in Appendix B show 

additional CAD images of the two instruments. 

To generate the desired electric field, the previous C-CAMMS instrument used a 

printed circuit board (PCB) electric sector in the form of an L-shaped hollow box with an 

internal cavity 11.9 mm deep, 84.9 mm tall, 75.9 mm wide at the base of the L, and 42.4 

mm wide towards the top of the L (Figure 14 (e)). The electric sector was comprised of 

25 electrodes spaced 0.5 mm apart. The top and the bottom most electrodes were 1.5 mm 

tall and the 23 middle electrodes were 3 mm tall. The electrodes were fabricated as gold 

tracks on the inner surface of a 1 mm thick 370HR (Isola) FR4 circuit board [120]. The 

potential on each electrode was set by the Equation (7) and implemented by a series of 1 

MΩ resistors arranged in a voltage divider circuit on the outer surface of the electric 

sector PCB. 

 V
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In the above equation, Vi represents voltage on the ith electrode; where i = 1 for the 

bottom electrode in Figure 1(c) and varies from 1 to 25; E is the desired electric field; and 

d is the distance between the top and the bottom electrodes. The ion source was placed 

in-line with the electrically grounded Electrode 13, and the detector was positioned at 

the edge of the L, at the mass analyzer focal plane. 

There are three main issues with the previous electric sector design. First, (Figure 

14 (e)), the electric sector is attached to the electric sector guide, whereas the detector 

assembly is attached to the PCB feedthrough. Since the detector and the electric sectors 

are attached to two different scaffolds, differences in the positioning of the detector 

assembly in comparison with the electric sector results in misalignment of the detector 

with the mass analyzer. This is evident in Figure 14 (e), where the detector is clearly not 

parallel to the L of the electric sector. Second, the ion source could also be misaligned 

with both the detector and the mass analyzer due to the tolerance of fit between the slot 

and the ion source. Third, as mentioned above (and shown in Figure 25 in Appendix B), 

the ion source for the previous C-CAMMS was placed in-line with the electrically 

grounded Electrode 13. Landry et al. determined that this configuration resulted in a 

non-uniform electric field near the ion source [120, 163]. The C-CAMMS-MP electric 

sector in Figure 14 (f) resolves the alignment issues by embedding both the ion source 

and the detector within its scaffolding. The following paragraphs describe the design 

changes to the electric sector in C-CAMMS-MP to fix these issues. 
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In C-CAMMS-MP (Figure 14 (f)), the electric sector PCB from the previous C-

CAMMS instrument is replaced with 3 mm thick 6061 aluminum electrodes arranged to 

form an electric sector retaining the L-shape with an internal cavity 15 mm deep, 84 mm 

tall, 78 mm wide at the base of the L, and 45.5 mm wide toward the top of the L. Each 

electrode is sputtered with a ~20 nm adhesion layer of titanium, and a ~200 nm layer of 

gold to reduce surface charge collection. The spacing between the electrodes is 

maintained by using 0.5 mm thick ceramic spacers. The electric sector is assembled by 

alternatively sliding the electrodes and ceramic spacers onto two 4-40 threaded rods and 

two ceramic alignment rods compressed with springs. Each electrode and spacer is 

designed with a tolerance of ±0.025 mm in the y-direction for a high precision sector 

assembly. The electric sector uses the same number of electrodes (25) and the same 

voltage divider Equation (7) as in the previous C-CAMMS instrument. The voltages to 

the electrodes are applied via a series of 20 kΩ resistors arranged in a similar voltage 

divider circuit as the previous C-CAMMS instrument [120]. The circuit board is attached 

to the tall edge of the electric sector using #2-56 vented screws to make electrical contact. 

  As depicted in Figure 24 and Figure 25 (Appendix B), the ion source in C-

CAMMS-MP is placed in a cavity between Electrodes 12 and 13 in the electric sector, 

enabling a more homogeneous electric field surrounding the embedded ion source, as 

described by Landry et al. [163].  
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In addition, the C-CAMMS-MP mass analyzer also resolves the detector and 

mass analyzer focal plane alignment issue of the previous C-CAMMS mass analyzer by 

creating a cavity for the detector to be placed within the electrically grounded electric 

sector Electrode 13 (Figure 25 in Appendix B). This ensures that the detector is aligned 

with the mass analyzer focal plane and with the ion source aperture plane. The internal 

width of Electrode 12 immediately in front of the detector (at the mass analyzer focal 

plane) is reduced to 4 mm to prevent stray charge from accumulating on the ceramic 

carrier of the detector. Additionally, since the detector array is 3 mm wide, narrowing 

the internal width of the electric sector at the mass analyzer focal plane ensures that any 

electric fields from the detector’s supporting electronics do not perturb the electric field 

inside the electric sector. 

 

4.2.5 Detector and Control electronics 

The detector used in C-CAMMS-MP is the same 8th generation 1704 channel 

Capacitive Transimpedance Amplifier (CTIA) array as the one used in the previous C-

CAMMS instrument [120]. Further details about the detector technology are described in 

[107, 109, 110, 118, 120, 187]. A custom thermal management system is used to cool the 

detector and reduce thermal noise, similar to the one in the previous C-CAMMS 

instrument [120]. The thermal electric power was maintained at 50% duty cycle, cooling 

the detector to approximately -5 ˚C as described in [120]. 
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Like the previous C-CAMMS instrument, C-CAMMS-MP is controlled by a 

combination of custom circuits, software packages, and Keithley Instrument source 

meters [120]. Power for the vacuum pumps, the control electronics, and the detector is 

supplied using a custom 24 V DC power supply. The thermal management system, the 

cooling system, the detector, and the vacuum pumps are managed by a custom control 

circuit via a Python program. The control circuit consists of a MSP430 microcontroller 

and several sub-system circuit modules mounted on a custom printed circuit board 

[120].  

 

4.3 Performance Validation and Discussion 

4.3.1 Experimental Methods 

4.3.1.1 Sample Introduction Parameters 

The analyte was introduced into the membrane inlet via a custom gas mixing 

system consisting of several mass flow controllers and pressurized gas cylinders, as 

previously described [120]. 100 ppm toluene balanced in dry air was used as the sample 

analyte for validating the consistency of system response in C-CAMMS-MP. Analyte 

flow was controlled using mass flow controllers via a custom LabView program. C-

CAMMS-MP system pressure was maintained at 2.7 x 10-5 mbar by the membrane inlet.  
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4.3.1.2 Instrumentation Control Parameters 

Voltages for the filament, the ion repeller, the electron repeller, and the electric 

sector were applied using Keithley 2410 source measure units via a Python script. The 

filament was biased at a potential of -40 V relative to 30 V on the ion repeller to generate 

70 eV electrons. An Agilent 3640 A power supply provides the necessary voltages for the 

filament. It was determined that an electron current of ~200 nA was sufficient to 

generate an ion current that could cause a saturation of the detector signal. Achieving 

200 nA of electron emission current from the filament required a potential difference of 

0.98 V across it, with 1.47 A of current running through it. The electron repeller was 

maintained at a voltage of -40 V to direct all the electron current from the filament 

towards the ion repeller. The current values on the filament, the ion repeller, and the 

electron repeller were measured as -200 nA, 200 nA, and 0 A respectively, indicating that 

almost all of the electrons emitted by the filament reached the ion repeller. Equal and 

opposite voltages were applied to the top and bottom electrodes of the electric sector, 

with respect to the center Electrode 13 that was electrically grounded. The voltage 

divider circuit then distributed the voltages appropriately to all the other electric sector 

electrodes.  

To ascertain the uniformity of the system response, data was collected for 

various electric fields which results in ions corresponding to different mass ranges 

striking the detector. For instance, applying ±48 V to each end of the electric sector 
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voltage divider results in an electric field = 1143 V/m, with ions in the mass range of 11-

35 m/z striking the detector. Applying a voltage of ±17 V results in an electric field = 405 

V/m, leading to ions within a mass range of 32-100 m/z striking the detector. The data 

from the detector was collected using a Python script and analyzed using custom 

MATLAB scripts. A deconvolution of system response from coded data/measurements 

to obtain reconstructed spectra was performed using the Richardson-Lucy 

deconvolution algorithm as it is numerically more stable than the inverse Fourier 

transform algorithm [188, 189]. 

 

4.3.2 Coded Aperture Imaging 

Figure 16 (a) shows experimental (blue) and simulated (gray) coded mass spectra 

of 100 ppm toluene balanced in dry air for electric field = 1143 V/m, obtained with C-

CAMMS-MP. Figure 16 (b) shows experimental (red) and simulated (gray) coded mass 

spectra of 100 ppm toluene balanced in dry air for electric field = 405 V/m obtained with 

C-CAMMS-MP. Figure 16 depicts (c) experimental (green) and simulated (gray) coded 

mass spectra for 50:50 mixture of argon and dry air with the previous C-CAMMS 

instrument. Experimental and simulated data from detector pixels 1 to 750 in Figure 16 

(a) and (c) and from pixels 1 to 1100 in (b) are vertically scaled by a factor of 5 for better 

visualization. The coded aperture used for these experiments has a pattern consisting of 

three slits: 100 μm, 150 μm, and 50 μm wide, separated by 100 μm and 150 μm 
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respectively. The simulated coded spectra (in gray) are constructed from NIST 

Chemistry WebBook data [142]. The simulated coded spectra are determined by 

converting the NIST data to a series of simulated coded aperture images corresponding 

to each ion species detected. The top horizontal axes in Figure 16 (a), (b) and (c) indicate 

the m/z corresponding to each coded aperture image. Each of the experimental and 

simulated coded aperture images from left to right in Figure 16 (a) corresponds to m/z = 

14, 16, 17, 18, 28, and 32, representing the ion species N2++, O2++, HO+, H2O+, N2+, and O2+, 

respectively. Each of the experimental and simulated coded aperture images in Figure 16 

(b) corresponds to toluene ion fragments from m/z = 34 to 100. The experimental and 

simulated coded aperture images in Figure 16 (c) from left to right correspond to m/z = 

14, 16, 20, 28, and 32, representing N2++, O2++, Ar++, N2+, O2+, and Ar+, respectively. 

Figure 16 (a) and (b) demonstrate that the experimental coded aperture images in 

the coded spectra do not overlap perfectly with the simulated coded aperture images, 

with variations in relative peak intensities, widths, and positions, similar to our results 

with the previous C-CAMMS instrument as seen in Figure 16 (c) [120]. Some of the 

mismatch can be attributed to the finite thickness of coded aperture, the side walls of 

which can block some ions, and to the spatial distribution of ions resulting in an 

imperfect illumination of the coded aperture. However, even though the experimental 

coded aperture images do not perfectly overlap the simulated coded aperture images, 
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reconstructed mass spectra can still be obtained without artifacts if the system response 

is uniform and consistent for all electric fields. 

 

Figure 16: (a) Experimental (blue) and simulated (gray) coded mass spectra of 

100 ppm toluene balanced in dry air for electric field = 1143 V/m obtained with C-

CAMMS-MP, (b) experimental (red) and simulated (grey) coded mass spectra of 100 

ppm toluene balanced in dry air for electric field = 405 V/m obtained with C-

CAMMS-MP, (c) experimental (green) and simulated (gray) coded mass spectra for 

50:50 mixture of argon and dry air with the previous C-CAMMS instrument. 

Experimental and simulated data from pixels 1 to 750 (as highlighted) within each of 
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(a) and (c), and from pixels 1 to 1100 (as highlighted) within (b) are vertically scaled 

by a factor of 5 for better visualization. Also added to (a), (b) and (c) are m/z axes fitted 

to pixel numbers to help identify ion species corresponding to each aperture image in 

the coded spectra. 

 

4.3.3 Spectral Reconstruction Process 

As discussed in the introduction, the physics of a cycloidal mass analyzer ideally 

results in a 1:1 image of the coded aperture on the detector. The coded aperture 

spectrum can be reconstructed into a conventional mass spectrum by following a simple 

three-step calibration and spectral reconstruction process [120]. First, a cropped coded 

aperture image g
O

2
+  from a measured coded spectrum is selected for estimating the 

system response. Second, the estimated system response r̂  is obtained by deconvolving 

the ideal spectrum s
NIST

from the cropped coded aperture image g
O

2
+ . A caret sign above 

a variable represents an estimate. 

 r̂  = F -1  
F g

o
2
+
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  (8) 

 In Equation (8), F represents a Fourier transform operation, and F-1 represents an 

inverse Fourier transform operation. Third, a deconvolution of the estimated system 

response r̂  from a measured coded spectra g is performed to obtain the estimated 

reconstructed spectrum ŝ , as observed from Equation (9), which is comparable to a 

conventional mass spectrum corresponding to a single-slit instrument. 
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 ŝ = F -1  
F géë ùû

F r̂éë ùû

æ

è
ç

ö

ø
÷   (9) 

As discussed in Section 4.3.1 and in [120], the Richardson-Lucy deconvolution 

algorithm is used to perform deconvolution to obtain a reconstructed spectrum from 

Equation (9). 

For the purposes of this study, the same aperture image corresponding to O2+ 

(m/z = 32) from Figure 16 (a) was chosen for estimating the system response and 

reconstructing coded mass spectra from Figure 16 (a) and (b). The ideal spectrum s
NIST

is 

a single pixel positioned at the center of the aperture. Figure 17 (a) depicts the cropped 

spectrum (aperture image) for m/z = 32 from Figure 16 (a) and its corresponding ideal 

spectrum to estimate the system response (Figure 17 (b)) used in this study. Since the 

ideal spectrum s
NIST

is a single pixel wide, the estimated system response r̂  is equivalent 

to the aperture image g
O

2
+ (Figure 17 (b) red trace). 

 It is important to note that since the system response is essentially equivalent to 

the aperture image projected on the detector for each m/z, a constant system response 

will result in a unique and artifact-free reconstructed mass spectrum acquired from 

Equation (9). Having a constant system response makes it possible to solve the spectral 

reconstruction inverse problem via a simple three-step spectral reconstruction process, 

as described above. A non-uniform system response represents deviations in physics 

and/or architecture of the as-built instrument from the intended design. In that case, a 
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complex construction and calibration of the measurement matrix H will be required for 

an accurate representation of the instrument and high-quality spectral reconstructions. 

 

Figure 17: (a) Depicts the cropped aperture image (for m/z - 32) and the ideal 

spectrum to estimate the system response/aperture image, (b) depicts the estimated 

system response/aperture image for m/z = 14, 16, 28, and 32. 

 

4.3.4 Reconstructed Spectra and the Consistency of System 
Response 

Figure 18 (a), (b), and (c) depict the results of reconstruction of the coded mass 

spectra from Figure 16 (a), (b), and (c) respectively, using the estimated system response 

for m/z = 32 (Figure 17 (b)). Figure 18 (a) depicts reconstructed (blue) and ideal mass 

spectra (gray) of 100 ppm toluene balanced in dry air for electric field = 1143 V/m 

obtained with C-CAMMS-MP. Figure 18 (b) shows reconstructed (red) and ideal mass 

spectra (gray) of 100 ppm toluene balanced in dry air for electric field = 405 V/m 

obtained with C-CAMMS-MP. Figure 18 (c) depicts reconstructed (green) and ideal 

(gray) mass spectra for a 50:50 mixture of argon and dry air with the previous C-
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CAMMS instrument. Also included in Figure 18 (a), (b), and (c) are the simulated 

electron ionization mass spectrum data (in gray) from NIST Chemistry WebBook [142]. 

Both the experimental and simulated data from pixels 1 to 750 in Figure 18 (a) and (c), 

and from pixels 1 to 1100 in (b) are vertically scaled by a factor of 5 for better 

visualization. Each of the reconstructed mass spectra in Figure 18 (a), (b), and (c) are 

calibrated for m/z on the bottom horizontal axis, with the original pixel numbers 

provided on the top horizontal axis. Table 1 compares the artifact height as a percentage 

of reconstructed peak height for C-CAMMS-MP at various electric fields for different 

m/z and with the reconstructions for the previous C-CAMMS instrument. Artifact height 

% represents a quantitative metric for characterizing the uniformity of system response. 

A low artifact height % independent of m/z, detector, and electric field is indicative of 

higher reconstruction quality, demonstrating a uniform system response. 
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Figure 18: (a) Reconstructed (blue) and ideal mass spectra (gray) of 100 ppm 

toluene balanced in dry air for electric field = 1143 V/m obtained with C-CAMMS-

MP, (b) reconstructed (red) and ideal mass spectra (gray) of 100 ppm toluene balanced 

in dry air for electric field = 405 V/m obtained with C-CAMMS-MP, (c) reconstructed 

(green) and ideal (gray) mass spectra for a 50:50 mixture of argon and dry air with the 

previous C-CAMMS instrument. Experimental and simulated data from pixels 1 to 

750 in each of (a) and (b), and from pixels 1 to 1100 in (b) are vertically scaled by a 

factor of 5 for better visualization. Each of the reconstructed mass spectra in (a), (b), 

and (c) are also calibrated for m/z on the bottom horizontal axis, with the original 

pixel numbers provided on the top horizontal axis. 
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Table 1: A comparison of the artifact height as a % of reconstructed peak 

height for C-CAMMS-MP at various electric fields and different m/z, and with C-

CAMMS proof-of-concept instrument. Empty cells in the table represent no data 

obtained due to absence of reconstruction peaks corresponding to that m/z. 

 14 16 17 18 20 28 32 40 51 65 91 92 

C-CAMMS 

proof-of-

concept 
20.6 35.3 - - 9.6 6.2 6.9 5 - - - - 

C-CAMMS-

MP at 1143 

V/m 
31.4 41.7 16.4 1.8 - 0 5 - - - - - 

C-CAMMS-

MP at 1023 

V/m 
33 30 17 1.5 - 0 0 - - - - - 

C-CAMMS-

MP at 881 

V/m 
- 42.6 8.6 2 - 0 0 - - - - - 

C-CAMMS-

MP at 761 

V/m 
- - - 0 - 0.6 1.5 0 - - - - 

C-CAMMS-

MP at 619 

V/m 
- - - - - 1.3 0.7 0 - - - - 

C-CAMMS-

MP at 428 

V/m 
- - - - - - 0 0 0 0 0 0 

C-CAMMS-

MP at 404 

V/m 
- - - - - - - 0 0 0 0 0 

 

Figure 18 (a), (b), and Table 1 show that the system response is mostly uniform as 

a function of m/z. Only the reconstructed peaks corresponding to low m/z ion species (14, 

16, 17) have significant artifacts. This is in contrast with artifacts for all the ion species 

present in the reconstruction for the previous C-CAMMS instrument. The presence of 
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artifacts in the low m/z reconstruction peaks for C-CAMMS-MP is a result of differences 

in estimated system responses/aperture images for lower and higher m/z ions. Figure 17 

(b) corroborates this by demonstrating the differences in estimated system responses 

when using aperture images from lower (14, 16) and higher (28, 32) m/z ions. 

The improved uniformity of system response for C-CAMMS-MP can be 

attributed to the improvements in instrument design that result in a uniform electric 

field and a better alignment of the detector and the ion source with the mass analyzer 

focal plane, than in the previous C-CAMMS instrument. However, the reconstruction 

peaks corresponding to lower m/z ions have higher artifacts than expected, as a result of 

inconsistencies in the system response/aperture image between the lower and the higher 

m/z ions. Our hypothesis is that the ion species corresponding to low m/z ions illuminate 

the aperture differently than the higher m/z ions, causing the difference in system 

response between lower and higher m/z ions. Spatially non-uniform electron emission 

from the thermionic filament could result in a narrower ionization volume and cause 

ions of different m/z to illuminate the aperture differently. Figure 19 presents a 

schematic of the C-CAMMS-MP ion source cross-section, depicting our hypothesis. The 

orthogonal electric (EIN) and magnetic (flux density B) fields acting on the ion trajectories 

inside the ion source cause the ions to drift in the direction of the cross-product of the 

fields (towards the left as shown in Figure 19). The drift (did) in ion trajectories is higher 
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for low m/z ions, as compared with the higher m/z ions, and can be estimated using 

Equation (10). 

 d
id

= r - r2 - d
IV-CA

2   (10) 

  

In the above equation, dIV-CA is the distance between the ionization volume (where 

the ions are formed) and the coded aperture plane, and r is the radius of curvature of 

ions dispersed by a Lorentz force acting on them inside the ion source. The radius of 

curvature of the ions (r) can by calculated using Equation (11). 

 r =
1

B

2mV
IR-CA

q
  (11) 

In the above equation, m is the mass of an ion, q is the charge of an ion, B is the 

magnetic flux density, and VIR-CA is the potential difference between the ion repeller and 

the coded aperture. Using dIV-CA = 1.15 mm, m =  kg for singly ionized 

nitrogen ions and = kg for doubly ionized nitrogen ions, q = 

 C for singly ionized species and  C for doubly ionized species, 

B = 0.3 T, and VIR-CA = 30 V, did = 49 µm for singly ionized nitrogen ions and 67 µm for 

doubly ionized nitrogen ions. 

Figure 19 demonstrates how a non-uniform electron emission from the 

thermionic filament could result in a narrower ionization volume that could further 
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impact the ionic drift, resulting in an illumination of the coded aperture as a function of 

m/z. The trajectories corresponding to higher m/z ions (in blue) only illuminate the 

rightmost two slits of the coded aperture, whereas the trajectories corresponding to 

lower m/z ions (in purple) with a higher ionic drift illuminate all three slits of the coded 

aperture. It is important to note that the ionic thermal velocities are much lower in 

magnitude compared to ionic drift velocities, and therefore, are unlikely to impact the 

ionic drift. A redesign of the ion source to reduce its height would also reduce the effects 

of ionic drift in the direction of the cross-product of the fields. 

 

Figure 19: Demonstrates the hypothesis that the coded aperture could be 

illuminated as a function of m/z. An ionic drift in the direction of EIN × B could result 

in an illumination of the coded aperture as a function of m/z, aided by a narrower 

ionization volume caused by non-uniform electron emission from the thermionic 

filament. The difference in ionic drift is highlighted by Δd in the figure. The 

trajectories corresponding to higher m/z ions (in blue) only illuminate the rightmost 

two slits of the coded aperture, whereas the trajectories corresponding to lower m/z 

ions (in purple) with a higher ionic drift illuminate all three slits of the coded 

aperture. 
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4.4 Conclusion 

This work demonstrated a miniature cycloidal coded aperture mass 

spectrometer, with improvements in instrument design over the proof-of-concept C-

CAMMS previously described by Amsden et al. [120], resulting in performance 

improvements. We have shown that it is possible to obtain a more uniform system 

response in a miniature cycloidal mass analyzer, with drastically reduced reconstruction 

artifacts, by improving the electric field uniformity, the alignment between ion 

source/detector and mass analyzer focal plane, and by reducing dispersion caused by 

the ion source to further improve alignment. Some artifacts in the reconstruction peaks 

corresponding to lower m/z ions still persist, due to differences in the system 

response/aperture image between the lower and higher m/z ions, possibly caused by a 

non-uniform illumination of the aperture as a function of m/z. This variation in aperture 

illumination is likely a result of the drift in ion trajectories, aided by a narrower 

ionization volume caused by a spatially non-uniform electron emission from the 

thermionic filament. Future C-CAMMS based instruments will focus on changing the 

ion source geometry to limit the effects of ion drift, and development of a more complex 

reconstruction algorithm to account for non-uniformities in the system response.  
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5. General Conclusions 

In this research, a cycloidal coded aperture miniature mass spectrometer was 

developed, with improvements in instrument design over a previous proof-of-concept 

instrument. This research demonstrated the first use of a membrane inlet with a coded 

aperture mass spectrometer for organic compound detection. The detection limits and 

response times for organic compounds were studied and determined to be dependent 

on system parameters for the coded aperture mass spectrometer with membrane inlet. 

This research also provided identification and understanding of variation in ion signal 

caused by the ion source and its correlation with variation in electron emission. A 

carbon nanotube field emission-based ion source was studied and found to be less 

compatible than traditional thermionic filament-based ion source with aperture coding 

in a mass spectrometer. Finally, this research provided insights into the mechanisms 

contributing to poor aperture imaging and reconstructed mass spectra quality of a 

cycloidal coded aperture miniature mass spectrometer. Improvements in instrument 

design resulted in an improved performance, highlighted by reconstructed toluene mass 

spectra without artifacts. Next few sections will present a summary of each chapter and 

recommendations for future work. 
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5.1 Summary and Conclusions 

5.1.1 Membrane Inlet for C-CAMMS-MP 

A membrane inlet was designed and characterized for use with a cycloidal coded 

aperture miniature mass spectrometer-miniature prototype (C-CAMMS-MP) for the 

detection of hydrocarbons. Some key design parameters of the membrane: material, 

shape, and geometry, as well as membrane transport characteristics were studied that 

are necessary for the construction of the inlet. A theoretical analysis of the membrane 

was used to determine its ideal dimensions, which were dependent on the type of 

material, sample gas, and the system vacuum pressure. A theoretically determined flow 

rate through the membrane was used to study the impact of membrane dimensions on 

mass spectrometer vacuum pressure and build a vacuum pressure profile. Finally, the 

membrane inlet was used to characterize the performance of C-CAMMS-MP for the 

detection of methane and toluene. The inlet enabled low detection limits of 50 ppm for 

methane with a coded aperture, and 20 ppb for toluene with a slit replacing the coded 

aperture as the spatial filters in the miniature mass spectrometer. The real-time 

responses of the instrument towards methane and toluene were determined to be 16 s 

and 204 s, respectively. Heating the membrane enabled an even faster response time of 

44 s for toluene. 

 

 



 

98 

5.1.2 CNT vs. Thermionic Filament-based Ion Sources with C-CAMMS 

This work investigated the compatibility of thermionic filament and CNT field 

emission-based ion sources used with C-CAMMS prototypes and their impact on the 

stability of aperture imaging. Spatiotemporal variation in electron emission from CNTs 

was determined to be a possible cause of the non-uniform illumination of the coded 

aperture, resulting in spatiotemporal variations in aperture imaging at the detector. In 

contrast, spatiotemporally uniform thermionic emission of electrons from a heated 

filament provided an ideal volume of ions for uniform illumination of the aperture, 

resulting in stable aperture imaging. 

 

5.1.3 Reconstruction Improvements in C-CAMMS-MP 

This work demonstrated a miniature cycloidal coded aperture mass 

spectrometer, with improvements in instrument design over the proof-of-concept C-

CAMMS previously described by Amsden et al. [120]. Improvements in instrument 

design led to improvements in electric field uniformity, better ion source and detector 

alignment with mass analyzer focal plane, and lower ion beam dispersion to further 

improve alignment. These improvements in instrument design resulted in a uniform 

system response with reduced reconstruction artifacts. However, there were significant 

artifacts in the reconstruction peaks corresponding to lower m/z ions due to differences 

in the system response/aperture image between the lower and higher m/z ions, possibly 
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caused by a non-uniform illumination of the aperture as a function of m/z. A possible 

reason of the variation in aperture illumination could be a drift in ion trajectories, which 

is a function of m/z, and aided by a narrower ionization volume caused by electron 

emission from a non-uniformly heated thermionic filament. 

 

5.2 Recommendations for Future Work 

5.2.1 Membrane Inlet for C-CAMMS-MP 

This work presented a study on the design and use of a membrane inlet with the 

proof-of-concept C-CAMMS-MP to detect methane and toluene. In the future, a full 

characterization of C-CAMMS-MP with a membrane inlet should be performed using a 

coded aperture as the ion source spatial filter, to demonstrate the high-throughput 

benefits of the coded aperture and their translation towards extremely low limits of 

detection for organic compounds of interest such as xylene, ethylbenzene, ethane, 

propane, octane, methanol, isopropanol, and acetone. Then, depending on the detection 

limit, C-CAMMS-MP could be further modified by using a higher-order coded aperture 

to increase throughput, or a compound-specific membrane material further enhancing 

the sensitivity of the instrument towards the detection of the compound of interest. In 

addition, various other performance metrics, for instance: sensitivity, mass accuracy, 

resolution, and linear dynamic range of C-CAMMS-MP for various organic compounds 

could be determined and benchmarked against other detection instruments, to expand 
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the application space of C-CAMMS-MP. However, before the performance 

characterization of C-CAMMS-MP towards detection of compounds of interest, there are 

some other issues that will need to be addressed, as discussed in Section 5.2.3. 

 

5.2.2 CNT vs. Thermionic Filament-based Ion Sources with C-CAMMS 

This work presented a comparative study on CNTs vs. thermionic filament-

based ion sources with C-CAMMS and concluded that a noisier electron emission from 

the CNTs was incompatible with coded aperture imaging. The goal of future study 

should be to improve the spatiotemporal stability of CNT field emission electron 

ionization sources. According to de Jonge et al., most of the variations/noise in emission 

current can be attributed to changes in local work function at the CNT tips caused by 

adsorption and desorption of residual gases in the vacuum chamber [127]. Future 

investigations could study and better identify the cause of the spatiotemporal stability of 

CNT field emission using graphenated CNTs. Graphenated CNTs, or gCNTs (Figure 20), 

are hybrid carbon nanostructures incorporating few-layered graphene (FLG) flakes, or 

“foliates,” into the sidewalls of vertically oriented MWNTs self-organized into a forest-

like thin film [190-192]. With more emission sites corresponding to a higher edge 

density, gCNTs could have a noisier emission current compared to non-graphenated 

MWCNTs occupying the same area and confirm the hypothesis of de Jonge et al. [127]. 

To test this hypothesis, a future study could characterize aligned CNT and gCNT 
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samples with SEM and Raman spectroscopy and compare their field emission 

characteristics.  

 

Figure 20: (a) Schematic of aligned multiwalled CNTs with few-layer graphene 

foliates, (b) scanning electron microscopy (SEM) image of a cross-section of 

graphenated CNTs grown on Si substrate, and (c) SEM image of a cross-section of 

graphenated CNTs from (b), at a 25k magnification with evidence of graphenation. 

There are several methods that could be examined to improve the stability of the 

CNT field emission sources. First, literature suggests evidence that encapsulation of the 

CNTs in an insulator could diminish the impact of surface adsorbates on the work 

function [193, 194]. Second, the CNTs could be polished to ensure that they are all the 

same length to reduce the possibility of spatial variation in the position of emission. 

Literature also suggests that this improves CNT emission stability. However, reports in 

the literature use mechanical polishing [176, 193]. A focused ion beam could be used to 

have a better control at the CNT height modification. Finally, the CNTs could be 

patterned with e-beam lithography [195]. This may reduce emission hot spots, facilitate 

encapsulation, and reduce spatial variation in electron emission. Figure 21 presents the 

results of two such methods: encapsulation and polishing of a sample CNT emitter 

array. Figure 21 (b) presents the encapsulation of CNTs in a polymethylmethacrylate 
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(PMMA) polymer, and Figure 21 (c) presents the results of mechanical polishing of 

polymer embedded CNTs, resulting in a uniform CNT height highlighted by a smooth 

horizontal plane at the top. 

 

Figure 21: (a) A cross-section SEM image of an as-grown CNT emitter array, (b) 

a cross-section SEM image of a CNT emitter array encapsulated in a polymer, and (c) a 

cross-section SEM image of an encapsulated and polished CNT emitter array. 

 

5.2.3 Reconstruction Improvements in C-CAMMS-MP 

This work presented improvements in instrument design for C-CAMMS, 

resulting in reconstructed mass spectra with fewer artifacts and an improved 

performance. However, there were significant artifacts for low m/z ions, possibly as a 

result of a non-uniform illumination of the aperture as a function of m/z and aided by 

electron emission from a degraded thermionic filament. Future iterations of the C-

CAMMS-MP ion source will further simplify the ion source geometry and reduce the 

height of the ion repeller, such that it reduces the effect of ionic drift for the low m/z ions 

by allowing for the ions to drift over a smaller distance. To potentially reduce thermionic 

filament degradation, future C-CAMMS control systems could incorporate a custom 
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filament control circuit that could prevent the filament from undergoing large changes 

in emission characteristics. Furthermore, an investigation of the ion repeller surface 

using X-ray photoelectron spectroscopy (XPS) revealed a larger than expected C 1s peak 

which could not be explained by the deposition of adventitious carbon alone. Figure 22 

shows the results of XPS characterization of a representative spot on the ion repeller 

surface. A surface contamination on the ion repeller as well as the electric sector could 

result in the formation of an insulating layer on these surfaces, perturbing the electric 

field. This surface contamination could be explained by the presence of conductive 

epoxy in the system, used to adhere different ion source components, and a future 

version of the C-CAMMS electric sector could be designed to be epoxy-free. 

 

Figure 22: A representative X-ray photoelectron spectroscopy (XPS) spectrum 

of the gold-coated ion repeller surface at the point marked red in the inset. 
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Appendix A 

This section presents a MATLAB coded for a theoretical calculation of the 

membrane dimensions, pressure, and steady-state flow rate, using Fick’s diffusion 

equation. 

MATLAB Code 

%Permeability value for Nitrogen, taken from Johnson, R. C., et al.  
%%"Membrane introduction mass spectrometry: trends and applications."  
%%Mass spectrometry reviews 19.1 (2000): 1-37 
Permeability_N = 0.028E-6; %%in cm^3.cm/cm^2.sec.cmHg, for Nitrogen in 

PDMS 
Permeability_N_Barrer = (Permeability_N)*(1E10); 
Permeability_N_Torr = (Permeability_N_Barrer*3.35*(1E-16))/0.0075; %%in 

mol.m/m^2.s.Torr 
Pm_N = Permeability_N_Torr; 
Ps_N = 592.8; %%Partial pressure in Torr, for nitrogen in air 

  
%Permeability value for Oxygen 
Permeability_O_Barrer = 600; %Taken from 

https://permselect.com/files/Using_Membranes_for_Gas_Exchange.pdf 
Permeability_O_Torr = (Permeability_O_Barrer*3.35*(1E-16))/0.0075; %%in 

mol.m/m^2.s.Torr 
Pm_O = Permeability_O_Torr; 
Ps_O = 160; %%Partial pressure in Torr, for Oxygen in air 

  
%%Membrane length 
l = 1.42*0.0254; %%membrane length, inch to m 
id = 0.058; %%membrane inner diameter, in inches 
ir = 0.058/2; %%membrane inner radius, in inches 
od = 0.077; %%membrane outer diameter, in inches 
or = 0.077/2; %%membrane outer radius, in inches 

  
%%Using Fick's diffusion equation to calculate steady-state flow rate 

for Nitrogen and Oxygen, two of the ubiquitous gases present in dry air 
Iss_N = (2*pi*l*Pm_N*Ps_N)/(log(or/ir)); %%Steady-state flow rate, in 

mol/s 
Iss_O = (2*pi*l*Pm_O*Ps_O)/(log(or/ir)); %%Steady-state flow rate, in 

mol/s 
Iss = Iss_N+Iss_O; %%Total flow rate 
Iss_mol_s = Iss; %Steady-state flow rate, mol/s 
Iss_Torr_L_s = Iss/(5.85E-5); %Steady-state flow rate, Torr.L/s 

  
%%Volumetric Flow through the membrane 
Pb = 4E-6; %%Base pressure of CAMMS, determined experimentally 
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Tbf = 10; %%flow rate of turbomolecular pump, in L/s 

  
%%Iss = (P1-Pb)*Tbf, in Torr.L/s, we need to find P1 
%%Iss = (P1-Pb)*Tbf*(5.85E-5), in mol/s, we need to find P1 
%%Conversion from Torr.L/s to mol/s in -  
%%https://www.pfeiffer-vacuum.com/en/know-how/introduction-to-vacuum-

technology/fundamentals/pv-throughput/ 

  
%Solving for unknown pressure, given flow rate and base pressure 
P_Unknown = (Iss/(5.85E-4))+Pb; %%in Torr 

  
%Solving for unknown length of membrane, given base pressure and 

pressure 
%with membrane 
P_membrane = 2E-5; %Pressure with membrane, in Torr 
Iss_Unknown_Total = (P_membrane-Pb)*Tbf*(5.85E-5); %in mol/s 
length = (Iss_Unknown_Total*(log(or/ir)))/(2*pi*(Pm_N*Ps_N + 

Pm_O*Ps_O)); 
length_m = length; %membrane length in metres 
length_inches = length/0.0254; %membrane length in inches 
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Appendix B 

This section covers some details from the C-CAMMS-MP system not expanded 

upon in the main text of Chapter 4. In this section, the main emphasis is on the 

differences in the ion source and mass analyzer designs between the C-CAMMS-MP and 

the previously reported proof-of-concept C-CAMMS instrument [120]. 

 

C-CAMMS-MP ion source and detector assembly 

Figure 23 presents 3-D CAD models of the C-CAMMS-MP and the previous C-

CAMMS mass analyzers. Assembly of the ion source and detector within the electric 

sector electrodes of the C-CAMMS-MP mass analyzer is a four-step process. First, the 

ion repeller is adhered to a printed circuit board (PCB) via conductive silver epoxy 

(EPO-TEK EE129-4). Next, the ion repeller assembly is then placed in a slot within the 

bottom electrode (Electrode 12) and attached to it via non-conductive epoxy (Loctite EA 

E-60 epoxy). Then, the coded aperture is adhered to the top electrode (Electrode 13) via 

conductive silver epoxy. Finally, the detector is then placed at the mass analyzer focal 

plane within a cavity in Electrode 13. Since the coded aperture and the detector planes 

are aligned with the mass analyzer focal plane, this improves the depth-of-focus of C-

CAMMS-MP. Figure 24 compares the ion source and the detector assembled within the 

electric sectors of the previous C-CAMMS and C-CAMMS-MP instruments. 
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Figure 23: 3-D CAD models of the (a) C-CAMMS-MP, and (b) previous C-

CAMMS mass analyzers. 

Figure 25 presents cross-sections of the CAD of the previous C-CAMMS and C-

CAMMS-MP electric sectors, comparing the positioning of the ion source and the 

detector in the two instruments relative to their electric sector electrodes. 
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Figure 24: A 3-D CAD model of the ion source and detector assembly within 

the electric sector electrodes for: (a) C-CAMMS-MP, and (b) previous C-CAMMS. 

Cross-sections of CAD models for the C-CAMMS-MP ion source within the electric 

sector electrodes are shown in: (c) y-z plane, (d) z-x plane, and (e) x-y plane. Cross-

sections of CAD models for the previous C-CAMMS ion source and its relative 

positioning within its electric sector electrodes are shown in: (f) y-z plane, (g) z-x 

plane, and (h) x-z plane. 
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Figure 25: Cross-section of the CAD models for the previous C-CAMMS ion 

source and the detector and their relative positioning within its electric sector 

electrodes are shown in: (a) z-x plane, and (b) x-y plane. Cross-sections of CAD 

models for the C-CAMMS-MP ion source and the detector assembly within the 

electric sector electrodes are shown in: (c) z-x plane, and (d) x-y plane. 
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Mass Analyzer CAD Images  

 

Figure 26: Cross-section of the CAD model for the previous C-CAMMS mass 

analyzer in (a) y-z plane, and (c) z-x plane. Cross-section of the CAD model for the C-

CAMMS-MP mass analyzer in (a) y-z plane, and (c) z-x plane. 
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