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Abstract 

Mass spectrometry is widely considered to be the gold standard of elemental 

analysis techniques due to its ability to resolve atomic and molecular and biological 

species. Expanding the application space of mass spectrometry often requires the need 

for portable or hand-held systems for use in field work or harsh environments. While 

only requiring “sufficient” mass resolution to meet the needs of their application space, 

these miniaturized systems suffer from poor signal to background ratio which limits 

their sensitivity as well as their usefulness in field applications.  

Spatial aperture coding techniques have been used in optical spectroscopy to 

achieve large increases in signal intensity without compromising system resolution. In 

this work similar computational methods are used in the application of these techniques 

to the field of magnetic sector mass spectrometry. Gains in signal intensity of 10x and 4x 

were achieved for 1D and 2D coding techniques (respectively) using a simple 90 degree 

magnetic sector test setup. Initial compatibility with a higher mass resolution double 

focusing Mattauch-Herzog mass spectrograph was demonstrated experimentally and 

with high fidelity particle tracing simulations. A novel electric sector lens system was 

designed to stigmate high order coded aperture patterned beam which shows simulated 

gains in signal intensity of 50x are achievable using these techniques. 
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1. Introduction 

1.1 Motivation 

Mass spectrometers are the gold standard in elemental analysis offering 

quantitative sample analysis with the ability to resolve a broad range of atomic, 

molecular, and biological species [1-4]. The ultimate goal of this work is to decrease the 

size, cost, and power consumption of mass spectrometers, each by an order of 

magnitude or greater, thus enabling a field deployable mass spectrometer while 

maintaining adequate mass analysis capabilities. Mass spectrometers based on magnetic 

sector mass analyzers, while noted for their high mass accuracy, suffer from large size, 

weight and power requirements to achieve desired performance characteristics. 

Miniaturization of mass spectrometers is important for applications in fields such as 

point of care medical applications, trace explosive detection at airport and homeland 

security, light-weight isotopic analysis for space and undersea exploration and real time 

environmental monitoring [5].  

The most notable advances in miniaturized mass spectrometer design to date 

have been made on ion trap type spectrometers [6-10], due to the mass analyzer of these 

systems being very compact compared to magnetic sectors or time-of-flight systems. 

One critical design characteristic of miniature mass spectrometers is that resolution need 

only be “sufficient” for the application with instrument size and sensitivity/detection 

limit being the most critical design parameters [5]. While ion traps are inherently small, 
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and have sufficient mass resolution in the high mass range, their mass resolution at low 

mass range, and their selectivity, or the ability to resolve very low intensity peaks close 

to very high intensity peaks, is quite poor [11]. Magnetic sector mass spectrometers excel 

in areas where ion trap mass spectrometers show poor performance, such as selectivity 

and resolution for low masses [11]. Both of these parameters are critical for isotopic 

analysis, and trace explosive detection. One notable miniature magnetic sector mass 

spectrometer of the Mattauch-Herzog configuration is commercially available [12].  

Miniaturization of magnetic sector instruments could enable high performance 

handheld and portable instruments. However, miniaturization often leads to a reduction 

in instrument throughput and signal to noise compared to a larger instrument. Through 

the application of spatially coded apertures, similar to those used in optical spectroscopy 

[13-15], greater than 10X improvement in mass spectrometer signal intensity has been 

realized experimentally while maintaining resolution equivalent to a conventional slit 

objective aperture. This technique has been adapted to a double focusing mass 

spectrograph, and a new spectrograph geometry with simulated performance increase 

of over 50x has been designed. This increase in signal intensity using coded apertures is 

expected to enable the development of miniaturized mass spectrometers that maintain 

laboratory grade analytical capabilities. 
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1.2 Background 

1.2.1 Miniaturizing the Mass Spectrometer 

Mass spectrometers come in a wide variety of configurations. From the most 

general perspective, each instrument involves a few common components: 

1. Sample Introduction 

2. Mass Dispersive Element 

3. Detection Subsystem 

Instrument categories are usually defined by the nature of their mass dispersive 

element [16]. This mass dispersion can be accomplished by a number of methods of 

exploiting mass dependent phenomena, the most common of which include: 

1. Radius of curvature of a charged particle in a magnetic field 

From Lorentz force law:  𝑟𝐵 =
1

𝐵
√

2𝑚𝑉

𝑞
   (1.1) 

Where rB is the radius of curvature of a charged particle, B is the magnetic field strength, 

m is the particle mass, V is the field strength accelerating the particle, and q is the charge 

on the particle. 

2. Time of flight of a charged particle along a long flight path 

From classical mechanics:  𝑡 =
𝑑

√2𝑈
√

𝑚

𝑞
   (1.2) 

Where t is the time of flight of a particle, d is the flight path length of the particle, U is 

the kinetic energy of the particle, m is the particle mass, and q is the charge on the 

particle. 



 

4 

3. Oscillation of a charged particle in a time varying field 

From Mathieu’s equation and Newton’s equations of motion: 

𝑑2𝑥

𝑑𝑡2 = − (
𝑒

𝑚
)

[𝑈+𝑉𝑐𝑜𝑠(𝜔𝑡)]

𝑟0
2 𝑥   (1.3) 

𝑑2𝑦

𝑑𝑡2 = − (
𝑒

𝑚
)

[𝑈+𝑉𝑐𝑜𝑠(𝜔𝑡)]

𝑟0
2 𝑦   (1.4) 

   
𝑑2𝑧

𝑑2𝑡
= 0     (1.5) 

Where x, y, and z are spatial dimensions, e is the electric charge, m is the mass, 𝑟0 is the 

gap between electrodes, U is an applied DC potential, and Vcos(wt) is an applied AC 

potential with amplitude V, angular frequency w, varying over time t. 

The majority of the techniques for mass analysis involve exploiting the behavior 

of a charged particle in some form of electric or magnetic field, be it static or dynamic. It 

is therefore also important to consider the nature in which a sample of interest obtains 

this charge, or becomes ionized. Some popular methods for ionization of sample species 

include: 

1. Electron Ionization (EI) [17] 

2. Chemical Ionization (CI) [18] 

3. Electrospray Ionization (ESI) [19] 

4. Atmospheric Pressure Chemical Ionization (APCI) [20] 

5. Matrix Assisted Laser Desorption Ionization (MALDI) [21] 

The first example, Electron Ionization, is often referred to as “hard ionization” 

due the way ionized molecules are highly fragmented by the energy imparted into them 
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during the ionization process. The other four techniques are “soft ionization” methods 

due to the small amount of energy delivered to the analyte in the ionization process. 

These soft ionization processes are useful when fragmentation is undesirable.[18-21] 

However, due to its simplicity, EI is one of the most popular methods and used 

exclusively in this work. 

When miniaturizing a mass spectrometer, designs that rely on time varying 

electric or magnetic fields are unfavorable due to the higher power consumption 

required compared to electrostatic and magnetostatic solutions. Historically, magnetic 

sector mass spectrometers (mass spectrometers using the radius of curvature of a 

charged particle in a magnetic field as their mass dispersion mechanism) have employed 

large, power hungry electromagnetics because of the high field strengths they provided, 

and due to the need to scan a spectra across a single “pixel” detector.  

Advances in the production of rare earth magnets [22] enable the construction of 

passive magnetic sectors that can produce uniform static magnetic fields with strengths 

up to just above 1 Tesla. This static field approach must be coupled with an array 

detector in order to detect analytes across a range of mass. Since the magnetic field 

cannot be scanned, this approach is being made possible by advances in CCD 

technology for light optics that are now transitioning over to ion optics particle detection 

[12, 23, 24]. Mass spectrometer geometries that have favorable focusing properties across 

the entire mass range simultaneously (referred to as “spectrographs”) can utilize new 
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multichannel 1D or 2D ion detectors to avoid the need for scanning the magnetic field 

across a single pixel detector. Because of the developments in producing these rare earth 

magnetic sector magnets and multichannel detectors capable of detecting ions, low 

power consumption mass spectrometers based on miniaturized versions of traditional 

magnetic sector geometries are now possible.  

The combination of these new enabling technologies with the historical 

dominance of magnetic sector instruments in terms of ultimate mass resolution and 

selectivity [11] versus other techniques informed the decision to explore magnetic sector 

instruments in these miniaturization efforts. Many magnetic sector mass spectrograph 

geometries are also inherently compatible with the design principles required for spatial 

aperture coding, a technique for improved instrument throughput described in the 

following section. 

1.2.2 Spatially Coded Apertures in Spectrometry 

Miniaturization of magnetic sector mass spectrometers will enable handheld and 

portable instruments for in situ analysis or field applications. Unfortunately, 

miniaturization often leads to a reduction in instrument throughput and signal to noise 

compared to larger instruments [5, 25, 26]. Therefore, if a process were developed for 

mass spectrometry that was able to increase throughput without resolution loss, an 

instrument could be reduced in size while still operating with signal strength above the 

noise floor and maintaining sufficient resolution for detection needs. 
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In mass spectroscopy, and similarly in optical spectroscopy, there is a 

fundamental trade-off between resolution and signal intensity. As conceptually 

illustrated from a light optics perspective in Figure 1, when polychoromatic light passes 

through a spatial filter or slit, and is dispersed via some dispersion element such as a 

prism, different wavelengths of light will be projected to different points on a detector. If 

the spatial filter or slit is smaller than the dispersion from the spatial filter of two 

wavelengths, then an ideal greyscale detector would be able to resolve the two 

wavelengths spatially, but if the slit is larger than the dispersion distance, multiple 

wavelengths could not be resolved separately (ignoring diffraction effects at the limit of 

slit widths on the order of the wavelength of light). The large slit, however, allows more 

total signal intensity to pass through and reach the detector plane, making it easier to 

detect trace signals above whatever noise floor is inherent to your measurement system, 

but suffers from poor resolution in the dispersive dimension (wavelength in this case). 
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Figure 1: While a small slit yields better spectral resolution, a large slit 

yields better signal intensity. This relationship is a trade-off in spectroscopy 

design. 

 

This relationship, in essence, describes the tradeoff between throughput and 

resolution in spectrometer instruments. The concept of spatial aperture coding enables 

instrument designs that break this historical tradeoff [15]. The properties of the high 

resolution from a small slit and high throughput from a large slit can both be achieved 

by using a spatial filter consisting of a series of slits as shown in Figure 2.  
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Figure 2: A series of small, high resolution slits, if properly spaced, can 

produce a spectra with high resolution and high signal intensity, but results in 

overlapping spectra. 

 

If the pattern of slits is well conditioned, they can be deconvolved and 

reconstructed into a high resolution high intensity spectra. This concept was 

demonstrated experimentally by Gehm et al, published in Applied Optics in May 2006, 

and is presented below in Figure 3 [15]: 
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Figure 3: Optical spectroscopy example of aperture coding for a complex 

two-dimensional spatially coded aperture. The aperture pattern is on the left, and 

the right is the raw image from the measurement system [15] 

 

The pattern used in Gehm’s work is an S matrix row doubled Hadamard pattern. 

Hadamard codes have been shown to be well conditioned patterns for reconstruction 

[27]. The spectra that is produced from a complex spatial filter is not easily deciphered 

by the naked eye, but can be computationally deconvolved and reconstructed into a 

spectra with signal intensity which scales on the order of the total open area of the 

spatial filter, and with resolution approximately equal to that of the smallest element of 

the pattern. Figure 4 [15] shows a spectra from the data in Figure 3 demonstrating the 

intensity gain possible with no resolution loss using spatial aperture coding techniques. 
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Figure 4: Reconstruction of the optical spectra from Figure 3 show intensity 

gain versus a traditional slit aperture with no resolution loss via spatial aperture 

coding [15] 

 

This concept has been applied to both optical [15, 28, 29] and x-ray scattering 

imaging [30, 31]. In optical spectroscopy systems, coded apertures are used to improve 

system throughput and SNR without sacrificing resolution [27, 32, 33]. An etendue 

improvement of 12 times with an equivalent resolution has been demonstrated in a 

coded aperture Raman spectroscopy system when compared with a conventional single 

slit approach [34]. In dispersive optical spectroscopy, a throughput gain of 10 was 

achieved accompanied by an increase in signal to noise of 3.2 [15]. 
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Temporal coding techniques have been previously employed in limited mass 

spectrometry embodiments. For example, in Time-of-Flight Mass Spectrometry (TOF 

MS), the use of Hadamard transforms in the time domain results in extension of the ion 

duty cycle up to 100% with an accompanying significantly higher SNR as compared to 

conventional TOF MS [35-37]. Hadamard transforms have also been utilized in tandem 

Fourier Transform Ion Cyclotron Resonance mass spectrometry (FT-ICR). By encoding 

parent ions a SNR improvement of 1.8x was achieved [38]. In addition, a quadrupole ion 

trap based multi Resonant Frequency Excitation (mRFE) ejection compressive mass 

analysis technique has been developed. This mRFE method can reduce mass analysis 

time by a factor of 3-6 without losing spectral specificity for chemical classification 

purposes [39].  

Spatially coded apertures in mass spectrometry have only been theorized [40]. 

The predicted merit for a spatially coded magnetic sector mass spectrometer is shown in 

Figure 5. 
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Figure 5: Simulated spectra predicting the merit of spatial aperture coding in mass 

spectroscopy. This figure illustrates the resolution intensity tradeoff of a large vs 

small slit, and how aperture coding can be used to overcome this trade-off. 

 

The work presented in this manuscript develops the first spatially coded 

magnetic sector mass spectrometer and demonstrates a signal intensity gain of greater 

than one order of magnitude with little to no loss in mass resolution. Chapter 2 discusses 

the system design for the proof of concept mass spectrograph used for this 

demonstration. Chapters 3 & 4 show experimental results from 1D & 2D spatially codes 

apertures (respectively). This work was performed in close collaboration with fellow 

student Dr. Evan Xuguang Chen, and informed the need to move to double focusing 

mass spectrometer geometries. Chapter 5 shows application of this technique to double 
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focusing MH spectrograph geometry, and identifies the issues with the application of 

this technique to the Mattauch-Herzog geometry. Chapter 6 shows a novel stigmatic 

double focusing mass spectrograph configuration that corrects for inadequacies of a 

traditional double focusing geometry, and promises greater than 50x increase in 

throughput. Building from the advances made in Chapter 3-6, Chapter 7 presents 

several theoretical designs for future investigation and exploration. The work in 

presented in Chapters 5-7 was performed in close collaboration with fellow student 

Shane T DiDona. 
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2. System Design and Experimental Methods 

This section will discuss the design and development of the proof of concept 

coded aperture magnetic sector mass spectrometer demonstrating an order of 

magnitude signal intensity improvement with no loss in resolution (Chapter 3 and 4 

experimental results obtained using this system). A schematic diagram of the system 

concept is presented in Figure 6 below.  

 

Figure 6: Concept system geometry for proof of concept work on applying spatial 

aperture coding to magnetic sector mass spectroscopy 

 

Each of the system components; magnetic sector, coded aperture, ion source, and 

detector system are discussed in detail below. 

2.1 Magnetic Sector 

The simplest of the magnetic sector geometries is that of the 90 degree sector, 

named such due to the 90 degree angle between the plane of the object aperture of the 

ion source relative to the plane of ion detection [41]. Note that while this angle is 90 

degrees, virtually no particles analyzed in such a sector travel a full 90 degree segment 
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of their circular path of curvature as illustrated in Figure 7. Instead the portion of their 

radius of curvature traveled can be determined by the following relationships (derived 

in Appendix A): 

𝑟𝐵 =
1

𝐵
√

2𝑚𝑉

𝑞
    (2.1) 

𝑑 = √2𝑟𝐵ℎ − ℎ2   (2.2) 

 

Figure 7: Ion strike distance in a 90 degree magnetic sector is a function of the 

radius of curvature of the charged particle in a magnetic field, as well as the height 

of the imaging aperture from the plane of the detector. 

 

As can be seen in Figure 7, the strike distance of the ions is a function of the 

distance between object aperture and detector plane (h) and the ions radius of curvature 

in a magnetic field, which is itself a function of not only the magnetic field strength, but 

also the particles mass to charge ratio, and the accelerating potential V that propels the 

charged analyte particles into the mass dispersive magnetic sector. These simplified 

equations of motion used in the initial design phase assume a uniform magnetic field 
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strength within the magnetic sector, and zero magnetic field strength outside the 

detector. This type of field can be approximated by a magnet design consisting of two 

bar magnets supported by a yoke material as shown in Figure 8 for the design of the 

magnet used in this work.  

 

Figure 8: The geometry of the fabricated magnet used for the magnetic sector 

described in this work is shown on the left, while the experimentally measured 

magnetic field strength profile for the sector is shown on the right. Magnetic Poles 

and Yoke regions are differentiated with “P” and “Y” respectively on the left, and the 

region shown on the right is show with the dashed box. For these experiments, ions 

were only flown through this first portion of the magnets field. 

 

The magnetic field produced by the bar magnets in this study was measured 

experimentally and is show in Figure 8 above. The experimental setup for this 

measurement consisted of a gauss meter probe translated in two dimensions by 

precision stepper motors controlled by a LabVIEW interface. The uniform magnetic field 

of 0.45 Tesla between the poles is only present in a small region in the center of the 
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structure, and the weaker fringing field regions dominate the flight path of the ions in 

this setup.  

This magnetic sector design is several orders of magnitude smaller than 

conventional lab instruments (albeit with reduced maximum resolution) and is a passive 

component requiring no power to operate. By avoiding the electromagnet typical in 

most magnetic sector instruments, a miniaturized system using rare earth permanent 

magnets can achieve large reductions of overall power consumption. However, it should 

be noted that while this magnet is sufficient for the proof of concept presented herein, it 

would not be appropriate for development of a commercial field deployable system. The 

energy and angular dispersions in the system coupled with the nonuniformity of the 

magnetic field unnecessarily limit resolution and the yoke of the magnet is too large for 

application to a field deployable system. Several novel combinations of magnetic and 

electric sectors have been designed over the last century [16], some of which provide 

correction for dispersion, such as the energy and angular distributions of source ions, 

which would improve system resolution. Application of spatial aperture coding to these 

geometries will be discussed in Chapters 5-7.  

2.2 Ion Source  

When using a magnetic sector geometry that does not correct for angular and 

energy dispersion of source ions, great care must be taken in the construction of an 

appropriate ionization source for mass analysis. The ion source developed in this 
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research was based on a “Nier-Type” ion source [17], which operates on the principle 

that an incoming electron beam travels through an ionization region with a shallow field 

gradient. The electrons have roughly a 1% chance of generating a positive ion from 

interaction with analyte within the ionization volume. Ideally, these electrons have an 

energy of approximately 70eV for optimal ionization efficiency. The ions formed from 

the electron ionization have very low initial energy, and are subject to extraction from 

the ion source perpendicular to the direction of electron beam travel along the shallow 

field gradient provided by the extraction aperture.  

The EI ion source was constructed using a Kimball Physics (Wilton, NH) eV Parts 

kit and a commercial tungsten filament assembly (Extrel EX100) from Scientific 

Instrument Services (Ringoes, NJ). This electron ionization ion source design is 

optimized to illuminate spatially coded aperture patterns of just over 1cm2 with minimal 

angular and energy dispersion. As previously noted, to obtain mass resolved spectra, 

minimizing source dispersion was of particular importance due to the simplicity of the 

magnetic sector used for this research, as the 90 degree magnetic sector geometry does 

not provide any correction for angular or energy dispersion from the ion source.  

The initial ion source design utilized cylindrical einzel lenses, an ion optics 

analogue to the converging lens of light optics. However, these lenses, while useful in 

conventional slit imaging spectroscopy, were found to introduce too much spherical or 

off-axis aberration to be useful in an imaging application such what is needed for the 
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application of spatially coded apertures. Two primary iterations of ion source design 

were extensively simulated and tested. The final design iteration, informed by particle 

simulations preformed in SIMION 8.1 [42], was not only smaller but also reduced 

angular and energy dispersion by more than 5X experimentally (Figures 9 and 10).  

 

 

Figure 9: Simulations of the initial and final ion source geometries are shown 

above. The final source design was informed by the performance of the first 

generation, and showed more than 5x reduction in energy and angular dispersion. 
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Figure 10: Top: An example 2D coded spectra from the initial ion source which 

shows very low mass resolution due to the performance being dominated by 

angular and energy dispersions of the beam. Bottom: an example 2D coded spectra 

from the new ion source which clearly resolves the aperture pattern at multiple 

masses with very little distortion. Note that imaging conditions are quite different 

for these two images, but both are operating in an optimized, “best case” scenario 

for their respective ion sources. 

 

The improved performance of the modified source was achieved with design 

changes to both the electron and ion optics. First, the size of the ionization volume was 

reduced, thereby reducing dispersion and achieving a better approximation of a point 

source. This ionization region requires a high degree of symmetry in construction. In 

addition, a small electric field (2-10V) was applied across the ionization region to pull 

ions from this region. The ions need to be formed on a potential gradient so that they 

can be extracted from the ion source, but spatial variation in their formation location will 

lead to differences in their energy. The extraction field was minimized in order to 

minimize energy dispersion of the beam. Several aperture extraction lenses were used in 
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series to carefully control the ion extraction field so as to minimize angular dispersion 

(Figures 11 and 12). For use with spatially coded apertures, a large uniform beam profile 

is also desired. While the initial ion source design showed sharp intensity loss for 

positions off the beam axis, the final design demonstrated significantly improved beam 

uniformity. This improvement is likely due to the smaller initial volume in which ions 

are formed, acting as a point source. 

 

Figure 11: Photograph of the final ion source with critical component labels. Each 

element was individually controlled by separate high voltage sources for 

optimization of operating conditions, but in practice a single power source with 

some simple circuitry could power the entire electrostatic system. 
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Figure 12: Ion Source Design. The performance of the ion source used in this 

work was simulated and optimized using SIMION 8.1 [42] as shown in part (a) with 

electrode values as shown in Supporting Table 1. Equipotentials shown in the 

ionization region are in 1V steps from 2000V to 2005V. The focusing lenses were not 

used in this work. The energy dispersion of the source was determined 

experimentally to be no more than 0.5% of the beam energy across beam energies 

ranging from 250 to 1000 eV. Data above this energy was not acquired due to 

limitations of the experimental setup. Stopping potential data for a 1000eV beam is 

shown in (b-c). 
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Table 1: Ion Source Electrode Potentials 

Electrode Name Reference Variable Applied Potential 

Filament F 0-2V 2A 

Filament Housing H 0V 

Electron Slit S 2000V 

Anode A 2000V 

Ion Repeller R 2005V 

Extraction Lens E 1000V 

Ion Aperture I 2000V 

Focusing Lenses L 0V 

Coded Aperture CA 0V 

 

In the final design, to create a beam of ions capable of illuminating a 1cm2 area 

coded aperture, electrons thermally generated using a commercial tungsten spiral 

filament with repeller plate were directed towards a slit aperture between the electron 

filament and the ionization region. Electrons passing through this slit form a thin 

“sheet” of electrons from which ionization events can occur. The electrons were created 

near the ground potential and experienced a small repelling voltage (under 5 V) from 

the filament repeller before being accelerated up to the potential of the ionization region. 

The regions where ions can be formed was large in the expanse of the dimensions of 
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spatial coding, but quite narrow in the dimension of the potential gradient for the 

extraction of the subsequently formed ions. The energy spread of this ion source was 

tested via SIMION 8.1 [42]simulation and then verified experimentally by measuring the 

stopping potential, as shown from Figure 12. The energy dispersion of the final system 

was less than 0.05% of the beam energy. 

2.3 Detector 

In order to detect mass dispersed spatially coded aperture patterns, a two-

dimensional microchannel plate array ion detection system was purchased 

commercially from Beam Imaging Solutions. The two-dimensional detection system was 

purchased in favor of a one-dimensional detection system because: 

a) The dispersion from the magnetic sector could transform a one-

dimensional spatially coded aperture pattern into an image distorted into 

two dimensions, which could be corrected for in the forward model. 

b) The two dimensional detector will enable the evaluation of two-

dimensional spatial coding in mass spectrometry which has already been 

shown to enhance performance in optical spectroscopy [15]. Chapter 4 

describes the proof of concept testing for this approach. 

The detection system was a two-dimensional microchannel plate (MCP) array 

imaging system consisting of a single stack (MCP) coupled to a phosphor screen. In 

operation, the front surface of the MCP was grounded and a potential difference was 
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applied across the plate. The plate consisted of a series of small thru-holes arranged in a 

close packed honeycomb pattern with a pitch spacing of 10 microns between channels. 

Ions incident to the detector plane land inside the channel where their collision produces 

a secondary electron. The secondary electron is then accelerated towards the back side of 

the MCP via the potential difference applied across the plate. The channel walls are 

coated with a gain material such that each secondary electron being accelerated down 

the channel creates multiple additional secondary electrons upon impacting the channel 

wall (Figure 13).  

 

Figure 13: A microchannel plate or MCP two-dimensional imaging ion 

detection system was used in this setup.[43] 

 

This electron cascade results in an amplification of incident ion current to 

electron current by multiple orders of magnitude (gain controlled by applied potential). 

The electrons that exit the back side of the MCP are then accelerated towards a 

phosphors screen biased at 1-5 keV with respect to the MCP where the electron impacts 
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emit photons. The photons then travel from the back of the phosphors screen through a 

glass viewport to exit the vacuum system that houses the mass spectrometer. The 

photons are then detected by a B&W 10-bit spectrometer grade camera system with 

macro zoom lens. 

Although this set-up was capable of producing a spatially resolved image of the 

ion dispersion pattern incident to the detector plane, there was some loss of resolution. 

While the pitch facing of the channels was 10 microns, effectively binning any incident 

signal, the electrons exiting the back side of the MCP disperse before striking the 

phosphors and there were some minor resolution losses associated with the optical 

imaging system. The end result was the final resolution of between 25 and 50 microns 

(assuming camera magnification is sufficiently high so as not to limit resolution by pixel-

size binning). Image acquisition was automated using LabVIEW [44]. 

2.4 Sample Introduction 

Gaseous sample introduction was accomplished by attaching a high pressure 

(i.e., atmospheric pressure and above) reservoir of gas analyte to the vacuum chamber 

via a bleed/needle valve. This inlet valve was manually adjusted until the desired 

analyte pressure was obtained within the vacuum chamber. The analyte reservoir was 

filled by either mass-flow controllers or gas regulators for gaseous samples. Liquid 

samples were introduced by pumping the sample introduction chamber to a low 

vacuum, then exposing this chamber to the liquid species of interest, causing the liquid 
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to evaporate and enter the gas phase. The gas was then introduced to the mass spec 

chamber via the bleed valve. This process, while inefficient, is robust and simple. 

2.5 Coded Aperture Fabrication 

In order to create spatially coded apertures with a minimum feature size on the 

micro scale, a silicon-based microfabrication process utilizing conventional 

photolithography and deep-reactive ion etching (DRIE) was developed [45]. The process 

steps are: 

1. Design a CAD layout of the intended aperture patterns 

2. Create a transparency mask of the design 

3. Transfer the pattern to photoresist using photolithography 

4. Use DRIE to etch the pattern through silicon wafers 

To determine the best type of coded aperture pattern, this processing technique 

was optimized to create a wide variety of patterns simultaneously. Each wafer pattern 

was sectioned off into aperture squares with a centered aperture pattern and dicing lines 

were included in the initial pattern for automatic release of individual apertures during 

the DRIE process (Figure 14). 
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(a)  (b) 

(c)  (d) 

Figure 14: Several aperture patterns were printed onto wafers using conventional 

photolithography, and thru-holes were etched using a deep reactive ion etcher. 

 

Initial work using wafers with a thickness of ~500 microns could yield aperture 

patterns with minimum feature sizes as low as 75 microns but these features had poor 

special resolution at the corners and a high degree of edge non-uniformity. Wafer 

thicknesses of 200-250 microns were substituted and showed improved pattern transfer 

resolution. Thru-holes with minimum feature size as low as 20 microns were reliably 
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produced using these thinner wafers (Figure 15). Ultimately, an aperture size of 125 

microns was used for the experimental work shown in the following chapters. 

(a)  (b) 

Figure 15: Photolithographically defined patterns are shown left. A SEM 

micrograph of the etched apertures is shown on the right. Thru holes as small as 20 

microns were produced reliably. 

 

While the test system was constructed with a two-dimensional imaging ion 

detection system, one-dimensional spatially coded aperture patterns were chosen for the 

initial publication on this work due to ease of fabrication and better throughput for the 

patterns. Exploiting symmetry, the non-mass dispersive dimension of the spectrometer 

is historically elongated to improve flux/signal-intensity. In one-dimensional spatial 

aperture coding, additional slits are present, and are encoded in a pattern along the mass 

dispersive dimension of the spectrometer. The patterns used and shown below in Figure 

16 are a modification of a Hadamard code called a Cyclic S code, the difference being a 
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hadamard pattern consists of +1 and -1 values, which in a Cyclic S code are reduced to 

values of 1 and 0.  

 

Figure 16: The Cyclic-S patterns used for this experimental work. 

 

These aperture patterns are centered in a self-aligning mounting configuration as 

the exit/imaging aperture of the ion source. These are the patterns which are mass 

dispersed and projected onto the detector plane for later deconvolution and 

reconstruction. Additional details on the motivation for the choice of coded aperture 

patterns are the subject of the work of Dr. Evan Xuguang Chen’s doctoral research in 

Prof. David Brady’s research group [46]. 

2.6 System Summary 

By integrating the aforementioned components as depicted in Figure 17 a mass 

spectrometer with a diffuse, uniform ion beam with low energy and angular dispersion, 

and a two-dimensional spatially imaging ion detector was constructed.  
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Figure 17: CAD rendering of experimental setup with primary components 

labeled and characteristic particle trajectories shown. 

 

The experimental setup was housed in a large box vacuum chamber. Components were 

aligned using vacuum compatible optical mounts. System was pumped using a 

turbomolecular vacuum pump backed by a dry roughing scroll pump. Ultimate system 

pressure was 10-8 Torr. Experimental results obtained using this system are described in 

the next two chapters. 
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3. One-Dimensional Spatially Coded Aperture Mass 
Spectrometry 

Mass spectrometers are versatile analytical laboratory instruments because they 

are fast, accurate, sensitive, selective, and can accommodate a wide variety of sample 

types [1-4]. However, in situ measurements with mass spectrometers in field settings are 

difficult due to the size, cost, and complexity of the instrument. In particular, mass 

spectrometers based on magnetic sector mass analyzers—while noted for their high 

mass accuracy and resolution—have historically required large size and weight to 

achieve this performance, thereby limiting their use outside of the laboratory [25, 47]. 

Miniaturization of mass spectrometers, and magnetic sector instruments in particular, 

would enable handheld and portable instruments for in situ analysis in a variety of 

applications from security to environmental monitoring and health care. While designs 

for miniaturized mass spectrometers have been presented [48-50], miniaturization is 

currently accompanied by a simultaneous decrease in performance, including resolution 

and throughput, thus limiting the utility of such instruments for in situ chemical 

analysis and identification. 

This chapter describes the first reported demonstration of one-dimensional (1D) 

spatially coded apertures to sector mass spectrometry. This approach can help to 

minimize the performance degradation accompanying miniaturization. Similar to 

optical spectroscopy, the application of spatially coded apertures to sector MS yields an 

increase in instrument throughput while maintaining the equivalent resolution of a 
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single slit after spectral reconstruction. This results in a significant increase in signal-to-

background-ratio (SBR) and thus lowers detection limits (i.e., increased sensitivity to 

trace analytes), which will enable practical magnetic sector miniaturization. Increased 

throughput is also desirable for conventional instruments (i.e., large laboratory 

instruments) for applications that require high analyte utilization, such as when limited 

sample volumes are available.  

Spatially coded apertures have been primarily used in optical imaging and 

spectroscopy systems [24]. In dispersive optical coded aperture spectroscopy, a 

throughput gain of greater than 10X was achieved with an equivalent resolution when 

compared with a conventional single slit approach [27, 34]. Although spatial coding 

techniques for mass spectrometry have been hypothesized [15], they have not been 

demonstrated previously. Temporal coding has been utilized in time-of-flight mass 

spectrometry (TOF MS). The use of Hadamard transforms results in extension of the ion 

duty cycle up to 100% with an accompanying significantly higher throughput as 

compared to conventional TOF MS [35, 36, 40]. Hadamard transforms have also been 

successfully utilized in tandem Fourier transform ion cyclotron resonance mass 

spectrometry (FT-ICR) [37]. Similarly, by encoding the parent ion accumulation time, the 

iterative accumulation multiplexing (IAM) technique was been demonstrated on both 

FT-ICR mass spectrometer [38]. In addition, a quadrupole ion trap based multi-resonant 

frequency excitation (mRFE) ejection compressive mass analysis technique has been 
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developed. This mRFE method can reduce mass analysis time by a factor of 3 to 6 

without losing spectral specificity for chemical classification purposes [51].  

Mass spectrometers employing sector mass analyzers are analogous to optical 

spectrometers in that they both contain a spatial filter, dispersive element, and detector. 

In both cases, the spatial filter is traditionally provided by the resolution-defining slit. 

Furthermore, the fields (both electric and magnetic) of a sector mass analyzer are 

dispersive elements and are thus analogous to the diffraction grating in dispersive 

optical spectroscopy. Finally, in both domains a detector is placed after the dispersive 

element. Building on this analogy between optical spectroscopy and magnetic sector 

mass spectrometry, a simple magnetic sector mass spectrometer was constructed where 

the slit spatial filter was replaced with a coded aperture in order to demonstrate the 

advantages of coding. 

This chapter reports on the derivation of a mathematical forward model for a 

custom built 90-degree magnetic sector system (hereafter referred to as a 90-degree MS). 

Based on some initial known compound measurements, the system forward model was 

carefully calibrated such that it corresponds to the 90-degree MS with sufficient 

accuracy. Based on this explicit forward model, an algorithm was formulated to 

reconstruct mass spectra from ion intensity vs. detector position data measured in the 

90-degree MS. This ion intensity was measured for a range of concentrations of argon, 

ethanol, and acetone using spatially coded apertures of varying complexity, and the 
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reconstructed spectra were compared with measurements made using a single slit. The 

use of 1D coded apertures is shown to produce more than an order-of-magnitude 

increase in throughput and an accompanying increase in SBR with no decrease in 

instrument resolution.  

3.1 Aperture Coding Model 

There are numerous physical approaches to the separation of molecules as a 

function of their mass as manifested in different types of mass spectrometers including 

ion trap [52-54], time of flight [55-57], FT-ICR [58-60], and sector-based instruments [17, 

61-66]. Focus was made here on a subset of sector-based instruments that provide 

simultaneous analysis across the entire mass range of interest, as dispersed onto a single 

focal plane. These instruments are often referred to as spectrographs [67] and geometries 

include the Mattauch-Herzog [17], Bainbridge-Jordan [65], or Bleakney-Hipple [66], as 

well as sector mass analyzers containing only magnetic fields [41, 61, 63] that lack 

double focusing properties. In all of these sectors, the mass spectra are measured by 

passing an ion beam through a mass analyzer that uses electric and/or magnetic fields to 

disperse the ions spatially according to their mass-to-charge ratio. The resulting spatial 

distribution is then recorded by a detector array. When using a single slit to spatially 

define the ion beam, a simple calibration to a few known ion peaks is all that is required 

to reconstruct a mass spectrum from the pattern recorded at the detector. However, 

multiple slits can be implemented in order to enhance the instrument throughput. In this 
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case, the detected signal is a combination of the ions passing through each slit. The end 

result is a multiplexed measurement requiring an accurate mathematical model to 

reconstruct the mass spectrum from the complex spatial pattern produced at the 

detector. The multiple slits are designed in a specific way to encode the ion signal and 

allow the well-conditioned reconstruction; therefore they are termed coded apertures 

(examples are shown in Figure 18a). 

 

Figure 18: Five Cyclic S codes with orders of 1, 7, 11, 15, and 23 are used in 

this research. These were fabricated using DRIE as described in Chapter 2. 

Schematic of the experimental set-up to confirm the benefits of spatial aperture 

coding in magnetic sector mass spectrometers. The apparatus consists of an electron 

ionization (EI) ion source, a coded aperture, a permanent magnet, and a micro 

channel plate (MCP) array detector. The red, green, and blue traces correspond to 
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ions of different mass-to-charge ratio and the multiple traces at each color represent 

ions passing through different openings in the coded aperture. For simplicity, two 

local coordinate systems were used to describe the system: one on the plane of the 

coded aperture (x’, y’), and one on the detector plane (x, y). These are labeled above 

and correspond to the coordinates used in the general proof found in Appendix B. 

 

3.2 Forward Model Derivation 

The forward model is a mathematical representation of the mass spectrometer 

system that can be used to calculate the pattern of ions on the detector plane from the 

pattern of the aperture and the physical characteristics of the system. For completeness, 

a thorough derivation of the forward model based on the work of Dr. Evan Xuguang 

Chen [46] which is applicable to both this chapter and the 2-D coding in the following 

chapter is shown in Appendix B. For convenience, in this section an abbreviated version 

of the forward model derivation is provided. For notational simplicity, in the forward 

model  is used to represent m/z, the ratio of the ion mass (in amu) to the net number 

of elementary charges. The coordinate system used in this derivation defines the x and y 

coordinates as the non-mass-dispersive direction and the mass-dispersive direction in 

the detector plane, respectively, and the x' and y' coordinates are the spatial dimensions 

of the coded aperture, as shown in Figure 18b. The ion intensity at a point ( , )x y  on the 

detector plane, is ( , )g x y : 

 
 ( , ) = ( ) , , d .g x y f T x y         (3.1) 
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Where ( )f   is the mass spectrum, and ( , , )T x y   is the system transfer function, which 

can be defined as:  

 ( , , ) = ( , ) ( , ) , ', , ', d d .T x y I x y t x y h x x y y x y          (3.2) 

This system transfer function  describes how ions at each travel from the coded 

aperture to the detector. ( ', ')I x y  is the ion beam intensity spatial profile at ( ', ')x y in 

the coded aperture plane, {0,1}),(  yxt  is the coded aperture transmission function 

describing the shape of the aperture, and ( , ', , ', )h x x y y   is a kernel describing 

propagation through the spectrometer for an ion of specific .  

For the 90-degree system geometry the propagation kernel h used in these 

experiments was approximated as (see Appendix B for a detailed derivation): 

28 ( / )
( , ', , y', ) ', ' '

U u e
h x x y x x y y y

B


 

 
    
 
 

  (3.3) 

where B is the magnitude of the applied magnetic field, U is the applied ion acceleration 

voltage, and (u/e) is the ratio of an amu to an elementary charge in the desired set of 

physical units. After discretizing ( , )g x y  with two-dimensional rect function and )(f  

with one-dimensional delta function, the mathematical system forward model can be 

represented as the linear system: 

g Hf      (3.4) 

T 
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where g is a vector of experimentally measured data and H is the forward matrix which 

maps the mass spectrum f to the measurement data vector. Using the above discretized 

forward model with a Poisson maximum likelihood estimation reconstruction algorithm 

[68, 69], the desired mass spectrum  is estimated from the measurements .  

3.3 Forward Model Calibration 

Figure 19 shows examples of the spatial pattern produced at the detector for 

argon gas for both the (a) slit and (b) S-23 coded apertures. There are two major features 

in the argon data resulting from singly- and doubly-ionized argon at m/z = 40 and m/z = 

20, respectively. Note that although the S-23 coded aperture is rectangular, the image 

exhibits a keystone shape.  

f g
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Figure 19: Detector images and reconstructed spectra for argon used in the 

forward model calibration. (a) Unprocessed image at the detector plane using single 

slit. The images are 40 mm x 10 mm. (b) Unprocessed image at the detector plane 

using the Cyclic S-23 coded aperture. (c) Reconstructed argon spectra using Cyclic 

S-23 and slit apertures, where the Cyclic S-23 spectrum is arbitrarily shifted up by 

0.5 relative intensity units for clarity. The reconstructed mass spectra are 

normalized such that the slit argon m/z = 40 peak has an intensity of 1 unit. 

 

This shape is attributed to the non-uniform magnetic field produced by the bar 

magnet. As a result of this non-uniformity, ions that pass through different parts of the 

coded aperture encounter slightly different field magnitudes and directions along their 

trajectories. In addition, the image of the aperture pattern is magnified. There are two 
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factors to this magnification. The first comes from the ideal transfer function and 

predicts that the extent of the pattern in should scale as  to the lowest order, and 

the experimental data confirms this scaling. The second magnification is a scaling in  

that is not predicted by the transfer function. This scaling is attributed to the cone angle 

of the source, which was not incorporated in the original derivation. The magnification 

comes from the cone angle acting over the path length of the on-axis ion trajectory. The 

path length scales are shown in Appendix B as  to lowest order. It would then be 

expected to observe a functional dependence on the magnification in  and again, the 

data confirms this. A noticeable contribution to the magnification in  was not 

observed from this effect which is attributed to the motion in  being dominated by 

interaction with the magnetic field, while motion in  is truly ballistic. This additional 

x-magnification  is empirically incorporated in propagation kernel of Equation 3.4 

with the substitution  to yield the new propagation kernel: 

1/4 28 ( / )
( , ', , y', ) (1 ) ', ' 'x

U u e
h x x y x M x y y y

B


  

 
     
 
 

 (3.5) 

With this change, the remaining non-ideality is related to the accuracy of the 

assumptions that went into the derivation of the propagation kernel (e.g. normal 

incidence on the aperture, uniform magnetic field, etc.). Of the system parameters in the 

model, U, B, , and , only (U) is known to a high degree of precision from an 

y 

x

1/4

x

y

y
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independent stopping potential experiment. Setting U to the measured value U = 2 kV, a 

set of parameter values for B, , and  were found that, when used in the discretized 

version of system transfer function, produce the best correspondence with the observed 

m/z = 20 and m/z = 40 patterns in Figure 19b. With the parameter values known, the 

discretized transfer function can then be estimated for all . The resulting vectors are 

placed in the corresponding columns of the discretized system forward model matrix H 

(Equation 3.4). Because of the non-idealities, the parameter values extracted via this 

model-based approach do not exactly match the true experimental values (accurate to 

within a factor of 2–5). However, they sufficiently balance the non-idealities to enable 

accurate quantitative reconstruction of the spectra as seen herein by the strong 

agreement between the reconstructed spectra and the library spectra for the various 

chemicals. 

3.4 Experimental Results and Discussion 

In order to verify the forward model and reconstruction approach, a series of 

mass-dispersed patterns of the coded apertures shown in Figure 18a were obtained 

using the 90° MS described in [69] and shown in Figure 18b. Additional details on the 

sector, ion source, and ion detector can be found in Chapter 2. The apertures used were 

based on 1D Cyclic S codes [32] with a minimum feature size of 125 μm. Analytes of 

argon, acetone, and ethanol were introduced into the vacuum chamber containing the 

90° MS via a bleed valve. Starting with a system base pressure of 0.5 μTorr, the analyte 

xM 
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concentrations were varied by opening or closing the bleed valve to achieve pressures 

from 1.0–10.0 μTorr in steps of 2.5 μTorr. These variations enabled the measurement of 

reproducible mass spectra consisting of only the analyte and residual water vapor across 

a wide range of concentrations. More details on the experimental procedures can be 

found in Chapter 2. Figures 20a–c show reconstructed spectra from argon, acetone, and 

ethanol versus aperture order. Each spectrum in this figure was taken at 10.0 μTorr. 

Representative detector images from which these spectra were reconstructed are shown 

in Figure 20d for acetone and ethanol. The relative intensity for each spectrum is 

normalized to the spectrum obtained from the slit (i.e., coded aperture order of one) to 

demonstrate the throughput gain achieved with the higher order coded apertures. 

Increasing aperture order is associated with significant improvement in throughput gain 

as seen by the increasing relative peak heights. Figure 20d illustrates the complexity of 

the collected data prior to reconstruction, including the overlapping images of 

individual coding elements, for an analyte containing multiple m/z species after 

ionization. 
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Figure 20: Reconstructed mass spectra results for argon, acetone, and ethanol 

for different aperture orders, and some representative unprocessed acetone and 
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ethanol measurement images. (a-c) The reconstructed mass spectra across different 

aperture orders for argon (a), acetone (b) and ethanol (c) at a chamber pressure of 

10.0 µTorr are presented. (d) Representative images obtained from acetone and 

ethanol at 10.0 µTorr, illustrating the complexity of the data prior to reconstruction. 

The images are 40 mm x 10 mm. 

 

The experimentally realized throughput gain as a function of aperture order N is 

shown in Figure 21a. The throughput gain is calculated by computing the ratio of the 

area under the strongest reconstructed peak for each analyte and aperture order to that 

of the area of the corresponding peak for a slit aperture. The values presented in Figure 

4a are the average gain across the 3 analytes and 5 pressures for each aperture order. The 

theoretical expectation is given by the ratio of total open area of the coded aperture to 

that of a single slit, and can be written as . This trend is also shown in Figure 

21a for purposes of comparison. The experimental throughput gain of different Cyclic S 

code orders follows the theoretical gain trend closely and the differences are likely a 

result of deviations from an ideal coded aperture (e.g., from over etching of the aperture 

openings) and/or nonuniformities in the ion beam spatial profile. Furthermore, 

increasing aperture order does not affect the widths of the mass peaks, indicating that 

the resolution is maintained despite an increase in throughput of more than one order-

of-magnitude. Figure 21b demonstrates that the effective resolution of the system is 

unaffected by the aperture coding approach, as both the S-23 and slit primary ethanol 

peaks at m/z = 31 have a full width at half maximum (FWHM) of 0.3 m/z. 

( 1) / 2N 
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Figure 21: Throughput gain vs. aperture order and resolution. (a) Plot of the 

average throughput gain over all pressures and analytes versus coded aperture 

order. The solid grey line indicates the expected throughput gain based on the open 
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area of the apertures. (b) S-23 apertures show equivalent resolution to the slit with 

greater than 10X throughput as demonstrated by the FWHM (inset) of the primary 

ethanol peak at m/z = 31. 

 

An increase in throughput also leads to an improvement in the SBR, as expected. 

Figure 22a-b show a comparison of reconstructed slit and Cyclic S-23 ethanol mass 

spectra overlaid on the standard electron ionization mass spectra for ethanol and water 

from the NIST database [32, 70]. At low analyte concentrations (i.e., a pressure of 1.0 

µTorr), the slit spectrum does not reveal low intensity peaks such as those between m/z = 

26–30 and 45–46. However, the reconstructed spectrum from the Cyclic S-23 aperture is 

able to detect these peaks above the background. This result is clear evidence of the 

improved SBR arising from the coded apertures. 

Detection limits are another critical figure of merit when considering the 

analytical capabilities of a mass spectrometer. Depending on the noise level of the 

measurement system, there is some partial pressure of analytes that will not be 

detectable above the noise floor. In Figure 22c ion signal intensity vs. pressure data for 

the primary ethanol peak at m/z = 31 are shown for both the slit and S-23 apertures. The 

point where the pressure vs. intensity trends intersect the noise floor of the system (the 

noise could be from any number of system factors) indicates the point at which the 

analyte would no longer be positively detected by the instrument. The slopes of the ion 

intensity vs. pressure graphs increase with increasing aperture order, indicating 
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improved detection limits from the use of spatially coded apertures. Specifically, for 

aperture order 23, an order of magnitude increase in slope is observed as compared to 

the order 1 (slit) performance. This effect results in a similar increase in the instrument 

detection limits. This concept is illustrated in Figure 22 by an example noise floor 

arbitrarily placed at a normalized intensity of 5. In this situation, the normalized ion 

intensity of a slit aperture system drops below the noise floor at analyte pressures below 

5.0 µTorr, indicating the loss of detection capability, while a system with an S-23 

aperture would retain detection capability at an order-of-magnitude lower partial 

pressure of the analyte. 
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Figure 22: SBR and detection limit improvements with coded apertures. (a-b) 

are a comparison of normalized reconstructed spectra from low concentrations of 

ethanol (system pressure 1.0 µTorr) with NIST standards[42]. The system utilizing 

the slit aperture cannot resolve low intensity peaks such as those from m/z = 26–30, 
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and 45–46. The system with the Cyclic S-23 coded aperture can detect these peaks 

found in the NIST standard spectrum above the background. (c) Intensity vs. 

pressure comparison of coded apertures of order 1 (slit) and order 23 (Cyclic S-23) 

shows improvement in the detection limit of the instrument by an order-of-

magnitude, as indicated by the increase in the slopes of pressure vs. intensity 

curves. (Slit slope 1.08, S-23 slope 11.7, a difference of 10.9 X). The grey band below 

a normalized intensity of 5 represents an “example noise floor” below which 

individual mass peaks cannot be positively detected. 

 

In this chapter, successful reconstruction of the mass spectra of argon, acetone, 

and ethanol—compounds with relatively simple mass spectra were demonstrated. 

However, results from optical spectroscopy have demonstrated that complicated spectra 

can be reconstructed in similar coded aperture approaches [13, 15, 27]. The interplay of 

noise, resolution, accuracy of the forward model, and performance of the inversion 

techniques is a complicated process that will determine the ultimate accuracy of the 

reconstruction of mass spectra for more complex compounds and is a topic of ongoing 

research in this and other laboratories.  

It should be noted that the maximum resolving power of the system is related to 

the minimum feature size of the aperture. In demonstration, the slit and coded apertures 

were fabricated with identical features sizes so that resolving power was constant. As a 

result, the open area (and hence the throughput) of the coded aperture systems was 

increased. Conversely, the coded apertures could have been fabricated such that their 

open area (throughput) was equal to that of the slit. That approach would have 
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increased the resolving power of the coded aperture systems (subject to limitations 

imposed by other aspects of the system—ion optic aberrations, dispersion, etc.)  

3.5 Conclusion 

Building on the analogy between optical spectroscopy and magnetic sector mass 

spectrometry, a 90-degree magnetic sector mass spectrometer was constructed that 

demonstrates more than an order-of-magnitude improvement in throughput using 

spatially coded apertures. A generalized forward model that can be applied to any 

sector instrument was derived and then this model was applied to a 90-degree MS to 

develop a reconstruction algorithm. With this algorithm, mass spectra of argon, acetone, 

and ethanol was reconstructed from data collected using various coded apertures. The 

resulting throughput gains exceeded an order-of-magnitude and led to similarly 

increased SBR and lower detection limits while simultaneously maintaining the 

resolution of the slit instrument. The following chapter shows results of an exploratory 

study of 2D spatially coded apertures using the same experimental set-up. 
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4. Two-Dimensional Spatially Coded Aperture Mass 
Spectrometry  

Two-dimensional (2D) spatially coded patterns are frequently preferred in 

optical coded aperture spectroscopy [15, 34, 71] and are easy to integrate due to the 

abundance of 2D imaging detectors for optical systems. In the optical spectroscopy 

domain, the primary advantage provided by the 2D coding is the simultaneous 

collection of diverse multiplex combinations of the underlying signal elements. The 

increased measurement diversity improves the numerical conditioning of the 

reconstruction, leading to improved precision and robustness. The addition of the 

second coding dimension has also enabled a variety of high-performance spectral 

imaging architectures [28, 29]. Near-term focus in the ion domain is on the improved 

signal conditioning, although ion spectral imaging is of future interest as well. 2D 

coding is expected to enable advantages in signal to noise limited applications requiring 

high resolution mass analysis such as portable isotopic analysis. 

In this chapter the theoretical and experimental basis developed demonstrates, 

for the first time, that sector mass spectrometers are capable of imaging a two-

dimensional coded aperture. Furthermore, it was shown that some of the same 

advantages in the optical domain are available in the ion domain. Finally, directions are 

provided for future development to take full advantage of the unique benefits of coded 

apertures in mass spectrometry.  
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These goals have been accomplished by developing a 90-degree magnetic sector 

mass spectrometer with 2D coded apertures and deriving its associated mathematical 

forward model and reconstruction algorithm. The reconstruction algorithm was then 

used to convert collected ion intensity data into mass spectra, demonstrating the 

capability of sector instruments to support 2D coding approaches. The performance of 

the system, theoretically and experimentally was examined as a function of code 

complexity and the results were compared to the previously demonstrated 1D coding 

results as well as 2D results from the optical domain. A simple argument explains the 

results, based on the fundamental differences between light- and ion-optics, and initial 

discussion of modifications to the system were begun that should lead to increased 

performance in the future. 

4.1 Experimental 

To investigate the concept of 2D aperture coding for magnetic sector mass 

spectrometry, an instrument was developed consisting of a custom electron ionization 

(EI) ion source, a permanent magnet magnetic sector with a maximum field of 0.45 T, 

and a 40 mm diameter 10 µm pitch micro-channel plate (MCP) array imaging ion 

detector Figure 23. To allow for larger 2D coded aperture patterns, special design 

considerations were needed in the ion source, magnetic sector, and detector, as 

described in Chapter 2.  
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Figure 23: (a) Schematic of the 90-degree magnetic sector mass spectrometer 

developed and used in this research. This sector system is composed of an electron-

ionization (EI) ion source, a coded aperture, a permanent magnet, and a micro 

channel plate (MCP) array and phosphor screen detector. The blue, green, and red 

traces represent ions of three different m/z and the multiple traces at each color 

correspond to the same m/z ions passing through different openings in the coded 
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aperture (3). (b) Schematic of the 2D S-Matrix coded apertures of order 7, 11, 15 and 

corresponding length slits used in this research. (c) Micrographs of the coded 

apertures used for this work; produced using a Deep Reactive Ion Etching (DRIE) 

process. 

 

4.2 Forward Model Calibration 

Calibration of the forward model is needed to ensure that the forward matrix H 

can accurately match the experimental measurements. The same calibration procedure 

was followed as described in Chapter 3. The empirical propagation kernel is  

 

 (4.1)

 

where describes the ion propagation in the x-direction and the 

additional term is used to account for non-ideality of magnetic field and a small 

cone beam ion source, and  

 
 

(4.2) 

describes the ion propagation in the y-direction which is determined by the geometry of 

the 90-degree sector system (see Appendix B for more details).  

Figures 24a-b show examples of the spatial pattern produced at the detector for 

argon gas with slit and S-Matrix codes. There are two main features in the argon data 

resulting from singly- and doubly-ionized argon at m/z=40 and 20, respectively. It is 

worth noting that the images from the 2D S-Matrix measurements exhibit a keystone 
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shape, whereas the physical coded aperture is rectangular. As the physical aperture 

length increases with the increasing S-Matrix order complexity, the keystone shape 

feature is more obvious. This shape was attributed to the non-uniform magnetic field. 

Ions that pass through different parts of the coded aperture encounter slightly different 

B fields. Figure 24c illustrates the reconstructed mass spectra of argon for the Slit-3 and 

2D S-15 apertures. It was observed that all the reconstructed argon data conform to 

expected argon spectra, indicating that the reconstruction was successful.  

 

Figure 24: Detected images and reconstructed mass spectra of argon used in the 

forward model calibration. (a) The detected image of argon for Slit-3. (b) The 
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detected image of argon for S-Matrix coded aperture with order of 15. (c) The 

reconstructed argon for S-Matrix coded aperture with order of 15. (c) The 

reconstructed argon mass spectra for the Slit-3 and 2D S-15 Matrix coded apertures, 

where the mass spectra are normalized such that the Slit-3 argon m/z=40 peak has 

an intensity of 1 unit, and the S-15 argon spectrum is shifted up by 0.5 relative 

intensity units. 

 

4.3 Results and Discussion 

The unprocessed measurement images of all the slits and 2D S-Matrix coded 

apertures are shown in Figures 25a-f for acetone and Figures 26a-f for ethanol. All the 

measurements in Figure 25 and Figure 26 were taken at 10 µTorr with a system base 

pressure of 0.5 µTorr. From the unprocessed images, it was observed that there is 

greater pattern distortion (more obvious curvature of the slit, more obvious curvature 

and keystone effect for the 2D coded aperture) associated with the longer slit and higher 

order codes. The curvature and keystone shape distortions are believed to be caused by 

a combination of ion beam angular dispersion and spatially variant imperfections in the 

magnetic field. When measuring complex mass spectra gases, the coded sector system 

provides multiplex measurements. Figures 25b, d, and f and Figures 26b, d, and f 

illustrate the complexity of the collected S-15 aperture data prior to reconstruction, 

resulting from the distorted aperture pattern convoluted with the analyte mass 

spectrum.  

The reconstructed acetone and ethanol mass spectra are shown in Figure 25g and 

Figure 26g respectively. The relative intensity for each spectrum is normalized to the 
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height of the highest intensity peak from the spectrum obtained from the corresponding 

slit to demonstrate the throughput gain associated with the different orders of 2D S-

Matrix coded apertures. After reconstruction, the 2D coded system provides 

qualitatively identical acetone and ethanol mass spectra as the slit systems (identical 

peak locations and widths). Furthermore, increasing aperture order is associated with 

significant improvement in throughput gain as seen by the increasing relative peak 

heights and the concomitant increased sensitivity to weak features.  
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Figure 25: Detected images and reconstructed mass spectra of acetone. (a), (c), and 

(e) are the detected images of acetone for Slit-1, Slit-2, and Slit-3. (b), (d), and (f) are 

the detected images of acetone for S-Matrix coded aperture with order of 7, 11, and 

15. (g) The reconstructed acetone mass spectra for all the slits and 2D S-Matrix 

coded apertures, where the mass spectra are normalized such that for each pair the 

slit acetone m/z=43 peak has an intensity of 1 unit. 
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Figure 26: Detected images and reconstructed mass spectra of ethanol. (a), (c), and 

(e) are the detected images of ethanol for Slit-1, Slit-2, and Slit-3. (b), (d), and (f) are 

the detected images of ethanol for S-Matrix coded aperture with order of 7, 11, and 

15. (g) The reconstructed ethanol mass spectra for all the slits and 2D S-Matrix 

coded apertures, where the mass spectra are normalized such that for each pair the 

slit ethanol m/z=31 peak has an intensity of 1 unit. 

 

A comparison of the experimentally realized throughput gain with expected 

theoretical gain is plotted in Figure 27. The expected theoretical throughput gain is 

calculated by computing the ratio of the fabricated 2D S-matrix coded aperture open 
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area and the corresponding slit open area. The experimental throughput gain is 

computed by finding the ratio of the area under the strongest reconstructed mass peak 

for each analyte and aperture order to that of the area of the same peak for the 

corresponding slit. The throughput statistics shown in Figure 27 were obtained from five 

measurements from each of the three analytes at four pressures from 2.5 to 10 µTorr. For 

lower order 2D S-Matrix coded apertures, the experimental throughput gain follows the 

expected theoretical gain trend closely. However, the 2D S-15 code falls short slightly, 

where an experimental gain is 3.5 compared to a theoretical gain of 4. The difference is 

likely due to spatial non-uniformities in the ion beam profile over the larger 2D S-15 

aperture plane.  
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Figure 27: Plot of the average throughput gain for 2D S-Matrix coded apertures over 

all pressures and analytes versus coded aperture order. 

 

As shown in Figure 27, the observed throughput gain matches well with theory, 

provided the throughput-reducing effect of the support structure is taken into account. 

As discussed previously, support structure modifications are considered that should 

move system performance closer to that expected for a system with no support 

structure. These improvements are recommended for future designs and are presented 

in Chapter 7.  

The detailed ethanol and acetone reconstructed mass spectra are shown in 

Figures 28a-b, respectively. A comparison between an S-15 coded aperture and a Slit-3 
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aperture are shown in each graph. The peak ratios illustrate a 3.5x throughput gain from 

the S-15 coded apertures. The coded instrument resolutions shown in the insets of each 

graph are much higher than would be observed for a single slit with a 3.5x increase in 

throughput. Increasing throughput by 3.5x in a simple slit instrument would introduce a 

corresponding loss in resolution of 3.5x compared to the observed 1.3x (i.e., 0.51/0.40) 

and 1.4x (i.e., 0.32/0.23) loss in the coded instrument from acetone and ethanol, 

respectively. This 3.5x gain demonstrates that the historic tradeoff between throughput 

and resolution has been largely, although not entirely, overcome in a 2-D coded 

instrument. This minor resolution degradation in the coded instrument was attributed to 

poor stigmatic imaging properties of this particular sector instrument, compounded by 

the fact that the large spatial extent of the 2D coded patterns increases the likelihood that 

ions will interact with fringing fields and other non-uniformities. Experimental designs 

using sectors with better stigmatic imaging properties should reduce this discrepancy 

and are recommended as a topic of future development. One such sector design that 

could be utilized is presented in Chapters 6 and 7. 
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Figure 28: Slit-3 and 2D S-15 mass spectra reconstruction comparison for acetone in 

(a) and ethanol in (b), where the Slit-3 reconstructed acetone and ethanol mass 

spectra are normalized such that the maximum peak has an intensity of 1 unit and 

the normalized S-15 reconstructed acetone and ethanol mass spectra are shifted up 

by 0.5 relative intensity unit. NIST standard EI spectra are also shown for reference 

(15). Insets shown are of the primary peaks of the spectra, demonstrating the change 

in resolution corresponding to the intensity gain. 

 

Comparing reconstructed acetone and ethanol mass spectra with NIST library 

spectra, S-15 coded acetone reconstruction reveals some of the small peaks in the mass 

range of m/z=37–41 and m/z=14–18 that the Slit-3 failed to detect. However, it is worth 
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noting that the reconstructed acetone mass spectrum has a broader feature at m/z=58 

than the corresponding slit measurements of this peak. In a coded-aperture based 

system, the spectral resolution is reduced at the extreme edge of the spectral range as 

portions of the extended aperture image begin to fall off the detector. This results in a 

loss of information in this spectral region relative to a slit and the reconstructions 

therefore demonstrate a corresponding loss of resolution. This effect is believed to be 

responsible for the observed experimental performance at m/z=58. The resolution roll-off 

is fundamentally present in any coded-aperture approach. This current system is a 

simple testbed; final instrument designs should be optimized so that this roll-off occurs 

outside the target mass-range of the system.  

4.4 Conclusion 

The first application of two-dimensional (2D) spatially coded apertures in sector 

mass spectrometry has been demonstrated. The analytes of argon, acetone, and ethanol 

were detected by using a custom 90-degree magnetic sector mass spectrometer 

incorporating coded apertures and a 2D detector subsystem. 2D spatially coded spectra 

were successfully reconstructed by using a mathematical forward model and 

reconstruction algorithm. The coding concept breaks the trade-off between system 

throughput and resolution, a critical step in enabling mass spectrometer miniaturization 

without suffering a loss in performance. The 2D coding demonstrated in this research 

presents certain challenges in mass spectrometer design, such as the need for large 
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uniform ion flux, sectors with large gaps that still provide good field uniformity, and 

high resolution 2D detection systems for ion imaging. Furthermore, 2D codes necessarily 

require some support structures to maintain physical integrity (in contrast to optical 

spectroscopy), reducing the upper bound on performance gains. This work is intended 

as a proof of principle and first demonstration of 2D spatially coded mass spectrometry. 

Future studies will directly compare the trade-offs between 1D and 2D coding 

approaches as applied to mass spectrometry, and demonstrate a system that will 

address the aforementioned challenges in order to maximize instrument performance 

and approach the theoretical throughput gain. See Chapter 7 for more details on future 

experiments that could expand on the work presented here. 
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5. A Miniature Mattauch-Herzog Mass Analyzer Utilizing 

Spatially Coded Apertures 

Double focusing sector instruments offer substantially improved mass resolving 

power over the 90-degree sector design utilized for the preliminary proof of concept 

development of spatial coding for mass spectrometers and discussed in Chapters 3 and 4 

[72, 73]. Double focusing enables simultaneous first order correction of angular and 

energy dispersion. Spectrographs are mass spectrometers that offer simultaneous 

analysis of a large mass range projected across a focal plane. Examples of double 

focusing mass spectrographs include the Mattauch-Herzog [74], the Bainbridge-Jordan 

[66], and the Hinterberger-Konig [75]. These geometries employ an electric sector 

followed by a magnetic sector. Because of its small form factor, which results from the 

comparatively small sector angles and short drift regions, the Mattauch-Herzog 

geometry (Figure 29, Table 2) is of particular interest for miniaturized magnetic sector 

mass spectrometer development. In this chapter the compatibility of coded apertures 

with the Mattauch-Herzog geometry is demonstrated via a) first principles geometric 

optics transfer matrix calculation, b) high fidelity finite element field solvers and high 

particle count charge particle optics simulations, and finally c) preliminary experimental 

verification using a commercially available miniature Mattauch-Herzog instrument. The 
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critical design parameters that enable the use of coded apertures in the Mattauch-

Herzog geometry were also determined. 

 

Figure 29: The popular Mattauch-Herzog Mass Spectrograph configuration was 

chosen for this work due to its small form factor. (a) This schematic highlights 

several critical geometric parameters of this design that are important to this study. 

Additional geometric parameters for this configuration are shown in Table 2, as 

well as explicit values for the experimental work presented in this chapter. (b) A 

photograph of the commercially available miniature Mattauch-Herzog platform 

used in this work [76]. (Image courtesy of OI Analytical, a Xylem Brand). 
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Table 2: Mass Spectrograph Parameters 

 

Symbol Geometric 

Dimension 

Ideal Theoretical 

Value 

Experimental 

Value 

1L  Aperture to E-

Sector Distance 
1L  35.35 mm 

ER  Electric Sector 

Centerline Radius 
12L  50 mm 

2L  E-Sector to Magnet 

Distance 
2L  20 mm 

3L  Magnet to Sensor 

Distance 

0 1 mm* 

MR  Ion Radius in 

Magnetic sector 

1 2Vm

B q
 

25.75 mm** 

E  Geometric angle of 

electric sector 4 2


 

31.8º 

M  
Angle ions travel in 

magnetic sector 2


 

2


 

1  
Magnetic sector 

entrance angle 

0 0 

2  
Magnetic sector exit 

angle 4


  

4


  

B Magnetic Field 

Strength 

B 1.05 T 

V Ion Accelerating 

Potential 

V 800 Volts 

Table 2: Important geometric parameters for the MH geometry. Ideal theoretical 

values are those inherent to the Mattauch-Herzog geometry[74]. 

*Value deviates from the theoretical due to detector fabrication constraints. 

**RM for 40 m/z charged particles 
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5.1 Simulation of Spatial Aperture Coding in the Mattauch-
Herzog Geometry 

There are two methods used to simulate spatial coding in a Mattauch-Herzog 

mass spectrometer reported in this work. These approaches are shown schematically in 

Figure 30. .Initial efforts focused on simulations to ensure no fundamental issues existed 

which inhibited the use of spatial codes in the Mattauch-Herzog geometry and 

determine potential performance improvements. Transfer matrix calculations were used 

to determine initial compatibility. A high fidelity particle tracing simulation method was 

then used to obtain a more realistic compatibility simulated performance and estimate. 

Finally, experimental verification of compatibility was performed using the miniature 

Mattauch-Herzog mass spectrograph shown in Figure 29 [76]. 

 

 

Figure 30: Two simulation approaches were used to verify the compatibility of 

coded apertures in a MHMS: (a) a Gaussian optics transfer matrix calculation, and 

(b) a combined COMSOL/C# particle tracing simulation 
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5.1.1 Geometric Optics Transfer Matrix Calculation 

In order to validate compatibility of this geometry with spatially coded 

apertures, first order transfer matrix optics calculations were used as an initial model 

[16]. In the geometric optics approximation, ions are characterized by their positions 

relative to the optical axis, their angle relative to the optical axis, their energy, and their 

mass. By successive matrix multiplication (each matrix representing an optical element 

[77-79],[27]), ions are passed through the system. This method was discussed by Wollnik 

[77, 78] and Herzberger [79] for mass spectrometry applications, and Brady [27] for 

aperture coding applications. The general form of the transfer matrices used for this 

work was taken from Burgoyne [16] and is shown in Equation 5.1. 
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 (5.1)( 

In this form, the [4x1] element on the left side of equation 5.1 represents the 

output observed on the detector plane of the spectrometer, the [4x1] element on the right 

side of equation 5.1 represents the input to the system, and the [4x4] element on the right 

side of equation 5.1 represents the optics of the mass spectrometer which determines 

how the input is transformed to the output on the detector. For any system, the output 

can be determined for any incident particle with a given position ix  , ia  , energy 
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dispersion iE  , and mass dispersion iM  . The [4x4] element representing the 

spectrometer can be constructed by the multiplication of each discrete lens element in 

the systems transfer matrix. The MHMS geometry shown in Figure 29 consists of the 

lens combination shown in Equation 5.2, where the individual matrices’ meanings are 

defined in Table 3 and their content is defined in Burgoyne [16]. 

 

3 2 1 2 1[System] [D ][O ][S ][O ][D ][ ][S ][ ][D ]M ES S  (2) 

 

 

Table 3: Meanings of the Transfer Matrix Symbols 

Matrix Symbol Meaning 

 1D  Drift Length 1 

 S  Sense Matrix 

 ES  Electric Sector 

 2D  Drift Length 2 

 1O  Magnet Entrance Angle 

 MS  Magnetic Sector 

 2O  Magnet Exit Angle 

 3D  Drift Length 3 
 

Table 3: Meanings of the transfer matrix symbols in Equation 5.2. The content of 

the transfer matrices can be found in [16]. Each matrix on the right side of Equation 

5.2 represents a system component or feature. 
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 By substituting the transfer matrix for each lens element [16], the following total 

system transfer matrix represents the Mattauch-Herzog double focusing geometry: 

 
 

1

1 2
1 2 1

1

0 0
22

1 22
0

22

0 0 1 0

0 0 0 1

M M

M
M

M MM

R R

L

L L RL L R L

R
System

RL R



   

 
 
 
 
 
 


 



 







 (5.3) 

One million ions with energy of 800 eV ± 8 eV generated from a point source 4 

cm behind the aperture were created and transformed by the MHMS transfer matrix 

Equation 5.3. This mean energy is the same as that used for experimental validation, but 

the energy spread is larger than that of the real system making this simulation a 

conservative estimate of system performance. Figure 31 shows histograms of the spatial 

distribution of these ions at the object plane where the coded aperture or slit would be 

located Figure 31a, and the predicted output at the detector plane Figure 31b. The 

intensity shown on the y-axis in each graph is normalized to the intensity of the pattern 

at the object image plane of the coded aperture (the object slit plane in traditional 

systems). The bin size used for the histograms is 24 microns, and corresponds to the 

pitch spacing of the commercially available detector used in the experimental portion of 

this work [24]. The MH geometry results in a demagnification of the aperture pattern 

onto the detector plane, but the structure of the pattern is well preserved, indicating 

basic stigmatic imaging properties (i.e, little or no spatial distortion) of this geometry 
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under this first-order approximation. Thus, the MHMS geometry is expected be 

compatible with spatial aperture coding. 

 

Figure 31: (a) Initial ion distribution across the object plane normalized to the 

intensity of the pattern at the image plane of the coded aperture. This distribution 

represents the ions to be passed through the system transfer matrix. (b) Expected 

ion distribution on the detector plane for Ar+1 (40 m/z) after passing through the 

Mattauch-Herzog transfer matrix. Intensity has been normalized to the intensity of 

the pattern at the image plane of the coded aperture. One million ions were 

simulated with energy of 800 eV ± 8 eV from a spherical source 4 cm behind the 

aperture and a bin size of 24 µm was used for plotting the histograms. The coded 

aperture pattern is demagnified but remains clearly resolvable on a detector with 24 

micron pitch spacing, such as the one used for the experimental portion of this 

work [23]. 
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The matrix algebra and accompanying linearization of the transfer function of 

the Mattauch-Herzog mass spectrograph do not take into account the fringing fields of 

the sectors, although there are methods for accounting for fringing fields with an 

additional lens element [78]. Further, the matrix method is a linear approximation that is 

not valid for large spatial distributions of ions that are far from the optical axis of the 

system. Thus the second method using COMSOL for high fidelity field calculations and 

a C# program for particle tracing was used to address these limitations. 

5.1.2 Particle Tracing Using COMSOL and C# 

In order to include the critical effects of fringing fields at the entrance and exit of 

the electric and magnetic sectors and to remove the constraint imposed by the small 

angle approximation in the transfer matric calculation, a simulation was built in the 

finite element multiphysics simulation program, COMSOL [80], and a custom particle 

tracing program written in C# [81]. The COMSOL simulation was used to generate the 

electric and magnetic fields of the simulated geometries. The generated fields were then 

imported into a C# program which calculated ion trajectories with a velocity Verlet 

algorithm [82] as shown in Figure 32.  
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Figure 32: Starting from a 3D CAD model of the MHMS geometry, high fidelity 

COMSOL finite element simulations provided electric and magnetic field maps to 

be used by the custom C# particle tracer. The C# particle tracer enabled simulation 

of a statistically significant number of particle trajectories to be calculated quickly, 

and was used to determine the pattern produced by these particles landing on the 

detector plane. 

 

The C# program had two functions. First, it generated large numbers of ions with 

realistic distributions of energy and direction vectors. Second, it passed these ions 

through the simulated fields of the system. This simulation approach is able to very 

accurately incorporate fringing fields, which are of critical importance in miniaturized 

systems due to the large fraction of the ions total flight path that lies within fringing 

field regions. This combined approach allowed the simulation of particle trajectories 
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substantially faster than could have done using COMSOL’s particle tracing program. In 

addition to calculation speed, the C# code evaluated more than 106 time steps along the 

ion trajectory. This simulation fidelity is 100x higher than the best that could be achieved 

using the COMSOL particle tracing module on the same workstation, and produced 

particle trajectories and resulting histogram patterns with many fewer discretization 

errors. This approach is limited in that it requires a substantial amount of random access 

memory to execute with appropriate fidelity, but working in 2D instead of 3D reduces 

that burden substantially. Note that the magnetic field model requires a 3D simulation 

to take into account the fringing fields and the effect of the yoke on the fields, so these 

field calculations were performed in 3D, and then a 2D slice along the midplane of the 

3D field profile was exported to the particle trajectory solver. Values of xE  , yE  , and zB  

along the midplane of the simulation were recorded with a spatial resolution of 15 

microns for use in the particle tracing and are displayed in Figure 33a and Figure 33b, 

along with some characteristic particle trajectories from the simulation platform shown 

in Figure 33c.  
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Figure 33: The electrical potential map for the Mattauch-Herzog style mass 

spectrograph used for the particle tracing portion of this work. (b) The magnetic 

field map for the same. (c) (i) Characteristic particle tracing paths for particles of 

masses 20, 40, 75, 100, 150, 200, 300, 400, 500 m/z. (ii) A magnified view of the 

spatially distributed ions leaving the coded aperture object plane. The central 

green paths from particles created on the optical axis, with the upper red and lower 

blue paths from particles created at ± 1150 µm. (iii) Close up of the detector plane, 

illustrating the double focusing properties of the MHMS geometry and the ability 

to resolve a spatially distributed pattern of ions passed through the system to first 

order. Note that the pattern flips during its passage through the magnetic sector. 

 

The initial distribution of particles shown in Figure 34a pass through the electric 

and magnetic fields generated in COMSOL Figures 33a-b and produce the ion 

distribution shown in Figure 34b. Comparing the simulated detector output from the 

transfer matrix method in Figure 31b with the COMSOL/C# simulation, it is observed 

that the predicted demagnification of the pattern is not as substantial in the 

COMSOL/C# simulation as in the transfer matrix method. Additionally, there is a non-
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uniform distortion across the pattern that was not present in the transfer matrix method 

pattern. These effects are likely due to the fringing fields at the entrance and exit of the 

electric sector which were not accounted for in the results presented in Figure 31. This 

mild pattern distortion can be readily accounted for in the forward model of the system 

used in the deconvolution and reconstruction of the coded aperture spectra, as described 

in detail and shown experimentally by Russell and Chen et al. [72, 73].  

 
Figure 34: (a) Initial ion distribution across the object plane to be passed through 

the particle tracing simulation. (b) Expected ion distribution on the detector plane 

for Ar+1 (40 m/z) after passing through the particle tracing simulation. One million 

ions were simulated with an energy of 800 eV ± 8 eV from a point source 4cm 

behind the aperture and a bin size of 24 microns was used for plotting the 

histograms. The coded aperture pattern experiences a small demagnification and a 

non-uniform distortion across its span, but remains clearly resolvable on a detector 

with 24 micron pitch spacing, such as the one used for the experimental portion of 

this work [24]. 
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5.2 Experimental Verification of Spatial Aperture Coding in the 
Mattauch-Herzog Geometry 

Experimental validation of the compatibility of spatial aperture coding with the 

MHMS geometry was demonstrated using the commercially available OI 

Analytical/Xylem IonCam Transportable Mass Spectrometer miniature Mattauch-

Herzog mass spectrograph [76] [OI Analytical, a Xylem brand, College Station TX]. The 

stock object slit in the system was replaced by a microfabricated spatially coded aperture 

with minimum feature size of 100 µm. While the simulations presented in Sections 5.1.1 

and 5.1.2 showed promising results for aperture codes up to order 23, the dimensions of 

the electric sector gap in the mass spectrograph used here allowed apertures only as 

large as an S-7 aperture pattern (with expected SBR improvement of 4x). Modifications 

to allow for experimental results from larger codes are underway and will be the subject 

of future work.  

Experimental results from the S-7 aperture are shown in Figure 35d. Transfer 

matrix and particle tracing results for this pattern are also shown in Figures 35b-c. For 

this smaller pattern, results are also obtained for the transfer matrix and particle tracing 

methods. The experimental results show a demagnification similar to that of the particle 

tracing method, but the resolution is slightly worse than predicted, and there is an 

intensity drop off at the edges of the pattern. These effects of non-uniform intensity are 

attributed to the following: (i) the stock ion source not uniformly illuminating the spatial 

expanse of the coded aperture, (ii) effects resulting from the narrow electric sector gap 



 

85 

such as a loss of highly dispersive particles striking the side walls, and (iii) non-uniform 

attenuation of the pattern intensity by the round Herzog style shunts. The reduction in 

resolution could be the result of small misalignments of the detector plane or object 

aperture plane from the ideal focal planes of the system, and may indicate the need for 

new sector designs with better stigmatic imaging properties. 

 
Figure 35: (a) Initial ion distribution across the object plane to be passed into the 

simulations. (b) Expected ion distribution on the detector plane based on transfer 

matrix models of the system. (c) Expected ion distribution on the detector plane 

based on particle tracing models of the system. (d) Experimentally measured ion 

distribution of Ar+1 (m/z 40) peak for an S-7 spatially coded aperture incorporated 

into the miniature Mattauch-Herzog type mass spectrograph commercially 

available from OI Analytical [OI Analytical a Xylem brand (College Station TX) 
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5.3 Conclusions 

The work presented in this chapter has demonstrated the first application of 

spatial aperture coding to the Mattauch-Herzog mass spectrograph through (i) first 

principles transfer matrix calculations, (ii) high fidelity particle tracing, and (iii) 

experiments using a commercially available miniature Mattauch-Herzog mass 

spectrograph. The first principles transfer matrix approach showed exceptional pattern 

mapping and indicated compatibility of this instrument geometry with spatial aperture 

coding. The high fidelity particle tracing method verified the results of the transfer 

matrix method, and indicated a non-uniform distortion of larger spatially distributed 

patterns due to off axis effects that can be improved upon with new sector designs in 

future work. The experimental data showed an increase in gain of approximately 4x 

using an S-7 coded aperture pattern. Higher order coded patterns could not be utilized 

due to the narrow gap of the stock electric sector and limited illumination of the pattern 

from the stock ion source. New sector designs that improve the image transfer of the 

spatially coded apertures along the mass dispersive dimension of this geometry to 

correct for these distortions are presented in Chapter 6. The order of magnitude gains in 

signal intensity shown in the transfer matrix and high fidelity particle tracing 

simulations are expected to be obtainable experimentally after hardware modifications.
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6. A Novel Stigmatic Double Focusing Mass 
Spectrograph Utilizing Spatially Coded Apertures 

6.1 Introduction 

Initial studies with the 90-degree magnetic sector did not employ a double 

focusing arrangement. However, Chapter 5 demonstrated both theoretically and 

experimentally the application of 1D spatially coded apertures to a Mattauch-Herzog 

mass spectrometer. Theoretical results showed that a throughput gain of greater than10x 

should be possible, but the experimental results yielded only a 4x throughput gain. The 

limited experimental throughput gain was due to the ion source not sufficiently 

illuminating a larger high throughput aperture, poor imaging of the aperture on the 

detector, and a narrow electric sector.  

In this chapter simulations will be presented for a modified MH mass 

spectrometer geometry that should lead to 50x throughput improvement (or more) 

without loss of resolution. Ion source modifications to illuminate an extended coded 

aperture pattern include the use of rectangular rather than circular or square aperture 

lenses to achieve uniform illumination of the extended aperture array. Electric sector 

modifications include increasing the size of the electric sector gap and using an array of 

electrodes to reduce fringing fields. The array of electrodes allows changing the field 

profile in the electric sector gap to achieve optimum imaging of the aperture array at the 

detector plane. Theoretical investigation shows that by applying a linear field 
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distribution within the electric sector, a 50x increase can be achieved in throughput with 

the potential for further increase by modifying the ion source and electric sector.  

6.2 Extended Length Ion Source 

Typical electron ionization sources are similar to that described by Nier [17] and 

those presented in Chapter 2. They include an electron source such as a tungsten 

thermionic filament, electron extraction slit, ionization volume, ion extraction aperture, 

and focusing apertures. To better illuminate higher order coded apertures, the 

dimension of the ion source along the direction of the electron generating filament were 

extended and rectangular extraction and focusing apertures were employed. Electrons 

are generated from a filament and accelerated into an ionization region where they 

generate ions which are then accelerated toward the coded aperture. Magnetic fields are 

not present in the ion source. Due to this feature, the position of ions on the coded 

aperture is independent of mass. To find the best combination of electrostatic lens 

positions and potentials, 5x5x5x5 ions (five positions, energies, angles, and masses) were 

propagated through the systems fields. A simulation was then created to calculate the 

standard deviation from the ideal focal point for each position and mass as a function of 

the dimensions and potentials of the electrostatic lenses. A computational optimization 

algorithm [83] was used to vary the positions and potentials of the lens elements for the 

source. 
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Figure 36 shows a 2D CAD model of the optimized ion source with extended 

electron generating filament and rectangular apertures. An extraction potential 

arrangement similar to the one presented in Chapter 2 is used, which keeps the energy 

dispersion of the source very low (less than 3eV).The optimized lens elements collimate 

the extracted ion beam before striking the coded aperture plane. 

  

Figure 36: 2D Ion source model that can be extended in the third dimension. Left 

shows ion source components and right shows a beam that is roughly collimated at 

the aperture plane. 

 

The simulation was optimized in 2D but can be extended infinitely in the third 

spatial dimension. If a 1D coded aperture is aligned with its encoded dimension along 

this axis (into and out of the page in Figure 36, coded aperture patterns can be extended 

up to several cm in length, corresponding to an S-1,000,000 (or greater) codes for 

apertures of the same scale used in previous chapters. With this ion source design, very 

high 1D aperture patterns can be illuminated, which eliminates one of the performance 

challenges introduced with the traditional Mattauch-Herzog. 
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6.3 Electric Sector Modifications 

In order to pass higher ordered 1D spatially coded aperture patterns through a 

double focusing mass spectrograph geometry, such as the Mattauch-Herzog presented 

in Chapter 5, the size of all apertures, shunts, and sector gaps must be expanded in the 

encoded dimension to allow for a dispersed encoded beam to pass through without 

selective attenuation. Ideally this process would be achieved without introducing 

aberrations which distort the encoded pattern or reduce mass resolution. A standard 

electric sector configuration comprises two concentric lens plates with a narrow gap and 

𝑉1 and 𝑉2 such that the following equation is satisfied.  

∆𝑉𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 = 2𝑉𝑎𝑐𝑐𝑒𝑙ln (
𝑟𝑐𝑒𝑛𝑡𝑒𝑟+

𝑔𝑎𝑝

2

𝑟𝑐𝑒𝑛𝑡𝑒𝑟−
𝑔𝑎𝑝

2

)    (6.1) 

Grounded plates called Herzog shunts [84] are placed at the entrance and exit 

pole faces of the electric sectors to reduce the effects of fringing fields for particles 

entering and existing sector lens. See Figure 37 for a description of critical “classic” lens 

components. 
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Figure 37: A traditional electric sector consists of two concentric cylindrical 

electrodes of roughly equal and opposite electrical potential, a narrow gap, and 

grounded Herzog shunts at the entrance and exit faces. 

 

If the gap between the inner and outer electrodes of the electric sector lens is 

expanded to allow for higher order coded beams to pass, this equation is no longer valid 

due to small-angle and near-axis approximations that don’t hold for spatially encoded 

patterns. For this reason performance of large gap electric sectors was simulated using 

the computational methodology described in Chapter 5. Figure 38 shows simulated 

electric fields of a Mattauch-Herzog electric section as the gap size increases. As you can 

see most clearly from the 32 mm gap simulation, the fringing fields at the entrance and 

exit of the electric sector pole faces extend significantly beyond the gap and are 

asymmetric in nature. This observation already implies that pattern distortion and 

resolution loss can occur from these wide gaps. 
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1mm 2mm 

4mm 8mm 

16mm 32mm 

Figure 38: Field map for traditional electric sectors with increasing gap widths of 1, 

2, 4, 8, 16, and 32 mm. As the gap increases, the field becomes less uniform across 

the center as shown by the increasing extent of the field gradients (i.e., the red and 

blue regions). The performance of the Herzog shunts to limit the fringing field 

aberrations also decreases with sector width, which is indicated by how far the 
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electric field spills out from the edges of the wider gap sectors (such as the yellow 

region in the bottom right figure) 

 

Investigating the simulations of Figure 38 in greater detail produces the curves 

plotted in Figure 39, which displays a line scan of the potential across the center of the 

electric sector gap. Figure 39a depicts a trend that with increasing gap width, the voltage 

profile across the gap drifts away from the theoretical optimum field profile provided by 

narrow gap electric sectors. By normalizing this plot to the applied potentials (which are 

predicted by Equation 6.1, this distortion becomes more pronounced, and is shown in 

Figure 39b. 
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(a)  
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(b)  

Figure 39: Line scans across the gap of each of the electric sectors shown in 

Figure.38. The top plot shows that for increasing sector gaps, the electric field across 

the gap becomes more curved and offset from the original values. The bottom 

normalized plot shows this increase in curvature as the gap increases more clearly. 

This curvature indicates aberrations in the lens that will reduce performance 

metrics of mass resolution or pattern transfer. Note that these curves are for 

simulations of infinitely tall sectors, so performance of a finite height sector would 

be even worse. 

 

While these simulations indicate that poor performance can be expected by 

simply widening the sector gap, using the particle tracing routines presented in Chapter 

5 with these wide gap sector simulations, a more quantitative assessment can be 

achieved as shown in the histograms presented in Figure 40b. From this data, it can be 

seen that for higher order coded ions, the wide gap sector introduces sufficient 
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distortions to corrupt pattern transfer. The distortions increase further from the center of 

the pattern, but even at the center point, the point spread function of the beam is 

inadequate for high quality mass spectrometry.  

Original Coded Aperture Pattern (S-101) 

(a)  

20mm Gap Electric Sector Pattern Transfer 

(b)  

(c)  

Figure 40: When passing large encoded beams from higher order coded aperture 

patterns (top) through a wide gap electric sector using conventional electrodes 
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(Mattauch-Herzog style mass spectrograph), the aberrations of the wide gap and the 

fringing fields distort the pattern to an almost unrecognizable state (middle). 

 

Utilizing the computational optimization techniques mentioned previously in 

this chapter, the magnitude and position of the simulated electric and magnetic fields of 

the Mattauch-Herzog sectors can be adjusted to find the optimum configuration for 

passing higher order coded aperture patterned ion beams. The result of this 

optimization process is presented in Figure 41. The histograms in Figure 41a indicate a 

substantial improvement in pattern transfer over those presented in Figure 41b, 

although pattern distortion is and non-uniform magnification are clearly still visible.  

 

Computationally Optimized 

20mm Gap Electric Sector Pattern Transfer 

(a)  
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(b)  

Figure 41: Computationally optimizing the wide gap sector improves the pattern 

transfer, as shown in the histogram here. This simulated performance assumes 

infinite height electric sector electrodes. 

 

6.4 Capped Electric Sectors 

Another problem with wide gap sectors is that to provide the fields depicted in 

Figure 38 the height of the electric sector (into and out of the page) in Figure 38 needs to 

be much greater than the width of the sector gap (20x or more is preferred). It is readily 

apparent that this volume footprint is highly unfavorable when designing miniaturized 

systems. In order to reduce the form factor of such wide gap electric sectors, a new class 

of electric sector lenses was designed. The design shown in Figure 42 incorporates 

electrode “caps” with individually addressable segmented electrodes across their span. 

These segmented electrodes on the caps are used to correct the field profile across a 

large gap.  
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        (a)       (b)  

(c)  

Figure 42: Schematic/CAD of a new lens design using segmented electrodes 

patterned onto top and bottom “caps”. Top left is a perspective identical to those 

shown in Figure 38, and top right is an isometric perspective to illustrate the 3D 

structure of the lens design. In both the grey represents the conventional electrode 

components of the inner and outer electrodes, the Herzog shunts, and some 

shielding. The green represents a structural insulator. The gold represents 

segmented electrodes patterned onto or attached to the structural insulator. These 

segmented electrodes can be individually biased to form different electric field 

profiles. The bottom panel shows this type of electrode as it might be implemented 

with the popular Mattauch-Herzog mass spectrograph geometry (brown is the 

magnet and black is the structural support and yoke of the magnet). 

 

These segmented-electrode capped electric sectors are capable of not only 

reproducing the field profile of large gap electric sectors with much lower volume 
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footprints, but are also capable of producing more arbitrary field profiles across the gap. 

Figure 43 shows simulated field profiles for a perfect mapping of the wide gap sector, a 

mapping of the theoretical ideal field profile from Equation 6.1 and a uniform linearly 

varying field profile, which can all be created using these new electric sectors.  

 

Figure 43: A virtually arbitrary set of voltages can be applied to the segmented 

electrodes to produce different field profiles from those created from conventional 

lens systems. Here a conventional sector of infinite height and 20mm gap in dashed 

black is shown. When reducing the height of that sector down to the 5mm height of 

the segmented electrodes, traditional sectors produce the highly aberrant blue 

curve. The segmented electrodes can be used to precisely recreate the performance 

of the infinite height sector, as shown by the black curve overlaying the green 

exactly. The segmented electrodes can be used to produce entirely new field 

distributions, such as the “liner field” shown in red, which would be impossible to 

create using traditional electric sectors. 
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6.5 Linear Field for Beam Stigmation 

The segmented electrodes presented in Section 6.3 have shown the capability of 

reducing the volume footprint of the electric sector, and producing custom profiles 

across a gap. This capability can be used to provide an optimal field which can correct 

for beam aberrations or stigmate pattern transfer in a beam imaging system. For 

example, by applying the linearly varying field profile described in Section 6.3 and 

performing a geometric and electric potential optimization using the aforementioned 

computational algorithm, a mass spectrograph configuration with stigmated coded 

aperture pattern transfer has been achieved. Figure 44 shows a field profile and example 

construction of such a sector and Figure 45b shows a highly resolved S-101 1D spatially 

coded aperture pattern passed through a linear field electric sector Mattauch-Herzog 

style mass spectrograph.  

 
 

Figure 44: Field map for a segmented electrode electric sector (left) and CAD model 

of design implementation (right). The fringing fields are greatly reduced due to 

the segmented electrodes. 
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Original Coded Aperture Pattern (S-101) 

(a)  

20mm Gap Linear Field Segmented Electrode 

Electric Sector Pattern Transfer 

(b)  

(c)  

Figure 45: When passing large encoded beams from large coded aperture patterns 

(top) through a MHMS with a wide gap electric sector using segmented electrodes 

with a linear field profile, the pattern transfer is almost perfectly preserved, with 

only a slight magnification across its span, but little to no distortion due the 

improved lensing properties of this system and dramatically reduced fringing 

field effects, as shown in Figure 44. 
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Further investigation of this performance increase produces the curves as 

presented in Figure 46. The red curve shows the point spread function of an 

unoptimized wide gap electric sector for a high order spatially coded aperture pattern. 

The point spread function rapidly degrades for segments of the pattern away from the 

center line. The green line shows the point spread function and its degradation for an 

optimized traditional wide gap sector. By examining Figure 46b, which is the same data 

from Figure 46a plotted on a log scale, the best resolved segment of the pattern is less 

resolved than the best point of the unoptimized sector, but the performance across the 

entire pattern is greatly increased overall. The performance of the linear field shown in 

blue shows improved performance across the entire pattern as well as higher peak 

performance, indicating that these lenses may have applications for non-spatially coded 

beams for increasing ultimate resolution and decreasing volume footprint as well.  

(a)  
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(b)  

Figure 46: The point spread function (PSF) of the systems pattern transfer varies 

across the span of the coded pattern. (a) Position on Aperture vs PSF in true scale (b) 

Position on Aperture vs PSF in log scale. Red curves are for the unoptimized wide 

gap sectors, green is for optimized wide gap sectors, and blue is for the linear field 

sectors. The linear field surpasses traditional and optimized sector designs in both 

ultimate resolution at a point, and average resolution across a pattern. 

 

In summary, by combining the extended length ion source and the linear field 

electric sector, then performing a computational optimization routine on the geometric 

and potential parameters, the improved performance of Figure 45 was obtained. These 

optimized parameters as well as those used for the data in Figures 40 and 41 are 

presented in Table 4 below. 
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Table 4: Optimized Dimensional Parameters 

 

Parameter 

Symbol 

 

Parameter Description 

Parameter 

Value for 

MHMS 

Parameter 

Value for 

Optimized 

Theory 

Parameter 

Value for 

Optimized 

Linear 

1L  Distance from aperture to start 

of electric sector relative to 

MHMS ideal (positive is closer) 

35.18 mm 15.88 mm 16.15 

E  Geometric angle of electric 

sector electrodes 

31.8 degrees 31.8 degrees 31.8 degrees 

2L  Distance from end of electric 

sector to center of starting face 

of magnetic sector (relative to 

MHMS ideal) 

20 mm 22.8 mm 15 mm 

L2Shift Displacement of magnet 

parallel to back face of electric 

sector (relative to MHMS ideal) 

0 m -7.1 mm -3.17 mm 

M  Magnet rotation about center of 

starting face of magnetic sector 

(relative to MHMS ideal 

rotation) 

0 radians -0.117 radians -0.11 radians 

3L  Distance from sensor to magnet 

back face 

0 m 0 m 0m 

Rel. 

Voltage 

E-sector voltage relative to 

MHMS 

1 1.072 0.984 

 

6.6 Conclusion 

Simulations of a modified MHMS that allow for higher order 1D spatially coded 

aperture patterns have been presented. These modifications include i) an optimized ion 

source design capable of illuminating patterns several cm in length, ii) an novel electric 

sector design that enables image stigmation and aberration correction or spatially 

encoded beams, and iii) an optimized geometric configuration of the above resulting in 
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simulated pattern transfer of an S-101 aperture which would result in a 50x increase in 

signal intensity in mass spectrometry with no corresponding loss of resolution as per the 

methods described in Chapters 3 and4. 

. 
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7. Future Work 

In this chapter ideas and directions for future exploration will be presented. 

These topics fall into two major categories: (1) the expansion on the coded aperture work 

presented in Chapters 3, 4 and 5; and (2) additional applications of segmented electrodes 

presented in Chapter 6. 

7.1 Coded Aperture Mass Spectrometry 

In Chapters 3 and 4 the performance of 1D and 2D coded apertures was 

presented using a simple 90 degree mass spectrograph configuration. The 1D apertures 

showed gains of greater than 10x vs slits of the same resolution, and 2D patterns only 

yielded gains of 4x. This was attributed to the losses resulting from the large support 

structures of the 2D patterns blocking 75% of the aperture open area instead of the 

optimal 50%. By moving to an improved photolithography process and only placing the 

support structures in one dimension, structures such as those shown in Figure 47d can 

be produced that are much closer to 50% open area. Additionally, if the support 

structures are small enough, compared to the point spread function of the pattern 

transfer system and the detector bin size, they are expected to be effectively invisible. 

There is some evidence from optical aperture coding that suggest sub resolution support 

structures separating pattern elements could actually improve reconstruction fidelity by 

reducing cross talk between rows due to beam point spread [71]. These structures can be 

added to 1D coded aperture patterns as depicted in Figure 47b, and tested in the same 90 
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degree experimental setup used in Chapters 3 and 4 or in the mini Mattauch-Herzog 

system used in Chapter 5. The 90 degree setup, while having less resolution than the 

Mattauch-Herzog has the added benefit of a being able to resolve 2D aperture patterns. 

That MHMS system can be used to directly compare the reconstruction of 1D vs 2D 

patterns across many analytes. 

(a)  (b)  

(c)  
(d)  

Figure 47: (a) Typical S-23 1D pattern (b) S—23 ID pattern with sub-resolution 

support bars (c) S-15 2D pattern with thick supports (d) S-15 2D pattern with sub 

resolution support structures in one dimension. For the 1D case, improved 

reconstruction may be possible. For the 2D case, throughput is greatly improved. 
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7.2 Segmented Electrode Electric Sector Applications 

Using the segmented electrode concept, new lens designs can be produced, such 

as the following beam splitting electric sector. The segmented electric sectors not only 

allow large coded beams to pass through these geometries, but also reduce the 

aberrations that would be seen by smaller or single beam systems into which they are 

incorporated. 

The segmented electric sector with the linear electric field is able to stigmate 

large coded beams from large coded aperture patterns. This lens design integrated into a 

double focusing Mattauch-Herzog style mass spectrometer provides substantial 

performance increases as demonstrated in Chapter 6. This design can also be integrated 

into a Focused Ion Beam Secondary Ion Mass Spectrometer (FIB-SIMS) (Figure 48). The 

use of coded apertures for FIB-SIMS will increase the collection angle and sensitivity of 

this instrument class and will reduce the size of the instrument by relaxing design 

constraints needed for good performance. If using a permanent magnet for smaller 

magnetic sectors in these systems, only one polarity of ions can be used for a single 

configuration normally. By also integrating the beam splitting electric sector, a dual 

polarity instrument is possible. Single and dual polarity FIB-SIMS instrument models 

are presented in Figure 49. 
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Figure 48: Using the segmented electrodes, wide gap beam splitters can be achieved 

that behave as if the branching path does not exist. Top left and right demonstrate 

sector fields that can operate in two modes. One mode to turn positive ions one way, 

and another to send negative ions down another path. This design allows for dual 

polarity mass spectrometer designs to be constructed that do not sufferer from 

aberrations introduced form the beam splitting lens. 
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(a) 
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(b) 

Figure 49: Single Polarity (a) and dual polarity (b) FIB-SIMS instruments using coded 

aperture, and segmented electrode electric sectors are presented. 
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Using the segmented electrode electric sectors, the entrance and exit angles of 

electric sectors can be controlled which is not possible using conventional electric 

sectors. Changing entrance and exit angles for electric sectors has a dramatic impact on 

their lensing properties and will enable new classes of double focusing geometries to be 

discovered and fabricated. 

  

Figure 50: Segmented electrodes can be used to change the entrance and exit face 

angles of electric sectors similar to what is done with magnetic sector lenses. 

Electric field simulation to the left and CAD model to the right. 

 

Using segmented electrodes, sectors with gaps that expand or contract across 

their length can be created. These sectors will be useful for beams or patterned beams 

that expand or condense greatly from the entrance to the exit of the electric sector. 
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Figure 51: Expanding and contracting sectors can also be fabricated using 

segmented electrodes. Electric field simulation to the left and CAD model to the 

right. 

 

By combining many of the concepts presented here, and using computational 

optimization techniques, an example of a new type of double focusing mass 

spectrograph is shown in Figure 52. This mass spectrograph design would perform 

snapshot analysis across the entire mass range for either positive or negative ions. This 

dual polarity functionality is accomplished using permanent magnets, as opposed to 

traditional reversible electromagnets, which are important for miniaturization efforts 

due to much lower power consumption than electromagnets. Split sectors segmented 

electrodes, and tilted entrance and exit angle electric sectors are utilized to create this 

geometry. This configuration could become very useful if advanced ion imaging 

detectors are the cost limiting factor in instrument design, because the same detector is 

used for both positive and negative beam. 
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Figure 52: Theoretical dual polarity single detector double focusing mass 

spectrograph design using a segmented electrode beam splitter and tilted entrance 

and exit angle electric sectors in conjunction with a single permanent magnet. 

Capable of passing large stigmated beams from coded apertures, or for other 

imaging mass spectrometry applications. 

 

 



 

117 

8. Conclusion 

In this manuscript the first demonstrations of spatial aperture coding techniques 

to magnetic sector mass spectrometry have been presented. Experimental results from 

the application of this technique have demonstrated an order of magnitude increase in 

signal intensity with no observable loss of mass resolution for 1D codes. Two-

dimensional coding has shown an increase in signal intensity greater than 4x and a 

technique for increasing the throughput of 2D apertures was presented. These results 

were published in the Journal of the American Society of Mass Spectrometry [72, 73]. 

One-dimensional spatial aperture coding techniques were then applied to a 

miniature double focusing Mattauch-Herzog mass spectrograph. While initial 

calculations of compatibility with the Mattauch-Herzog geometry were quite favorable, 

high fidelity particle tracing simulations and preliminary experimental integration 

efforts revealed some compatibility issues between spatial aperture coding and the 

Mattauch-Herzog geometry. These results are under review for publication. 

The compatibility issues between the stock Mattauch-Herzog geometry and 1D 

spatial coding efforts were resolved through the development of a novel electric sector 

lens configuration consisting of an array of segmented electrodes capable of beam 

stigmation. High fidelity particle tracing simulations utilizing segmented electrode 

electric sectors in conjunction with spatial aperture coding indicate an increase in signal 

intensity of greater than 50x will be attainable. This novel electric sector design and its 
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numerous potential applications have been submitted for a provisional patent and have 

been licensed for commercial development of their application to focused ion beam 

secondary ion mass spectroscopy (FIB-SIMS). These results are also being prepared for 

publication. 

Further investigations that can follow from this work include a comparison of 

reconstruction performance for various 1D and 2D coded patterns across an array of 

analytes; construction and experimental validation of the improvements to the 

Mattauch-Herzog geometry that were simulated to show 50x increase in signal intensity; 

and application of spatial coding techniques to other magnetic sector geometries which 

may include the novel segmented electrode electric sector lens system described in this 

work. 
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Appendix A 

Idealized Transfer Function for 90 Degree System 

Derivation of charge particle trajectories in an idealized 90 degree magnetic sector mass 

spectrograph: 

 

Figure 53: Ion strike distance in a 90 degree magnetic sector is a function of the 

radius of curvature of the charged particle in a magnetic field, as well as the height 

of the imaging aperture from the plane of the detector. (reproduced here from 

Chapter 2) 

Table 5: Variables for Appendix A 

Variable Meaning 

a Acceleration 

v Velocity 

q Charge 

E Electric Field Strength 

x Acceleration Distance 

m Mass 

r Radius 

h Height 

d Strike Distance 

B Magnetic Field Strength 
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Acceleration of a charged particle in an electric field: 

𝑎 =
𝑞𝐸

𝑚
      (A1) 

Velocity of a particle accelerated across distance: 

𝑣2 = 2𝑎𝑥     (A2) 

Substituting (A1) into (A2): 

𝑣2 =
2𝑞𝐸𝑥

𝑚
     (A3) 

Radius of curvature in a magnetic field: 

𝑟 =
𝑚𝑣

𝐵𝑞
      (A4) 

𝑟2 =
𝑚2𝑣2

𝐵2𝑞2      (A5) 

Substituting velocity from (A3): 

𝑟2 =
𝑚22𝑞𝐸𝑥

𝐵2𝑞2      (A6) 

𝑟 =
1

𝐵
√

2𝑚𝐸𝑥

𝑞
     (A7) 

The relationship between strike distance, height, and radius of curvature for an 

idealized 90 degree mass spectrograph depicted in Figure 53: 

𝑑 = √2𝑟ℎ − ℎ2     (A2) 

Substituting (A7) into (A8), a primitive transfer function for the system is obtained. 

Note the dependence of the transfer function on B, m, E, x, q, and h.  
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Appendix B 

This section derives the forward model and propagation kernel used in Chapters 3 and 

4, and is the subject of Dr. Evan Xuguang Chen doctoral thesis [46]. It has been included 

as an appendix in this work for the reader’s convenience. 

 

Generalized Forward Model Derivation.  

The forward model is a mathematical representation of the mass spectrometer 

system that can be used to calculate the pattern of ions on the detector plane from the 

pattern of the aperture and the physical characteristics of the system. For notational 

simplicity, in the forward model   is used to represent m/z, the ratio of the ion mass (in 

amu) to the net number of elementary charges. The coordinate system used in this 

derivation defines the x and y coordinates as the non-mass-dispersive direction and the 

mass-dispersive direction in the detector plane, respectively, and the x' and y' 

coordinates are the spatial dimensions of the coded aperture, as shown in Figure 1b. The 

ion intensity at a point ( , )x y  on the detector plane, is ( , )g x y : 

 ( , ) = ( , , ) ( , ) , ', , y', d d d .g x y S x y t x y h x x y x y           (B1) 

where ( ', ', )S x y   is the ion spectral intensity at a point ( ', ')x y  in the coded aperture 

plane, {0,1}),(  yxt  is the coded aperture transmission function describing the shape 
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of the aperture, and ( , ', , ', )h x x y y   is a kernel describing propagation through the 

spectrometer for an ion of specific .  

Assuming that the ion beam spatial intensity in the coded aperture plane is 

independent of  , ( ', ', )S x y   can be separated into ( ) ( ', ')f I x y  where )(f  is the 

mass spectrum and ( ', ')I x y  is the ion beam intensity spatial profile at ( ', ')x y in the 

coded aperture plane. Therefore, the the ion intensity at a point ( , )x y  on the detector can 

be described as the following: 

 ( , ) = ( ) ( , ) ( , ) , ', , , d d d .g x y f I x y t x y h x x y y x y             (B2) 

Grouping terms in Equation (B2), a system transfer function, T is defined as:  

 ( , , ) = ( , ) ( , ) , ', , ', d d .T x y I x y t x y h x x y y x y          (B3) 

This system transfer function describes how ions at each  travel from the 

coded aperture to the detector. Substituting T into Equation (B2) gives the generalized 

forward model:   

 ( , ) = ( ) , , d .g x y f T x y      (B4) 

To enable reconstruction of the mass spectrum from experimental data, the analytical 

forward model (Equation (B4)) derived above must be discretized to be consistent with 

the pixelated experimental measurements. The pixilation of the intensity pattern at the 

detector plane can be represented by sampling with rect functions in both the x and y 
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directions with Δ representing the effective pixel sampling pitch size. The rect function 

is defined as the following:  

0 if
2

rect .

1 if
2

x
x

x


 

  
   



   (B5) 

Using the rect functions, the discrete model for the detector intensity is then: 

 ( , ) = rect rect .i i
i

i

x x y y
g x y g

    
   

    
    (B6) 

Since the mass spectrum has a discrete nature, ( )f   is represented by a series of Dirac 

delta functions:  

  ( ) = .k k

k

f f       (B7) 

Combining Equation (B6) and (B7) with Equation (B4), leads to the discretized forward 

model: 

 
/2 /2

/2 /2
= , , d d .

i i

i i

x y

i k k
x y

k

g f T x y y x
 

 
      (B8) 

Furthermore, this discretized system forward model can be written in matrix form as:  

,= ( ),i i k kg H f     (B9) 

where H is: 

 
/2 /2

,
/2 /2

= , , d d ,
i i

i i

x y

i k k
x y

H T x y y x
 

      (B10) 
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Assuming the Einstein summation convention for repeated indices, this allows 

expressing the discrete forward model as the linear system:  

.g Hf    (B11) 

where g is a vector of experimentally measured data and H is the forward matrix which 

maps the mass spectrum f to the measurement data vector. Using Equation (B11) 

combined with numerical inversion algorithms, the desired mass spectrum f is 

estimated from measurements g. 

 

Explicit Forward Model for the 90-degree MS.  

Reconstructing a mass spectrum, )(f , from ( , )g x y  requires determining the 

system transfer function, generating the forward matrix H, and using a numerical 

inversion algorithm. The system transfer function (Equation (B3)) contains information 

about the entire mass spectrometer system, including the ion beam properties, the coded 

aperture geometry, and the mass analyzer geometry. The propagation kernel 

( , ', , y', )h x x y   describes how an ion at a point in the aperture plane traverses through 

the sector to a point on the detector plane and therefore is different for various sector 

types. Chapter 2 describes the details of the magnetic sector mass spectrometer used in 

this study. The instrument is composed of an electron ionization ion source, a coded 

aperture spatial filter, a 90-degree magnetic sector (90 degrees being the angle between 

the aperture plane and the detector plane), and an ion detector composed of a 
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multichannel plate and phosphor screen assembly. A 90-degree sector geometry was 

selected because it is the simplest system to confirm the benefits of spatial aperture 

coding in mass spectrometry.  

For the 90-degree system geometry, the propagation kernel h can be 

approximated as: 

28 ( / )
( , ', , y', ) ', ' ' .

U u e
h x x y x x y y y

B


 

 
    
 
 

   (B12) 

where B is the magnitude of the applied magnetic field, U is the applied ion acceleration 

voltage, and (u/e) is the ratio of an amu to an elementary charge in the desired set of 

physical units. Further, the system transfer function is: 

2

2 2
2 2

2 2

8 ( / )
( , , ) ( , ) ( , ) ', ' ' d d

2 ( / ) 2 ( / )
, 1 1 , 1 1 .

2 ( / ) 2 ( / )

U u e
T x y I x y t x y x x y y y x y

B

U u e B U u e B
I x y t x y

B U u e B U u e


 

 

 

 
         
 
 

      
          
            


   

(B13) 

Indicating that system response for a single  is a scaled and shifted version of 

the aperture pattern  product with ion spatial intensity . Detailed 

derivations for the propagation kernel for the 90-degree MS as well as for arbitrary 

sector angles are in the following “Propagation Kernel Derivations” section.  



( , )t x y ( , )I x y
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Of course, the transfer function in Equation (B13) is an ideality that does not 

actually occur and cannot be directly used as part of an inversion strategy. The forward 

model must be calibrated as described in Chapters 3 and 4.  

 

Propagation Kernel Derivations.  

In this section the derivation of an equation for the propagation kernel h  for a 

sector of arbitrary angle and then simplify to the specific 90-degree MS used in the 

experiments of Chapters 3 and 4 is presented. Figure 54 is a schematic of the general 

magnetic sector instrument. The aperture plane and detector plane intersect at an angle 

1  at the point O. O is the origin of two local coordinate systems—(x’, y’) on the 

aperture plane and (x, y) on the detector plane. A collimated ion beam (created via 

accelerating voltage U) is normally-incident on the aperture plane at point A. After 

passing through the aperture, the ions interact with the magnetic field B, and travel in a 

circular path of radius r centered at the point C. The ions then strike the detector plane at 

the point D. Below relates the impact location D to the aperture location A, the system 

parameters U, B, and 1 , and the mass-to-charge ratio /m z  (the ratio of the ion mass 

(in amu) to the net number elementary charges ) of the ions (which are represented as 

  for notational simplicity).  

From a simple consideration of motion under a centripetal force, r, the radius of 

curvature of the ion path, can be written as 



 

127 

2 ( / )U u e
r

B


 ,   (B14)  

With u one amu expressed in kg and e the fundamental charge in C. From Figure 54, it is 

shown that AO 'y , CD y , and OC 'r y  . Applying the Law of Sines to the triangle 

OCD , it follows 

1 2 3sin(180 ) sin sino

r r y y

  


 


,   (B15) 

which can be rewritten as 

1
2

( )sin(180 )
arcsin ,

or y

r




 
  

 
   (B16) 

and 

1
3 1 2 1

( ) (180 )
arcsin

or y sin

r


   

 
     

 


.   (B17) 

Combining Equation (B16) and (B16) with (B15), and solving for the ion strike position

y yields 

1
1

1

( )sin(180 )
sin arcsin

sin(180 )

o

o

r yr
y

r






   


   

  

.   (B18) 

Combining this with Equation (B14) yields the final general result 

1 1

1

2 ( / )
sin arcsin 1 sin(180 )

Bsin(180 ) 2

o

o

U u e By
y

U


 

 

    
     

   
 .   (B19) 

For the 1 90o  case, Equation (B19) can be simplified as,  
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28 ( / )
' '

U u e
y y y

B


  .   (B20) 

The propagation kernel used in the experiment can be written as: 

28 ( / )
( , ', , y', ) ', ' ' .

U u e
h x x y x x y y y

B


 

 
    
 
 

   (B21) 

 

Path-length Dependent Magnification.   

In the derivation of the propagation kernel, it is assumed that the ion beam is 

normally-incident on the aperture plane. In actuality, however, the beam has some 

angular spread and is therefore only normally incident near the axis. In this section, a 

result is derived that shows how this effect impacts the propagation kernel in x.  

First, by analyzing the expected variation of the source cone angle with , ions 

in the region between the accelerating grid and the aperture plane are considered. The 

velocity of an ion can be decomposed into radial and tangential components. Similarly, 

the kinetic energy of the ion can divided into contributions arising from each of these 

components. The radial contribution to kinetic energy is unaffected by the longitudinal 

acceleration provided by the grid, and therefore maintains the distribution of radial 

kinetic energies present in the gas prior to acceleration. Assuming the ions are originally 

thermally-distributed (Maxwell-Boltzmann), the resulting distribution of radial kinetic 

energy is independent of  (or m). The distribution of the radial velocity, however, is 



 

129 

proportional to 1/ m  (and hence 1/  ) as a result of the fact that the kinetic energy 

2(1/ 2) .K mv  A similar argument holds in the longitudinal direction, except that the 

longitudinal kinetic energy is dominated by effect of the accelerating grid 

( / ) .K qU me u U    Converting to the longitudinal velocity distribution it follows 

that the distribution is proportional to 1/ .  Given the distributions for the velocities, 

e the angular distribution of the ions is computed by relating the tangent of the angle to 

the ratio of the radial velocity to the longitudinal velocity. As both distributions are 

proportional to 1/ ,  this cancels in the ratio and therefore the angular distribution is 

independent of .  The spatial distribution of the ions at the aperture is governed by the 

angular distribution via propagation, and thus the total ion distribution (spatial and 

angular) at the aperture plane must be  independent.  

The next factor considered is how the ion distribution at the aperture plane 

impacts the final size of the detected aperture pattern. As the aperture can effectively be 

viewed as casting a shadow on the detector plane, the aperture pattern is expected to be 

magnified by the joint action of the angular spread of the source and the propagation 

distance to the detector plane. As shown above, the angular spread of the source is 

independent. Here the  scaling of the propagation distance was determined. From 

Figure 54 it is shown that the propagation path length can be written as  
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3

1
1

1
1

180
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For the 1 90o  case, this reduces to  

 
'

1
2

2 ( / )
arcsin

)
.

2 ( /

By

U

U u e

u e
l

B





   
    

 






   (B23) 

It has been shown here that for reasonable assumptions, the spatial distribution 

at the aperture plane is independent of  (i.e. that 'y contains no implicit 

dependence). For the conditions of the experiment, the argument of the arcsine is 

approximately 1. Taylor expansion of the arcsine about this point scales as 1/41/  to the 

lowest order. Combining this with the  prefactor, the overall scaling of l is 1/4 to 

lowest order. Thus the substitution 
1/4' (1 ) 'xx x x M x    in the propagation kernel 

is made to account for this scaling.  
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Figure 54. Generalized magnetic sector geometric model. Two local coordinate 

systems were used here, one on the coded aperture plane, and one on the detector 

plane. 1 is the angle between coded aperture plane and detector plane. Set the 

intersection of aperture and detector plane as origin zero point, 'y  is the distance 

from aperture opening to origin, and 
y

is the strike distance on the detector. r is the 

radius of curvature of ion beam. 
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