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Abstract. In order to minimize losses in signal intensity often present in mass
spectrometry miniaturization efforts, we recently applied the principles of spatially
coded apertures to magnetic sector mass spectrometry, thereby achieving increases
in signal intensity of greater than 10x with no loss in mass resolution Chen et al. (J.
Am. Soc. Mass Spectrom. 26, 1633—1640, 2015), Russell et al. (J. Am. Soc. Mass
Spectrom. 26, 248-256, 2015). In this work, we simulate theoretical compatibility and
demonstrate preliminary experimental compatibility of the Mattauch-Herzog mass
spectrograph geometry with spatial coding. For the simulation-based theoretical
assessment, COMSOL Multiphysics finite element solvers were used to simulate

electric and magnetic fields, and a custom particle tracing routine was written in C#
that allowed for calculations of more than 15 million particle trajectory time steps per second. Preliminary
experimental results demonstrating compatibility of spatial coding with the Mattauch-Herzog geometry were
obtained using a commercial miniature mass spectrograph from Ol Analytical/Xylem.
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Introduction

ass spectrometers are the gold standard for chemical
detection and identification. Sector mass spectrometers
in particular are noted for high performance in figures of merit
such as mass resolution and detection limit [3, 4]. To achieve
such high performance, sector instruments are historically quite
large and expensive [5]. Miniaturization of these instruments is
useful for the following evolving fields: (1) trace explosive
detection and airport security [6, 7], (2) space exploration [8—
10], (3) environmental monitoring [11, 12], and (4) point-of-
care medical applications [13, 14]. Several groups have dem-
onstrated examples of miniaturized mass spectrometers [15—
17]. When miniaturized, these instruments suffer from perfor-
mance loss in either resolution or signal intensity compared
with their full-scale counterparts [18].
Spatially coded apertures have been studied extensively in
optical spectroscopy [19] and shown to provide dramatic
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improvements in performance, such as increasing signal inten-
sity. Spatial coding techniques were proposed as early as 1970
for mass spectrometry [20] but, to our knowledge, have only
recently been demonstrated [1, 2]. The object slit aperture in a
simple 90° magnetic sector mass spectrograph similar to
Aston’s original instrument [21] was replaced with a patterned
array of spatially distributed slits. The resulting patterned spec-
tra recorded on an imaging ion detector were reconstructed into
traditional mass spectra, demonstrating an increase in signal
intensity of more than 10x for a 1D arrays of slits and 3.5% fora
2D array of slits, with no observable loss of resolution [1, 2].
The patterns for these codes were derived from a binary
Hadamard code called an S-matrix [22]. The intensity of a
spatially coded mass spectrum increases with the order of the
coded aperture. Since the increase in signal intensity is propor-
tional to the total open area of a code and the code is roughly
50% opaque, the expected gain of a coded system is (N + 1)/2,
where N is the order of the coded pattern used. This relation-
ship is described in [1]. Note that the intensity or throughput of
the coded spectrum is proportional to the total open area of the
pattern, but the resolution is defined by the smallest feature of
the code [23].
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Double-focusing sector instruments offer substantially im-
proved mass resolving power over the 90° sector design uti-
lized for the preliminary proof of concept development of
spatial coding for mass spectrometers [1, 2]. 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 spec-
trographs include the Mattauch-Herzog [24], the Bainbridge-
Jordan [25], and the Hinterberger-Konig [26]. These geome-
tries 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 1,
Table 1) is of particular interest for miniaturized mag-
netic sector mass spectrometer development. In this pa-
per, we demonstrate the compatibility of coded apertures
with the Mattauch-Herzog geometry by using (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 in-
strument. We also determine the critical design parame-
ters that enable the use of coded apertures in the
Mattauch-Herzog geometry.
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Figure 1. The Mattauch-Herzog mass spectrograph configu-
ration was chosen for this work because of its small form factor.
(a) This schematic highlights several critical geometric param-
eters of this design that are important to this study. Additional
geometric parameters for this configuration are shown in
Table 1, as well as explicit values for the experimental work
presented in this manuscript. (b) A photograph of the commer-
cially available miniature Mattauch-Herzog platform used in this
work (lonCam Product, Ol Analyical, a Xylem Brand. College
Station, TX). (Image courtesy of Ol Analytical, a Xylem Brand)

Simulation of Spatial Aperture Coding
in the Mattauch-Herzog Geometry

In this section, we report on methods the two approaches
used to simulate spatial coding in a Mattauch-Herzog
mass spectrometer. Initial efforts focused on simulations
to ensure no fundamental issues existed that inhibited the
use of spatial codes in the Mattauch-Herzog geometry and
determine potential performance improvements. Transfer
matrix calculations were used to determine initial compat-
ibility. For an ideal system, a high fidelity particle tracing
simulation method was then used to obtain a more realis-
tic compatibility simulated performance and estimate. In
the following section, experimental verification of com-
patibility was performed using the miniature Mattauch-
Herzog mass spectrograph shown in Figure 1 (OI
Analytical, a Xylem brand, College Station TX).

Geometric Optics Transfer Matrix
Calculation

In order to validate compatibility of this geometry with spatial-
ly coded apertures, first order transfer matrix optics calculations
were used as an initial model [27]. 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 [19, 28-30]), ions
are passed through the system.

This method was discussed by Wollnik [28, 29] and
Herzberger [30] for mass spectrometry applications, and
Brady [19] for aperture coding applications. The general form

Table 1. Important Geometric Parameters for the Mattauch-Herzog Geometry.
Ideal Theoretical Values are Those Inherent to the Mattauch-Herzog Geometry
[24]

Symbol  Geometric dimension Ideal theoretical ~ Experimental
value value
L, Aperture to E-sector distance L, 3535 mm
R Electric sector centerline radius \/‘2‘ L 50 mm
L, E-sector to magnet distance L, 20 mm
Ly Magnet to sensor distance 0 1 mm?®
Ry Ion radius in magnetic sector 1 f2Vm 25.75 mm°
B q
0E Geometric angle of _m_ 31.8°
electric sector 42
Oum Angle ions travel in T z
magnetic sector 2 2
& Magnetic sector entrance angle 0 0
& Magnetic sector exit angle T — %
B Magnetic field Strength B 1.05T
v Ion accelerating potential v 800 V

“This value deviates from the theoretical value due to detector fabrication
constraints
°Ry; for 40 m/z charged particles
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of the transfer matrices used for this work was taken from
Burgoyne [27] is shown in Eq. (1).

Xr (x]x) (x]a) (x|OE) (x|oM) X;

ap | _ | (alx) (ala) (aloE) (aloM) || a; ()
5Ef 0 0 1 0 OF;
oM 0o 0 0 1 oM,

In this form, the [4 x 1] element on the left-hand side of Eq. (1)
represents the output observed on the detector plane of the
spectrometer, the [4 x 1] element on the right-hand side of Eq.
(1) represents the input to the system, and the [4 % 4] element on
the right-hand side of Eq. (1) represents the optics of the mass
spectrometer that determine how the input is transformed to the
output on the detector. For any system, the output can be deter-
mined for any incident particle with a given position x; , a; ,
energy dispersion OF; , and mass dispersion 0M; . The [4 x 4]
element representing the spectrometer can be constructed by the
multiplication of each discrete lens element in the systems trans-
fer matrix. The MHMS geometry shown in Figure 1 consists of
the lens combination shown in Eq. (2), where the individual
matrices’ meanings are defined in Table 2 and their content is
defined in Burgoyne [27].

[System] = [D5][0,][Sy][O1][D-][S][SE][S][D1] (2)

By substituting the transfer matrix for each lens element
[27], the following total system transfer matrix represents the
Mattauch-Herzog double-focusing geometry:

Ry Ry
VAL 0 0 >
(System] = | L1t et R V2L (C14V2)Li+ Lo+ Ry
\/EL]RM RM 2RM
0 0 1 0
0 0 0 1

(3)

One million ions with energy of 800 + 8 eV generated from
a point source 4 cm behind the aperture were created and
transformed by the MHMS transfer matrix in Eq. (3). This
mean energy is the same as that used for experimental valida-
tion, but the energy spread is larger than that of the real system.

Table 2. Meanings of the Transfer Matrix Symbols. The Content of the
Transfer Matrices can be Found in [27]. Each Matrix on the Right Hand Side
Represents a System Component or Feature

Matrix symbol Meaning

[D1] Drift length 1

[S] Sense matrix

[SE] Electric sector

[Ds] Drift length 2

[O1] Magnet entrance angle
[Sal Magnetic sector

[0,] Magnet exit angle
[Ds] Drift length 3

Figure 2 shows histograms of the spatial distribution of these
ions at the object plane where the coded aperture or slit would
be located (Figure 2a), and the predicted output at the detector
plane (Figure 2b). 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 um and corresponds to the pitch spacing of the commer-
cially available detector used in the experimental portion of this
work [31]. The Mattauch-Herzog 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 (little or no spatial distor-
tion) of this geometry under this first-order approximation and
thus, the MHMS geometry is expected to be compatible with
spatial aperture coding.

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 [29]. Further, the matrix method is a
linear approximation that is not valid for large spatial distribu-
tions 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.
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Figure 2. (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*' (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 + 8 eV from a spherical source 4 cm behind
the aperture, and a bin size of 24 ym was used for plotting the
histograms. We observe the coded aperture pattern is
demagnified but remains clearly resolvable on a detector with
24 ym pitch spacing, such as the one used for the experimental
portion of this work [32]
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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 approxima-
tion in the transfer matric calculation, we built a simulation in
the finite element multiphysics simulation program COMSOL
(COMSOL, Inc., Burlington, MA USA) and a custom particle
tracing program written in C# (Microsoft Visual Studio
Professional, Microsoft, Redmond, WA, USA). 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 [33] as shown
in Figure 3.

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 because of the large
fraction of the ions’ total flight path that lies within fringing
field regions. This combined approach allowed us to simulate
particle trajectories substantially faster than we could have
done using COMSOL’s particle tracing program. In addition
to calculation speed, the C# code evaluated more than 10° time

(a) COMSOL Field Solving

Develop CAD
Model of System

1
1

1

: Solve 2D Electric
1

1

1

- v

1

1

1

1

1

1

Field Map & Export

Solve 3D
Magnetic Field Map
& Export 2D Slice

Import 2D Fields

Input Particle : Calculate Particle
Definitions : Trajectories

Figure 3. 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. Starting from a 3D
CAD model of the Mattauch-Herzog geometry, high fidelity
COMSOL finite element simulations provided electric and mag-
netic field maps to be used by our custom C# particle tracer.
The C# particle tracer enabled simulation of a statistically sig-
nificant number of particle trajectories to be calculated quickly,
and was used to determine the pattern produced by these
particles landing on the detector plane

steps along each ion trajectory. This simulation fidelity is 100%
higher than the best we could achieve using the COMSOL
particle tracing module on the same workstation, and produced
particle trajectories and resulting histogram patterns with much
less 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 E, , E,, , and B, along the
midplane of the simulation were recorded with a spatial reso-
lution of 15 pum for use in the particle tracing and are displayed

(a) Electric Potental (Volts) )

(b) Magnetic Field Strength, z-Direction (Tesla)

10 mm

(c)

Figure 4. (a) 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)
() Characteristic particle tracing paths for particles of masses
20, 40, 75, 100, 150, 200, 300, 400, 500 m/z. (ii) A zoom in 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 + or — 1150 um. (i) Close up of the detector
plane, illustrating the double-focusing properties of the
Mattauch-Herzog 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. (Color Online)
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in Figure 4a and b, along with some characteristic particle
trajectories from the simulation platform shown in Figure 4c.

The initial distribution of particles shown in Figure 5a pass
through the electric and magnetic fields generated in COMSOL
Figure 4a and b and produce the ion distribution shown in
Figure 5b. Comparing the simulated detector output from the
transfer matrix method in Figure 2b and the COMSOL/C#
simulation, we see 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-
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 2. 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 previously described in detail and shown exper-
imentally [1, 2].

Experimental Verification
of Spatial Aperture Coding
in the Mattauch-Herzog Geometry

Experimental validation of the compatibility of spatial aperture
coding with the Mattauch-Herzog geometry is demonstrated

here using the commercially available OI Analytical/Xylem
IonCam Transportable Mass Spectrometer miniature
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Figure 5. (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*' (40 m/z) after
passing through the particle tracing simulation. One million ions
were simulated with an energy of 800 + 8 eV from a point source
4 cm behind the aperture and a bin size of 24 ym was used for
plotting the histograms. We observe the coded aperture pattern
experiences a small demagnification and a non-uniform distor-
tion across its expanse, but remains clearly resolvable on a
detector with 24 pm pitch spacing, such as the one used for
the experimental portion of this work [31]

Mattauch-Herzog mass spectrograph (Ol Analytical, a Xylem
brand, College Station TX, USA). The mass resolution for this
spectrograph is cited as 24 at 6 m/z and 250 at 250 m/z [34]. The
ion source for this system is a dual tungsten filament Nier-type
[35] electron ionization source. The stock object slit in the
system was replaced by a microfabricated spatially coded
aperture (such as those described in [1, 2]) with minimum slit
width of 100 um. Although the simulations presented in this
work show promising results for apertures up to order S-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 improvement in signal intensity of 4x).

Experimental results from the S-7 aperture are shown in
Figure 6d. Transfer matrix and particle tracing results for this
pattern are also shown in Figure 6b and c. For this smaller
pattern, we see the same results as above 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, and (iii) non-uniform attenuation of the
pattern intensity by the round Herzog-style shunts positioned
at the entrance and exit of the electric sector gap. The reduction
in resolution could be the result of small misalignments of the
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Figure 6. (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. (¢) Expected ion distribution on the detector plane
based on particle tracing models of the system. (d) Experimen-
tally measured ion distribution of Ar*' (m/z 40) peak for an S-7
spatially coded aperture incorporated into the miniature
Mattauch-Herzog type mass spectrograph commercially avail-
able from Ol Analytical/Xylem (Ol Analytical a Xylem brand,
College Station TX)
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detector plane or object aperture plane from the ideal focal
planes of the system. Although an image of the S-7 code was
observed on the detector demonstrating the compatibility of the
MHMS with aperture coding, the non-uniform intensity profile
along with the reduction of resolution prevented an accurate
spectral reconstruction from the data. Optimizing the system by
making the changes suggested above should allow for an
accurate spectral reconstruction and are the subject of future
work.

Conclusions

We have demonstrated the first application of spatial aperture
coding to the Mattauch-Herzog mass spectrograph through (1)
first principles transfer matrix calculations, (2) high fidelity
particle tracing, and (3) experimentally 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 parti-
cle tracing method verified the results of the transfer matrix
method, and indicated a non-uniform distortion of larger spa-
tially distributed patterns because of off-axis effects that can be
improved upon by new sector designs in future work. The
simulations of the MHMS geometry indicate that close to the
theoretical throughput of coded apertures up to order S-23
would be expected with a system designed to accept the di-
mensions of these codes. This compares favorably with the
experimental results obtained from the simple magnetic sector
published previously [1, 2]. An S-7 aperture was successfully
imaged experimentally on a commercially available miniature
MHMS. However, spectral reconstruction was not possible
because of aberrations in the image that are a result of the
experimental apparatus not being optimized for coded aper-
tures. Based on the simulation results and successful imaging
of a coded aperture experimentally, the MHMS is expected to
provide improved throughput and resolution compared with
the magnetic sector in [1, 2] attributable to the minimization of
dispersions in the ion energy and angles, but this will not be
demonstrable until an experimental system with the geometric
modifications are available for an MHMS geometry as de-
scribed in the experimental verification section. 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 will be the subject of future
work. The order of magnitude gains in signal intensity shown
in the transfer matrix and high fidelity particle tracing simula-
tions are expected to be obtainable experimentally after hard-
ware modifications that increase the electric sector gap. This
work describes the application of coded aperture mass spec-
trometry to a double-focusing instrument, the Mattauch-
Herzog. By increasing the sensitivity for a given resolution
through the use of coded apertures, the MHMS is expected to
become viable for miniaturized applications.
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