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Abstract. Miniaturizing instruments for spectroscopic applications requires the de-
signer to confront a tradeoff between instrument resolution and instrument throughput
[and associated signal-to-background-ratio (SBR)]. This work demonstrates a solu-
tion to this tradeoff in sector mass spectrometry by the first application of one-
dimensional (1D) spatially coded apertures, similar to those previously demonstrated
in optics. This was accomplished by replacing the input slit of a simple 90° magnetic
sector mass spectrometer with a specifically designed coded aperture, deriving the
corresponding forward mathematical model and spectral reconstruction algorithm,
and then utilizing the resulting system to measure and reconstruct the mass spectra
of argon, acetone, and ethanol. We expect the application of coded apertures to

sector instrument designs will lead to miniature mass spectrometers that maintain the high performance of larger
instruments, enabling field detection of trace chemicals and point-of-use mass spectrometry.
Keywords: Coded aperture sector mass spectrometry, Computational mass spectrometry, Miniature mass
spectrometry, Magnetic sector mass spectrometry
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Introduction

Mass spectrometers are versatile analytical laboratory in-
struments because they are fast, accurate, sensitive, se-

lective, and can accommodate a wide variety of sample types
[1–4]. However, in situ measurements with mass spectrometers
in field settings are difficult because of the size, cost, and
complexity of the instrument. In particular, mass spectrometers
based on magnetic sector mass analyzers—although 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 [5, 6].
Miniaturization of mass spectrometers, and magnetic sector

instruments in particular, would enable hand-held and portable
instruments for in situ analysis in a variety of applications from
security to environmental monitoring and health care. Al-
though designs for miniaturized mass spectrometers have been
presented [7–9], 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.

In this paper, we describe the first reported demonstration of
one-dimensional (1D) spatially coded apertures to sector mass
spectrometry. This approach can help to minimize the perfor-
mance degradation accompanying miniaturization. Similar to
optical spectroscopy, the application of spatially coded aper-
tures to sectors yields an increase in instrument throughput
while maintaining the equivalent resolution of a 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
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analyte utilization, such as when limited sample volumes are
available. Recently, we demonstrated spatially two-
dimensional (2D) coded apertures [10] in a magnetic sector
mass spectrometer. The current work using 1D apertures shows
increased throughput compared with the 2D apertures because
of elimination of aperture fabrication constraints discussed in
the 2D coding demonstration. Furthermore, while the 2D sys-
tem requires 2D detection capability (such as provided by an
MCP, phosphor screen, and digital camera combination), the
1D coding scheme is compatible with recently developed 1D
ion detector arrays [11, 12]. This will allow for easier imple-
mentation in eventual fieldable units.

Spatially coded apertures have been primarily used in opti-
cal imaging and spectroscopy systems [13]. In dispersive opti-
cal coded aperture spectroscopy, a throughput gain of greater
than 10Xwas achievedwith an equivalent resolution compared
with a conventional single slit approach [14, 15]. Although
spatial coding techniques for mass spectrometry have been
hypothesized [16] , to our knowledge they have not been
demonstrated until recently [10]. 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 compared with conventional TOF MS [17–19].
Hadamard transforms have also been successfully utilized in
tandem Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry [20]. By encoding the parent ion accumu-
lation time, the iterative accumulation multiplexing (IAM)
technique was demonstrated on an FT-ICR mass spectrometer
[21]. In addition, a quadrupole ion trap-based multi-resonant
frequency excitation (mRFE) ejection compressive mass anal-
ysis technique has been developed in our lab. This mRFE
method can reduce mass analysis time by a factor of three to
six without losing spectral specificity for chemical classifica-
tion purposes [22].

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 spec-
troscopy. Finally, in both domains, a detector is placed after the
dispersive element. Building on this analogy between optical
spectroscopy and magnetic sector mass spectrometry, we have
constructed a simple magnetic sector mass spectrometer where
we replace the slit spatial filter with a coded aperture in order to
demonstrate the advantages of coding.

In this manuscript, we report on our derivation of a mathe-
matical forward model for our custom built 90° magnetic sector
system (hereafter referred to as a 90° MS). Based on some
initial known compound measurements, we carefully calibrate
our system forward model such that it corresponds to the 90°
MS with sufficient accuracy. Based on this explicit forward
model, we formulate an algorithm to reconstruct mass spectra
from ion intensity versus detector position data measured in our

90° MS. We measure this ion intensity for a range of concen-
trations of argon, ethanol, and acetone using spatially coded
apertures of varying complexity, and compare the reconstruct-
ed spectra with measurements made using a single slit. We
show that the use of 1D coded apertures can produce more than
an order of magnitude increase in throughput and an accompa-
nying increase in SBR with no decrease in instrument
resolution.

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 [23–25], time
of flight [26–28], FT-ICR [29–31], and sector-based instru-
ments [32–38]. Here, we focus 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 [39],
and geometries include the Mattauch-Herzog [35], Bainbridge-
Jordan [37], or Bleakney-Hipple [38], as well as sector mass
analyzers containing only magnetic fields [32, 34, 40] 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 re-
corded at the detector. However, multiple slits can be imple-
mented in order to enhance the instrument throughput. In this
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 for a well-conditioned recon-
struction; therefore, they are termed coded apertures (examples
are shown in Figure 1a).

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. A
thorough derivation of the forward model which is applicable
to both this manuscript and the 2-D coding in Reference [10] is
shown in the Supporting Information (SI). For convenience, in
this section we present an abbreviated version of the forward
model derivation. For notational simplicity, in the forward
model we use α to represent m/z, the ratio of the ion mass (in
u) to the net number of elementary charges. The coordinate
system used in this derivation defines the x and y coordinates as
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the non-mass-dispersive direction and the mass-dispersive di-
rection 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):

g x; yð Þ ¼
Z

f αð ÞT x; y; αð Þdα: ð1Þ

Where f(α) is the mass spectrum, and T(x,y,α) is the system
transfer function, which can be defined as:

T x; y; αð Þ ¼
Z Z

I x0; y0ð Þt x0; y0ð Þh x; x0; y; y0; αð Þdx0dy0: ð2Þ

This system transfer function T describes how ions at each α
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, t(x ′,y ′)∈{0,1} is the coded aperture transmission func-
tion describing the shape of the aperture, and h(x,x ′,y,y ′,α) is a

kernel describing propagation through the spectrometer for an
ion of specific α.

For the 90° system geometry we used in our experiment the
propagation kernel h can be approximated as (see SI for a
detailed derivation):

h x; x0; y; y0; αð Þ≈ δ x− x0; y−
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where B is the magnitude of the applied magnetic field,U is the
applied ion acceleration voltage, and (u/e) is the ratio of a u to
an elementary charge in the desired set of physical units.

After discretizing g(x,y) with two-dimensional rect function
and f(α) with one-dimensional delta function, the mathematical
system forward model can be represented as the linear system:

g ¼ H f : ð4Þ

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 recon-
struction algorithm [10, 41], we can estimate the desired mass
spectrum f from the measurements g.

Figure 2. Detector images and reconstructed spectra for ar-
gon used in the forward model calibration. (a) Unprocessed
image at the detector plane using single slit. The images are
40 mm×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 reconstructedmass spectra are normalized
such that the slit argon m/z = 40 peak has an intensity of 1 unit

Figure 1. Cyclic S coded apertures and 90° magnetic sector
schematic. (a) Five Cyclic S codes with orders of 1, 7, 11, 15,
and 23 are used in this research. Details on their fabrication can
be found in the Supporting Information. (b) 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 aper-
ture, a permanent magnet, and a micro channel plate (MCP)
array detector. The red, green, and blue traces correspond to
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 sys-
tems 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 the Supporting Information
(SI)
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Forward Model Calibration

Figure 2 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.
We attribute this shape 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 di-
rections along their trajectories. In addition, the image of the
aperture pattern is magnified. There are two factors to this
magnification. The first comes from the ideal transfer function
and predicts that the extent of the pattern in y should scale asffiffiffi
α

p
to the lowest order, and the experimental data bears out this

scaling. The second magnification is a scaling in x that is not
predicted by the transfer function. We attribute this scaling to
the cone angle of the source, which was not incorporated in the
original derivation. The expansion comes from the cone angle
acting over the path length of the on-axis ion trajectory. We
show in the SI that the path length scales as α1/4 to lowest order.
We would then expect to observe a functional dependence on
the magnification in x and, again, the data bears this out. We do

not observe a noticeable contribution the magnification in y
from this effect. We attribute this to the motion in y being
dominated by interaction with the magnetic field, while motion
in x is truly ballistic. We empirically incorporate this additional
x-magnification Mx in the propagation kernel of Equation 3
with the substitution x − x ′→x − (1 +Mxα

1/4)x ′ to yield the new
propagation kernel:

h x; x0; y; y0; αð Þ ≈ δ x − 1 þ Mxα
1

.
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 !
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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,Mx, and Δ (the effective pixel sampling pitch size,
see SI) we only know one (U) to a high degree of precision
from an independent stopping potential experiment. Setting U
to the measured value U = 2 kV, we seek a set of parameter
values for B, Mx, and Δ which, when used in the discretized
version of system transfer function, produce the best

Figure 3. Reconstructed mass spectra results for argon, acetone, and ethanol for different aperture orders, and some represen-
tative unprocessed acetone and 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 × 10 mm
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correspondence with the observed m/z = 20 and m/z = 40
patterns in Figure 2b. With the parameter values known, the
discretized transfer function can then be estimated for all α. The
resulting vectors are placed in the corresponding columns of
the discretized system forward model matrix H (Equation 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 two to five).
However, they sufficiently balance the non-idealities to enable
accurate quantitative reconstruction of the spectra as seen here-
in by the strong agreement between the reconstructed spectra
and the library spectra for the various chemicals.

Experimental Results
In order to verify the forward model and reconstruction ap-
proach a series of mass-dispersed patterns of the coded aper-
tures shown in Figure 1a, were obtained using the 90° MS
described in [10] and shown in Figure 1b. Additional details on
the sector, ion source, and ion detector appear in the SI. The
apertures used were based on 1D Cyclic S codes [42] with a
minimum feature size of 125 μm. Analytes of argon, acetone,
and ethanol were introduced into the vacuum chamber contain-
ing the 90° MS via a bleed valve. Starting with a system base
pressure of 0.5 μTorr, the analyte 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. This enabled the mea-
surement of reproducible mass spectra consisting of only the
analyte and residual water vapor across a wide range of con-
centrations. Detailed experimental procedures can be found in
the SI.

Figure 3a–c show reconstructed spectra from argon, ace-
tone, 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 3d 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 aper-
tures. Increasing aperture order is associated with significant
improvement in throughput gain as seen by the increasing
relative peak heights. Figure 3d illustrates the complexity of
the collected data prior to reconstruction, including the over-
lapping images of individual coding elements, for an analyte
containing multiple m/z species after ionization.

The experimentally realized throughput gain as a function of
aperture order N is shown in Figure 4a. The throughput gain is
calculated by computing the ratio of the area under the stron-
gest 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 three analytes and five 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 (N + 1)/2. This trend is also shown in Figure 4a 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 non-uniformities in the ion beam spatial pro-
file. Furthermore, increasing aperture order does not affect the
widths of the mass peaks, indicating that the resolution is main-
tained despite an increase in throughput of more than one order
of magnitude. Figure 4b demonstrates that the effective resolu-
tion of the system is unaffected by the aperture coding approach,
as both the S-23 and slit primary ethanol peaks atm/z = 31 have
a full width at half maximum (FWHM) of 0.3 m/z.

An increase in throughput also leads to an improvement in
the SBR, as expected. Figure 5a and b show a comparison of
reconstructed slit and Cyclic S-23 ethanol mass spectra

Figure 4. Throughput gain versus aperture order and resolu-
tion. (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 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
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overlaid on the standard electron ionization mass spectra for
ethanol and water from the NIST database [43]. At low analyte
concentrations (i.e., a pressure of 1.0 μTorr), the slit spectrum
does not reveal low intensity peaks such as those betweenm/z =
26–30 and m/z = 45–46. However, the reconstructed spectrum
from the Cyclic S-23 aperture is able to detect these peaks
above the background. This 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 5c, ion signal intensity versus
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 versus 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 versus pressure graphs increase with increas-
ing aperture order, indicating improved detection limits from
the use of spatially coded apertures. Specifically, for aperture
order 23, an order of magnitude increase in slope is observed
compared with the order 1 (slit) performance. This results in a
similar increase in the instrument detection limits. This is
illustrated in Figure 5c 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, whereas a system with an S-23
aperture would retain detection capability at an order of mag-
nitude lower partial pressure of the analyte.

Discussion and Conclusions
Building on the analogy between optical spectroscopy and
magnetic sector mass spectrometry, we have constructed a
90° magnetic sector mass spectrometer that demonstrates more
than an order of magnitude improvement in throughput using
spatially coded apertures. We have also derived a generalized
forward model that can be applied to any sector instrument. We
then applied this model to our 90° MS to develop a reconstruc-
tion algorithm. With this algorithm, we reconstructed mass
spectra of argon, acetone, and ethanol 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 main-
taining the resolution of the slit instrument.

In this paper, we have demonstrated successful reconstruc-
t ion of the mass spectra of argon, acetone, and
ethanol—compounds with relatively simple mass spectra.
However, results from optical spectroscopy have demonstrated
that complicated spectra can be reconstructed in similar coded
aperture approaches [14, 15, 44]. The interplay of noise, reso-
lution, accuracy of the forward model, and performance of the

Figure 5. 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 [43]. The system utilizing the slit
aperture cannot resolve low intensity peaks such as those from
m/z = 26–30, 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 versus
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 versus intensity curves. (Slit
slope 1.08, S-23 slope 11.7, a difference of 10.9X). The grey
band below a normalized intensity of 5 represents an Bexample
noise floor^ below which individual mass peaks cannot be
positively detected
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inversion techniques is a complicated process that will deter-
mine the ultimate accuracy of the reconstruction of mass spec-
tra for more complex compounds and is a topic of ongoing
research in our and other laboratories.

The maximum resolving power of our system is related to
the minimum feature size of the aperture. In our demonstration,
we fabricated the slit and coded apertures with identical fea-
tures 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, we could have fabricated
the coded apertures such that their open area (throughput) was
equal to that of the slit. This would have increased the resolving
power of the coded aperture systems (subject to limitations
imposed by other aspects of the system—ion optic aberrations,
dispersion, etc.)

Finally, we expect that applying spatial coding concepts to
other sector instruments, such as double focusing sector
geometries, will also overcome the throughput versus resolu-
tion tradeoff and enable miniaturization without the accompa-
nying loss in performance. This is the subject of ongoing work.
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