
B American Society for Mass Spectrometry, 2017 J. Am. Soc. Mass Spectrom. (2018) 29:360Y372
DOI: 10.1007/s13361-017-1820-y

FOCUS: 32nd ASILOMAR CONFERENCE,
NOVEL INSTRUMENTATION IN MS AND ION MOBILITY: RESEARCH ARTICLE

Proof of Concept Coded Aperture Miniature Mass
Spectrometer Using a Cycloidal Sector Mass Analyzer,
a Carbon Nanotube (CNT) Field Emission Electron Ionization
Source, and an Array Detector

Jason J. Amsden,1 Philip J. Herr,1 David M. W. Landry,1 William Kim,1 Raul Vyas,1

Charles B. Parker,1 Matthew P. Kirley,1 Adam D. Keil,2 Kristin H. Gilchrist,3

Erich J. Radauscher,1 Stephen D. Hall,3 James B. Carlson,3 Nicholas Baldasaro,3

David Stokes,3 Shane T. Di Dona,1 Zachary E. Russell,1,4 Sonia Grego,3

Steven J. Edwards,5 Roger P. Sperline,5 M. Bonner Denton,5 Brian R. Stoner,1,3

Michael E. Gehm,1 Jeffrey T. Glass1

1Department of Electrical and Computer Engineering, Duke University, Durham, NC 27708, USA
2Broadway Analytical, LLC, Monmouth, IL 61462, USA
3Engineering and Applied Physics Division, RTI International, Research Triangle Park, NC 27709, USA
4Present Address: Ion Innovations, Peachtree Corners, GA 30092, USA
5Department of Chemistry and Biochemistry, University of Arizona, Tucson, AZ 85721, USA

Coded Apertures and Cycloidal Mass
Analyzers

Detector

Ion source
with aperture code

z

Abstract. Despite many potential applications, miniature mass spectrometers have
had limited adoption in the field due to the tradeoff between throughput and resolution
that limits their performance relative to laboratory instruments. Recently, a solution to
this tradeoff has been demonstrated by using spatially coded apertures in magnetic
sector mass spectrometers, enabling throughput and signal-to-background improve-
ments of greater than an order of magnitude with no loss of resolution. This paper
describes a proof of concept demonstration of a cycloidal coded aperture miniature
mass spectrometer (C-CAMMS) demonstrating use of spatially coded apertures in a
cycloidal sector mass analyzer for the first time. C-CAMMS also incorporates a
miniature carbon nanotube (CNT) field emission electron ionization source and a

capacitive transimpedance amplifier (CTIA) ion array detector. Results confirm the cycloidal mass analyzer’s
compatibility with aperture coding. A >10× increase in throughput was achieved without loss of resolution
compared with a single slit instrument. Several areas where additional improvement can be realized are
identified.
Keywords: Cycloidal mass analyzer, Coded apertures, Miniature mass spectrometer, Carbon nanotube, Ion
array detector
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Introduction

Field able and miniature mass spectrometers (<20 kg and the
size of a suitcase or less) [1] have many potential applica-

tions in environmental monitoring [2–5], explosives trace de-
tection [6, 7], point of care medicine [8, 9], and space explora-
tion [1]. There are several types of mass analyzers for miniature
mass spectrometers, including ion trap, quadrupole, time-of-
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flight, and sector analyzers [1]. However, miniaturization of
mass spectrometers, and sector instruments in particular, leads
to a throughput versus resolution tradeoff and poor perfor-
mance relative to laboratory instruments, limiting their use in
the field. Of the instruments mentioned above, a sector instru-
ment has a slit at the exit of the ion source and at the collector
that can be adjusted to set the instrument resolving power [10].
To maintain resolution when miniaturizing the instrument, the
width of the slits must also shrink, thereby reducing instrument
throughput and sensitivity. As a result, in a miniature sector
instrument, one can either have high resolution and low
throughput, or low resolution and high throughput, but not
both high resolution and high throughput.

Recently, the application of coded apertures to sector mass
spectrometers has eliminated the tradeoff between throughput
and resolution in sector mass spectrometry [11]. By replacing
the slit in a simple 90° magnetic sector with a 1-dimensional
(1D) or 2-dimensional (2D) array of slits called a coded aper-
ture, an increase in throughput of over an order of magnitude
was achieved without loss in resolution [12, 13]. In addition,
compatibility of aperture coding was demonstrated with the
Mattauch-Herzog double focusing sector analyzer. However,
imaging of the coded aperture pattern at the detector was
relatively poor, due to the narrow electric sector and fringing
fields [14]. To address this problem, the current work utilizes a
cycloidal mass analyzer.

The cycloidal mass analyzer was introduced in 1938 by
Walter Bleakney and John A. Hipple, Jr. at Princeton Univer-
sity, Palmer Physical Laboratory [15, 16]. The analyzer em-
ploys uniform, perpendicular electric and magnetic fields. In a
uniform magnetic field, charged particles traverse circular tra-
jectories. In a uniform electric field, charged particles exhibit
linear motion. In perpendicularly oriented uniform electric and
magnetic fields, a charged particle exhibits circularmotionwith
translation, i.e., cycloidal trajectories. Solving the equations of
motion for a charged particle in perpendicularly oriented uni-
form electric and magnetic fields yields an equation for the
pitch, ai

ai ¼ mi

z

2πE
B2 ð1:1Þ

or displacement of the ion from the ion source exit slit after it
travels through 360°, wheremi is the mass of the ith ion, z is the
charge on the ion, E is the applied uniform electric field, and B
is the applied uniformmagnetic field (Figure 1a). This equation
does not depend on the initial energy or angle of the ion as it
exits the ion source. Therefore, unlike other double focusing
sector analyzers, such as the Mattauch-Herzog and Bainbridge-
Jordan that correct for initial energy and angular distributions
of the ions to first order, the cycloidal mass analyzer perfectly
corrects for the initial energy and angular distribution of the
ions [16]. Furthermore, Figure 1b shows that the cycloidal
mass analyzer is inherently compatible with aperture coding.
In the figure, the red trajectories represent ions with mass to
charge m1/z and the green trajectories represent ions with mass

to chargem2/z. Unlike the single slit in Figure 1a, the ion source
has an aperture with multiple slits. Owing to the focusing
properties of the cycloidal mass analyzer, a perfect image of
the pattern of slits at the ion source is projected on the detector
for each mass to charge ratio [11].

Despite their unique focusing properties, cycloidal mass
analyzers have historically seen relatively few applications. In
the late 1930s, Mariner and Bleakney developed a 262 mm
focal length cycloidal instrument aimed at achieving a resolu-
tion of 25,000 [17]. In the 1940s, a group at Carbide and
Carbon Chemical Corporation in Oak Ridge Tennessee devel-
oped a 40 cm focal length instrument for isotopic analysis [18,
19]. The 1950s and 1960s saw the first commercially produced
cycloidal mass spectrometers. First, an instrument developed
by Consolidated Electrodynamics Corporation for process gas
analysis aimed to bring Bmass spectrometry out of the labora-
tory…into the plant [20].^ The team at Consolidated Electro-
dynamics Corporation also published papers investigating the
effects of non-uniform fields [21] and space charge [22] in
cycloidal focusing mass analyzers, as well as the design for a
small general purpose cycloidal mass analyzer [23]. In the
1960s, Varian Analytical Instrument Division released the
M-66 cycloidal mass spectrometer, which was advertised as a
relatively small, inexpensive instrument with high performance
(mass range to 2000 u and resolution ≥2000) [24–26]. Benz
and Brown observed metastable ions using the Varian M-66
[27]. Also in the 1960s, a group from The Netherlands pro-
posed a Bvirtual slit^ cycloidal mass analyzer [28] with 100%
collection efficiency and used it later in the 1980s to investigate
the dissociative ionization of toxic gases [29]. The 1970s and
1980s saw the first multi-collector cycloidal mass analyzers
designed to take advantage of the linear focal plane of the
cycloidal mass analyzer. First, Adams and Smith employed a
multichannel plate array with metal strip detectors placed be-
hind the multichannel plate [30, 31]. In 1985, Halas S. pub-
lished on a dual collector cycloidal mass analyzer for detection
of hydrogen isotopes [32]. In 1991, Harry Hemond published a
paper detailing the design of a backpack-portable cycloidal
mass spectrometer based on the design used in the Consolidat-
ed Electrodynamics cycloidal mass analyzer [33]. This work
led to the creation of the NERUS (novel, efficient, rapid eval-
uation of underwater spectra) instrument with Harry Hemond
and Richard Camilli [34, 35] and eventual collaboration be-
tween Woods Hole Oceanographic Institute and Monitor In-
struments, Inc. on the TETHYS (tethered yearlong spectrome-
ter) instrument [4, 36] for continuous underwater monitoring.
Recently, Southwest Research Institute developed a proof of
concept multi-collector cycloidal mass analyzer with 7 Faraday
cup collectors for isotope ratio measurements [37].

There are two main reasons cycloidal mass analyzers have
had relatively few applications since their invention in 1938
[15]. First, as the ion source must be placed inside the magnetic
field, the ion sourcemust be small to keep the overall size of the
instrument relatively small. The typical thermionic filament
electron ionization source can be made small, but one must
deal with the considerable heat generated by the thermionic
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filament. In addition, the thermionic filament requires substan-
tial power, unfavorable in a portable instrument. Second, a key
advantage of the cycloidal mass analyzer is the ability to focus
different mass to charge ratios in a linear plane, allowing
collection of an entire mass spectrum without scanning. To
fully take advantage of this property, an array detector, similar
to those used in optical spectroscopy, is required. Cycloidal
mass analyzers require that the detector be placed in the mag-
netic field. Typical ion detector arrays, such as multichannel
plate electron multipliers, do not work well in magnetic fields.
Adams and Smith used a multichannel plate electron multiplier
in a cycloidal instrument, however the instrument had limited
dynamic range and sensitivity [30, 31]. Without a multichannel
detector, the cycloid mass analyzer must be operated by scan-
ning the electric and/or magnetic field and therefore does not
have significant advantages over other scanning mass ana-
lyzers, such as the ion trap and quadrupole mass filter.

This paper describes a proof of concept cycloidal coded
aperture miniature mass spectrometer (C-CAMMS). C-
CAMMS consists of a miniature cycloidal mass analyzer with
a miniature carbon nanotube (CNT) field emission electron
ionization source, a novel permanent magnet geometry, and a
1704 channel high-sensitivity ion array detector that functions
in a magnetic field. In addition, this instrument takes full
advantage of the unique focusing properties of the cycloidal
mass analyzer by applying aperture coding to increase the
instrument throughput without changing the system resolution.
The following sections describe the design of the C-CAMMS
instrument and some preliminary results characterizing the
performance of the instrument, focusing on the ability to image
a coded aperture.

Mass Spectrometer SubsystemDesign
C-CAMMS consists of a sample inlet, ion source, mass ana-
lyzer, detector, control electronics, and vacuum system. A
block diagram and a photograph of the C-CAMMS system,

with the various components labeled, is shown in Figure S1 of
the Supplementary Material. For this proof of concept demon-
stration, we focused our efforts on the development, miniatur-
ization, and integration of the ion source, mass analyzer, and
detector and did not optimize or miniaturize the inlet, vacuum
system, or control electronics. Miniaturization and optimiza-
tion of the inlet, vacuum system, and electronics will be ad-
dressed in later generation systems.

Ion Source

A typical electron ionization source contains a thermionic
electron source. Thermionic sources have been well document-
ed and produce stable electron current densities. However,
thermionic electron sources have several disadvantages when
used in miniature mass spectrometers, including high power
consumption, short lifetimes, low current density, and the
inability to be pulsed on and off frequently [38].

Field emission electron sources using carbon nanotubes
(CNTs) have the potential to address the disadvantages of
thermionic electron sources for miniature mass spectrometry
applications [39, 40]. CNTs require no heating for electron
emission, significantly reducing the amount of power con-
sumed during operation. Lifetimes of CNTs during continuous
use exceed 500 hours and the ability to be pulsed on and off
many thousands of times has also been demonstrated [39].
Several groups have developed field emission cathodes for
miniature ion sources, including an electron ionization source
and chemical ionization sources for portable mass spectrome-
ters [39–44].

Our group has developed a micro electromechanical sys-
tems (MEMS) vacuum microelectronic device platform with
CNT field emitters for many applications [45, 46]. Recently,
Radauscher et al, reported a miniature electron ionization
source designed for a cycloidal mass analyzer using a MEMS
device with integrated CNT field emission cathodes and a low-
temperature co-fired ceramic (LTCC) scaffold [47]. This ion
source had an ion energy distribution of 22 ± 6 eV, with an
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Figure 1. Cycloidal ion trajectories for two differentmass to charge ratios,m1/z (red trajectory) andm2/z (green trajectory), wherem2

>m1. In the figure, the electric field is in the negative y-direction and themagnetic field is in the negative z-direction: (a) a conventional
single slit instrument and (b) a coded aperture instrumentwith anS-11 coded aperture. Thewidth of the slit andwidth of theminimum
feature size in the coded aperture are 50 μm. The S-11 consists of a 100 μm slit, a 100 μm separation, a 150 μm slit, a 150 μm
separation, and a 50 μm slit. See section below for more information on the coded aperture
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angular distribution of 0 ± 6.5° at the midplane (the plane
parallel to the electric field and perpendicular to the magnetic
field of a cycloidal mass analyzer that exhibits double focusing)
and 0 ± 5° out of plane (the plane parallel to the electric field
and parallel to the magnetic field). Large angular dispersion out
of plane is a significant disadvantage in a cycloidal mass
analyzer. The focusing properties of the cycloidal mass ana-
lyzer compensate for the angular dispersion in the midplane.
However, velocity components that are out of plane result in
the ions being focused in a line rather than a point at the
detector [28]. As the path length of the ions becomes longer
for those ions with larger mass to charge ratio, the focus line
will increase in length and lead to a reduction in signal intensity
when the focus line becomes longer than the detector elements.

The ion source in the C-CAMMS is similar to the miniature
Neir-type electron ionization source described in reference
[47], which was fabricated using microelectromechanical sys-
tems (MEMS) with integrated CNT field emission cathodes
and a low-temperature co-fired ceramics (LTCC) scaffold. In
the C-CAMMS ion source, theMEMS device described in [47]
is replaced with a CNT-coated silicon chip and an
electroformed metal box for the ionization volume. A section
in this manuscript and Figures S1–S4 of the Supplementary
Material detail the design and fabrication of the ion source. As
shown in the Results section, the changes enabled reduction in
the angular dispersion in the plane perpendicular to the cycloi-
dal trajectories where the cycloid does not provide double
focusing.

For the mass spectra shown in the Results section, we used
two different apertures, including a single 50 μm slit and a
cyclic S code [48] of order 11, or S-11, coded aperture
consisting of three slits of widths 150, 100, and 50 μm
(Figure 1b). The minimum feature size of the single slit and
S-11 coded aperture are the same to allow comparison of
throughput and resolution in the reconstructed spectra with that
of the single slit. The S-11 coded aperture provides 6× the
throughput of the single slit, as it has 6× the open area. The
typical operating parameters for the ion source include an
electron emission current of 200–500 nA, between –160 V
and –200 V on the CNT cathode (yielding ~200–240 eV
electrons for ionization), 40 V on the ionization volume,
17 V on the extraction aperture, and 0 V on the coded aperture.

Cycloidal Mass Analyzer

The mass analyzer consists of a magnet, electric sector, and
vacuum manifold. Figure 2a shows a CAD drawing and
Figure 2b shows a photograph of the mass analyzer, including
the ion source and detector, with the various components
labeled. The overall dimensions of the mass analyzer are
207 mm × 130 mm × 100 mm with an approximate weight of
10 kg. The magnet is composed of two Nd-Fe-B bar magnets
and two high permeability stainless steel plates to complete the
magnetic circuit and results in a uniform field of 0.3 T directed
along the x-axis in the gap. Further details on the magnet design

and how field uniformity affects aperture imaging are described
in Landry et al. [49].

To create a uniform electric field in the -y-direction, we use
the fact that the electric field is the negative gradient of the
electric potential. In this case, solving the differential equation
yields

V ¼ −Ey ð2:1Þ
where V is the electric potential, E is the desired electric field,
and y is the y-coordinate. To generate the desired electric field,
we created an electric sector comprising an array of 25 elec-
trodes separated by 0.5 mm. The array was oriented parallel to
the y-axis, forming an L-shaped box 91 mm × 78mm × 14mm
with the ion source positioned in the center. All electrodes are
3 mmwide, except for the top and bottom electrodes, which are
1.5 mmwide and electrically connected to caps on the box. The
potential on each electrode is set by the equation

V i ¼ i ¼ 13

13

� �
Ed ð2:2Þ

where Vi represents the voltage on the i
th electrode, where I = 1

for the bottom electrode in Figure 2a; d is the distance between
the top and bottom electrodes, i−13

13

� �
d corresponds to the y-

coordinate in Equation (2.2); and E is the desired electric field
magnitude. This arrangement of potentials was chosen such
that the center electrode, aligned with the top of the ion source
and detector, is at 0 V. To construct the electric sector, FR4 PC
board material is fabricated with gold 3 mmwide traces/0.5mm
spaces on the inner surfaces to make the electrodes. On the
outer surface of the PC board, a series of 1 MΩ resistors are
arranged in a voltage divider circuit. Further details on the
electric sector, including evaluation of field uniformity and its
effects on aperture imaging, are described by Landry et al. [49].
The electric sector used here is the Configuration 1 described in
that paper.

The vacuum manifold is a block of 6061 aluminum ma-
chined into a hollow I-beam shape. The electric sector and
detector are attached to a PC board that seals the vacuum
chamber and provides vias for electrical connections to com-
ponents inside the vacuum manifold. Figure 2b shows a photo
of the PC board with the detector, ion source, and electric sector
partially inserted into the vacuum manifold. The opposite side
of the vacuum manifold from the PC board feedthrough con-
tains a hole that allows connection to standard KF-25 vacuum
fittings.

Detector

The array detector used here is similar to the 4th generation
1696 channel capacitive transimpedance amplifier (CTIA) ar-
ray described previously [50]. The 8th generation detector used
here incorporates three significant improvements. First, it has a
100% fill factor. The 100% fill factor is accomplished by
making overlapping metal detector fingers in two metal layers
of the CMOS process used to fabricate the detector. Using a via
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to connect overlapping fingers in each layer enables the 100%
fill factor. As such, the 8th generation detector is 21.3 mmwide
with 1704 12.5 μm wide, 3 mm tall detector fingers. Second, it
incorporates four gain stages in the amplifier, including an
ultra-high gain stage that uses a 4 f. capacitor. All data in this
paper were taken using the gain stage with the 4 f. capacitor.
Finally, it incorporates a significantly smaller ceramic chip
carrier than earlier generations, which enables a smaller gap
between the poles of the magnet.

To reduce thermal noise in the detector, we designed a
thermal management system that includes a copper heat rejec-
tion block, a copper heat pipe, and a thermoelectric device. The
thermoelectric is 6.6 × 6.6 × 1.5 mm (Custom Thermoelectric,
Bishopville, MD, USA, Model number 03101-9B30-30RU7).
It has a maximum ΔT spec of 69 K (Q = 0 W) with a Qmax of
6.75 W (ΔT = 0 K). The device was selected to support
pumping approximately 1 W of heat with a ΔT of 40 K to
achieve a detector temperature of approximately –5 °C. The
thermoelectric is sandwiched between a small copper block
attached to the detector ceramic carrier detector and the larger
copper heat rejection block. A 5mmouter diameter copper heat
pipe conducts heat from the copper heat rejection block in the
vacuum chamber to an array of 31 fins that are cooled exter-
nally with a cross-flow blower (EBM-PAPST Inc, Farmington,
CT, USA). The heat pipe is approximately 45 cm long, with an
array of fins covering the last 11 cm. The pipe provides a
flexible approach for removing the heat from the detector

cooling block and arranging the integrated system (see
Figure 2a and b). Using this setup, we are able to reduce the
detector temperature to approximately –5 °C.

Inlet and Vacuum System

The inlet for C-CAMMS is a 1/16 inch diameter Teflon tube
that passes through the vacuum manifold through a Swagelock
fitting. This tubing is connected to a needle valve that can
control the flow of gas into the system. The needle valve is
connected to a gas mixing system consisting of several mass
flow controllers and pressurized gas cylinders. For the data
collection shown below, we used a flow of 100 sccm of Ar
and 100 sccm of dry air and mixed the gas in 40 feet of ¼ inch
diameter tubing. After flowing for 20 min to ensure adequate
mixing, we used the needle valve to allow a small amount of
the mixed gas into the mass analyzer through the 1/16 inch
tubing.

The vacuum system includes an Agilent Technologies IDP-
15 Dry Scroll vacuum pump backing a Agilent Turbo V81M
turbo pump. As mentioned above, for the proof of concept
system, we did not attempt to miniaturize the vacuum system.
A future manuscript will include a portable vacuum system
currently under development. The system base pressure is 2 ×
10–6 Torr. Data collection occurs at approximately 5 × 10–5

Torr. The mass analyzer is connected to the vacuum system
with a stainless steel cross (Supplementary Figure S1b).
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Figure 2. (a) CADmodel of the cycloidal mass analyzer. In the figure, the high permeability stainless steel plates, part of the vacuum
manifold, and one side of the electric sector are invisible to show the detail inside the magnet and vacuum manifold. Example
cycloidal ion trajectories are shown in grey. (b) Photograph of the cycloidal mass analyzer with electric sector removed from the
magnet and vacuum manifold. A quarter is included in each image for scale
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Control System

The system is controlled by a combination of custom circuits
and software packages and Keithley Instruments sourcemeters.
Potentials for the ion source, extraction, grid, and source volt-
ages are provided by three Keithley 2410 source measure units
controlled by LabView software. A custom control system
provides a basic framework for the required custom circuits
and a USB-connected user interface for manipulation of the
circuits for correct operation. The control system operates and
derives the required independent voltages from a single 24 V
DC power supply. The 24 V DC selection provides a single
common voltage for all parts of the system, both current and
future, to operate.

Using a JAVA application connected through a USB inter-
face, the control system provides control of a buck converter
using pulse width modulation (PWM) to drive the thermoelec-
tric device. User options allow the PWM driving the thermo-
electric device to be set from 0% to 90%. A platinum resistance
temperature device measures the detector temperature. The
electric sector voltages are generated from independent buck-
boost circuits and can be set with the user interface over +/–
10–50 V. The required +6-volts and +13-volts power for the
detector is derived using buck converters. A separate USB
interface and Python application control the detector. The
power requirement for the detector (including thermal manage-
ment) and electric sector is approximately 31 W.

Mass Range and Resolving Power of C-CAMMS

The mass range and resolving power of C-CAMMS depends
on the electric andmagnetic field magnitudes and the width and
position of the detector. From Equation (1.1) for the pitch of a
cycloidal mass analyzer (distance between the ion source and
position of focus of a particularm/z ratio on the detector plane),
it is evident that the change in mass between opposite ends of
the detector is given by the following equation:

L ¼ B2dz

2πE
ð2:3Þ

where L is the difference in mass between opposite ends of the
detector, B is the magnetic field strength, d is the width of the
detector, E is the electric field strength, and z is the ion charge.
The resolving power, R is equivalent to the width of the
smallest slit in the aperture, s divided by the distance between
adjacent masses, x. The distance between adjacentmasses is the
width of the detector, d divided by the change in mass between
opposite ends of the detector, L. Using the definition of resolv-
ing power and Equation (2.3), the resolving power of a cycloi-
dal mass analyzer is:

R ¼ sL

d
¼ szB2

2πE
ð2:4Þ

Solving Equation (2.4) for the electric field E, and
inserting into Equation (1.1) yields an alternative equation

for the pitch a, in terms of the resolving power and slit
feature size:

a ¼ ms

R
ð2:5Þ

Figure 3 shows plots of a versusm for a 50μmslit and various
resolving powers. In the figure, the shaded grey area represents the
extents of the detector relative to the ion source in C-CAMMSand
indicates the mass range in atomic mass units for the various
resolving powers. C-CAMMS has a magnetic field of 0.3 T.
Therefore, each mass range and resolving power in Figure 3 is
accessible by adjusting the electric field from Equation (2.4).

For the data in the Results section, we chose to use an
electric field of 823 V/m giving an expected resolving power
of ~0.08 u with a mass range of m/z = 11–45 u, a S-11 coded
aperture with a 50 μm minimum feature size, and a mixture of
50%Ar and 50% dry air. Amixture of Ar and air was chosen as
it has mass to charge peaks distributed relatively evenly
throughout the mass range and for the coded aperture spectra,
none of the aperture images will overlap, facilitating evaluation
of the aperture imaging quality.

Results
Ion Source Characterization

Ion Source Simulation The goal for the ion source is to
produce an ion beam with an energy between 15 and 20 eV
and minimal energy and angular dispersion. This section

Figure 3. Plot of cycloidal mass analyzer pitch (distance be-
tween ion source and position of focus for a particularm/z ratio
on the detector plane) versus mass to charge ratio for various
resolving powers. The grey box represents the position and
extent of the detector relative to the ion source at position
(0,0) for the C-CAMMS system showing the mass ranges and
resolving powers achievable. The inset displays the same data,
but for a larger range of masses
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presents a simulation model of the ion source using the electron
and ion optics program SIMION 8.1. The goal of the simula-
tions was to improve upon the performance of theMEMS-based
ion source described previously [47] by optimizing the operating
voltages of the ion source presented in a Section above.

In SIMION, geometry files are written to describe the di-
mensions and structure of the ion source, and voltages are
specified for each component. SIMION numerically deter-
mines the potential landscape of the structure, creating a po-
tential array file that is used to simulate electron and ion
trajectories within the geometric model. We simulated the
CNT cathodes with the ionization box, extraction aperture,
and spatial filter to determine the trajectories and energies of
the ions that were exiting the ion source model. This informa-
tion allowed us to calculate the energy and angular dispersion
of the ions. In our simulations, we assumed uniform electron
field emission from the CNTs and that electrons entering the
ionization volume create ions randomly along their path inside
the volume. Each ion source geometry and potential configu-
ration was simulated with up to 10,000 electrons and ions per
simulation. We used an iterative process to quickly converge
on a set of parameters with exit ion energies, energy dispersion,
and angular dispersion that met our goals.

Figure 4a shows a 3D SIMION model of the ion source.
Electron trajectories are shown in black and ion trajectories for

singly charged ions of mass 40 u are shown in red. There is a
0.08 T magnetic field in the simulation, matching the experi-
mental setup for measuring the energy and angular dispersion,
described below. Simulations indicate that to produce an ion
energy of 18 ± 2 eV, the electrode potentials should be as
follows: ionization box at 20 V, the extraction aperture at 6.5
V, and the spatial filter at 0 V. If different ion energies are
needed for the mass analyzer, the potentials can be changed.
The potential on the cathode was chosen as –120 V to match
the potential difference between the cathode and ionization
volume needed for field emission from the CNTs. Figure 4b
and c show the equipotential lines and ion trajectories along cut
planes through the center of the ion source. The XY-plane in
our simulation is the plane where the cycloid does not correct
for angular dispersion (Figure 4b). The YZ-plane is the plane
where the cycloid exhibits perfect double focusing (Figure 4c).
The blue equipotential lines are 2 V apart and labeled in each
plane. Electron trajectories are black and ion trajectories are
red. The angular spread of ions leaving the ion source in the
XY-plane is 0 ± 1°. The ionization volume structure and
dimensions in the XY-plane provides the equipotential land-
scape needed for low angular dispersion. The ions travel per-
pendicular to the apertures because the equipotential lines and
bottom substrate are parallel to the apertures. The extraction
aperture is a single 1 mm × 1 mm opening that blocks ions
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Figure 4. Results from ion source SIMION simulation. Ion trajectories are colored red, electron trajectories are black, and 2V spaced
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formed near the boundary of the ionization volume where the
equipotential lines are curved. In the YZ-plane, the calculated
value of angular spread is 0 ± 4°. This value of angular
dispersion could be lowered by widening the ionization box
to flatten the equipotential lines. However, this would increase
the size of the ion source by a few mm, so we chose to keep the
dimensions of the ion source small and let the cycloidal mass
analyzer correct the dispersion in this dimension.

Ion Source Experimental Measurements

To characterize the ion source, we performed measurements of
the energy and angular dispersion and then compared to the
simulation results.

Energy Dispersion The energy dispersion of the ion source
was characterized using a stopping potential experiment. In this
experiment, the ion source and the CTIA detector described
above were aligned so that ions exiting the ion source will
collide with the detector’s surface. A metal retarding grid is
placed between the ion source and detector and its potential
varied. Ions created in the ion source travel out of the spatial
filter through a cylindrical cavity towards the retarding grid. If
an ion has a kinetic energy in electron volts that is greater than
the potential placed on the retarding grid, the ion will pass
through the grid and collide with the CTIA detector. During the
experiments, the detector is cooled to –5 °C by a thermoelectric
device to reduce thermal noise. All components are mounted to
a PC board that serves as the vacuum feedthrough. The system
pressure is held at 5 × 10–5 Torr by controlling the flow through
the needle valve. The vacuum chamber is an aluminum block
and two permanent magnets (K&JMagnetics B88X0 Ni-Fe-B)
are located on opposite sides of the aluminum block to create a

0.08 T magnetic field parallel to the electron trajectories.
Figure 5a provides a schematic of the experimental measure-
ment device. Photographs of the experimental setup have been
presented elsewhere [47].

Using Keithley 2410 source measure units, the ion source
components were initially biasedwith the values determined by
the simulations in section above (ionization volume at 20 V,
extraction aperture at 6.5 V, and the spatial filter at 0 V). The
potential on the cathode was varied from –160 V to –140 V to
achieve a constant 1 μA of electron emission. However, as was
observed in the MEMS based ion source reported previously,
the potentials predicted by simulation did not result in an ion
signal at the detector. As a result, we placed the ion source in
the C-CAMMS first generation prototype and determined the
voltages that produced the best mass spectrum. These voltages
were 40 V on the ionization box, 17 V on the extraction
aperture, and 0 V on the spatial filter. The difference in the
voltages predicted by simulation and those producing the best
spectrum are discussed below.

Using the voltages determined using the C-CAMMS proto-
type, the energy dispersion was measured by scanning the
voltage applied to the retarding grid from 0–30 V in 1 V steps.
At each voltage step, the detected ion current data was recorded
50 times. Any data point two standard deviations from the
mean was removed. This was done to account for the ion signal
fluctuations caused by tracking error in the constant current
circuit. To produce a constant current from a CNT bundle, a
varying cathode voltage was produced by the Keithley 2410.
When the voltage needed to provide a constant current changes
faster than the Keithley 2410 can adjust for, it overcorrects the
voltage, therefore the ion current fluctuations follow the fluc-
tuation in cathode voltage. After correcting for these fluctua-
tions, measuring the full width at half maximum (FWHM) of
the derivative of the stopping potential curve yielded an energy
dispersion of 14 ± 2 eV (Figure 5b).

Figure 5. (a) Schematic of energy dispersion experimental setup. (b) Energy dispersion data. Ion current intensity is shown on the
left y-axis, sweeping retarding grid potential on the x-axis, the derivative of the retarding potential data on the right y-axis, and the
fitted Gaussian as the dashed black line. The average energy of the ions was 14 eV with a FWHM energy dispersion of 2 eV
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Angular Dispersion Angular dispersion along two planes
was measured using the setup described in reference [47] with
the same potentials used to measure energy dispersion. The
angular dispersion along the mass dispersive plane, corre-
sponding to the YZ-plane in the simulation, was calculated
by comparing the spatial filters width to the width of the ion
signal’s extent on the detector and measuring the distance
between the ion source and detector. The measured angular
dispersion was 0 ± 9°, approximately 2× the simulated value.
The angular dispersion in the out-of-plane direction, corre-
sponding to the XY-plane in simulation, was evaluated inside
the cycloidal mass analyzer and described in another section.

Difference Between Ion Source Simulation and Experiment
Similar to the MEMS-based CNT field emission ion source
described previously, the potentials suggested by simulation
did not produce a signal at the detector. Achieving a signal
required increasing the potentials [47]. Simulations using the
voltages on the ion source electrodes optimized experimentally
using C-CAMMS showed an energy of 37 ± 2 eV, about
double the experimentally measured value. The angular spread
in the XY-plane was 0 ± 1°, and the angular spread in the YZ-
plane was 0 ± 4°, similar to the angular dispersion for the
voltages optimized in simulation and half the experimentally
observed value. Figure S5a and S5b show the equipotential
lines, electron trajectories, and ion trajectories along cut planes
through the center of the ion source for the voltages suggested
by C-CAMMS optimization. The larger potentials required in
the experiment could be a result of voltage drops due to contact
resistances throughout the device. It is also possible that the
simple field emission model assuming uniform emission from
the surface of the CNT bundle is not correctly representing the
electron trajectories from the CNTs through the grid and ion-
ization volume. A difference in electron trajectories from the
CNTs could change the ionization location resulting in a shift
in the operating voltages required for ion detection. In addition,
the simulation does not take into account space charge effects
inside the ion source, which could affect the angular dispersion
and explain the 2× larger angular dispersion in the experimental
measurement.

Results Using a Single 50 μm Slit

Figure 6a shows a comparison of experimental and simulated
spectra of a mixture of 50% argon and 50% dry air using a
single 50 μm slit at the exit of the ion source. The simulated
spectrum is based on data from the NIST Chemistry WebBook
[51] and assumes perfect mapping of the 50 μm slit to a 50 μm
wide image at the detector. The spectra are normalized to the
m/z = 40 peak. The peaks at m/z = 20 and 40 represent singly
and doubly charged argon, respectively; m/z = 14 and 28
represent singly and doubly charged nitrogen, respectively;
and m/z = 16 and 32 represent singly and doubly charged
oxygen. The peaks are similar in relative intensity to the NIST
data. This indicates that the angular dispersion of the ion source

in the YZ-plane where the cycloid does not have focusing
properties is relatively small. If the energy dispersion were
large in the YZ plane, the image of the slit would be magnified
in the Z-direction as a function of the ion path length. Corre-
spondingly, the intensity of the higher mass to charge ratios
would be low due to ions hitting the detector plane outside the
detector pixel active area. The spectrum also contains peaks at
m/z = 17 and 18 indicating a small quantity of water in the
system despite the use of dry air.

The resolving power of the experimental data, measured by
taking the full width at half max of the peaks, ranges between
0.2 and 0.4 u, with better resolving power at lower m/z. In a
perfect focusing cycloidal mass analyzer, the width of the peak
on the detector should be the same as the width of the slit in the
aperture over the entire mass range. In this case, the width of
the slit is 50 μm, which corresponds to an expected resolving
power of 0.08 u. There are several possibilities for the larger
image of the slit at the detector, including uniformity of the
electric field, alignment of the detector with the mass analyzer
focal plane, and space charge. These possibilities are presented
in more detail in the Discussion section.

To demonstrate the analysis of additional chemical species,
spectra of lab air and methanol were also collected using both
the C-CAMMS instrument and a Stanford Research Systems
RGBA-300 (Figure S6).

Results with an S-11 Coded Aperture

Figure 6b shows a comparison of experimental and simulated
spectra of a mixture of 50% argon and 50% dry air using a S-11
coded aperture with a 50 μm minimum feature size at the exit
of the ion source. The S-11 aperture has an ideal throughput
increase of 6× over a single slit with the same minimum feature
size. The simulated spectrum is based on data from the NIST
Chemistry WebBook [51] and assumes perfect mapping of the
S-11 aperture on the detector. The relative intensity is scaled
such that the intensity of the peak corresponding to the 50 μm
slit in the S-11 aperture atm/z = 40 has a relative intensity of 1.
This will enable comparison of the relative intensity after
reconstruction. The relative intensity of the aperture images
for eachmass-to-charge ratio match the NIST data very well. In
addition, each of the three slits in the S-11 aperture are imaged
for all mass-to-charge ratios. Figure 6c shows a magnified view
of the aperture image for nitrogen at m/z = 28. The imaging is
not ideal in that the signal does not go back to the baseline
between the slits as it does in the ideal image. Similar to the
single slit, the differences between the ideal and experimental
data can be explained by the non-uniformity of the electric
field, alignment of the detector with the mass analyzer focal
plane, and space charge. These differences are presented in
more detail in the Discussion section. In addition, the baseline
nearm/z = 28 andm/z = 40 shows some distortion betweenm/z
= 22-30 andm/z = 32-42. A similar distortion is seen in the data
from the 50 μm slit. This distortion may be due to ions with
very large energy or oblique angles of exit from the ion source
that result in scattering from the electric sector electrodes.
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Spectral Reconstructions

In our previous work with the 90° sector, a sophisticated
calibration process was required to reconstruct the spectra from
the raw data as the 90 ° sector did not have the focusing
properties of the cycloidal instrument [12, 13]. Here, since
the cycloidal mass analyzer nominally produces a 1:1 image
of the coded aperture on the detector, we can use a simple
calibration and spectral reconstruction process.

The experimental measurement is the convolution of the
system response with the input spectrum where m is the exper-
imental measurement, s is the input spectrum, and r is the
system response.

m ¼ r*s ð3:1Þ

We can estimate the system response r̂ (note that variables
with a caret represent estimations where variables without the
caret are the true values), or calibrate the system by deconvolving
the true spectrum s from the acquired measurements m

r̂̂ ¼ F m½ �=F s½ �½ � ð3:2Þ
where the BF^ represents a Fourier transform operation, and
BF-1^ represents an inverse Fourier transform operation. The
system response r is analogous to the point spread function in
optical imaging. Spectral reconstruction is then performed by
de-convolving the acquired measurements m with the estimated
system response r̂, as follows:

ŝ̂¼ F−1 F m½ �=F r̂̂½ �½ �: ð3:3Þ
In practice, to de-convolve the acquired measurements with

the system response we use the Richardson-Lucy de-

convolution algorithm as it is numerically more stable than
the inverse Fourier transform [52, 53].

Figure 7a shows the results of a spectral reconstruction of
the slit data compared with the raw data from the slit. The
reconstructed data removes some of the peak broadening and
has a better resolving power (~0.1 u FWHM) than the raw slit
data, leading to an approximately 2.5× increase in signal inten-
sity. Figure 7b shows the results of a reconstruction of the S-11
coded aperture compared with the results of the slit reconstruc-
tion. Here the results show an approximately 10× increase in
signal intensity over the raw slit data. Furthermore, the resolv-
ing power is the same as that of the reconstructed slit data at 0.1
u (FWHM). However, the reconstruction is not perfect in that
the peaks in the spectrum have small artifacts to the left of the
main peak. These artifacts are likely a result of the imperfec-
tions in the imaging of the coded aperture due to the electric
field uniformity and alignment of the mass analyzer focal plane
with the detector as mentioned above and discussed below.

Discussion
The Results section shows the first application of coded aper-
tures in a cycloidal mass analyzer. Results show that the
cycloid is compatible with aperture coding. We achieved a
>10× increase in instrument throughput with the S-11 coded
aperture. However, the reconstructions showed some artifacts.
We discuss below the three main factors affecting imaging
quality in this first generation C-CAMMS prototype: field
uniformity, position of the detector in the mass analyzer focal
plane, and space charge.
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The imaging properties of the cycloidal mass analyzer de-
pend on the uniformity of the electric and magnetic fields.
Landry et al. [49] investigated using simulation the effects of
field uniformity on the aperture imaging quality. Based on the
simulation results, the magnet geometry used in C-CAMMS
should have sufficient magnetic field uniformity to achieve
good aperture imaging across the detector. However, the elec-
tric field produced by the electric sector configuration used here
is not sufficient to achieve good aperture imaging due to non-
uniform fields near the ion source. Landry et al. describe a new
electric sector configuration that will correct this issue [49].

In addition to field uniformity, positioning the detector at
the exact focal plane of the mass analyzer is required for
optimal aperture imaging. Figure 8a and b show simulations
of ion trajectories in a cycloidal analyzer with different initial
energy and angular distributions using an S-11 aperture at the
ion source. The insets show amagnified view of the trajectories
as they cross the detector plane. For the simulation with ions
that have a small initial momentum distribution, the depth of
focus (DoF) is large, and the aperture is imaged on the detector
over a wide range of positions (Figure 8a). However, for the
simulation with ions that have a large initial energy and angular
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Figure 7. (a) Reconstructed data from the 50 μm slit. (b) Reconstructed data from the S-11 coded aperture
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distribution (close to the velocity distribution of the ion source
used in the experiments), the DoF is small and the aperture is
only imaged for a small range of detector positions (Figure 8b).
Therefore, while the cycloid has perfect double focusing prop-
erties, the DoF for imaging is inversely proportional to the
amount of dispersion in the ion source. In the current prototype,
we have limited ability to change the position of the detector
relative to the electric sector. Therefore, some of the blurring of
the aperture image, as well as non-uniform resolving power
across the detector, is a result of misalignment of the detector
with the mass analyzer focal plane.

Space charge could also contribute to poor coded aperture
imaging quality. Robinson showed that to first order, space
charge effects shift the focal plane of the cycloidal mass ana-
lyzer [22]. As such, the effects of space charge will be similar to
those described above for misalignment of the detector with the
focal plane of the mass analyzer. Potential solutions to space
charge and misalignment of the detector with the mass analyzer
focal plane include addition of a linear positioner to adjust the
relative position of the electric sector and detector plane or
introduction of a linear gradient in the electric field, as sug-
gested in Robinson et al. [21, 22].

Conclusion
This paper presented a proof of concept demonstration of a
miniature cycloidal mass analyzer incorporating aperture cod-
ing, a CNT field emission electron ionization source, and an
ion array detector. To improve coded aperture imaging, future
prototypes will incorporate an improved electric sector with a
more uniform field, similar to that described by Landry et al.
[49], along with a linear positioner to adjust the position of the
mass analyzer relative to the detector. In addition, as discussed
above, there are several ways to improve the ion energy and
angular dispersion and thereby increase the DoF. Finally, we
will incorporate more complex coded apertures to further in-
crease the instrument throughput as well as miniaturize the
electronics and vacuum systems.
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