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ABSTRACT 
The Compact Ion Mass Spectrometer (CIMS) is an ultra-low resource ion mass spectrometer being designed to make 
observations of low-energy space plasmas such as that in planetary ionospheres. The CIMS utilizes a laminated 
collimator to define the field-of-view, a laminated electrostatic analyzer to selectively filter ions based on energy-per-
charge (E/q), a magnetic sector analyzer to separate ions by mass-per-charge (M/q), and a microchannel plate with a 
position sensitive cross-delay anode assembly (XDL/MCP) to detect the location of the ions on the detector plane. 
This ion mass spectrometer is a simple, compact, and robust instrument ideal for obtaining low-energy (0.1 eV to 1000 
eV) ion composition measurements of terrestrial and planetary ionospheres. The combination of the laminated 
analyzer design, which creates a ribbon-like signal beam, and large area (XDL/MCP) imaging anode allows for a mass 
resolution (M/ΔM) of approximately sixteen, which is comparable to state-of-the-art ion mass spectrometers. The 
laminated ESA design incorporates a large number of independent analyzer elements in a grid configuration which 
allows for the geometric factor, i.e. instrument sensitivity, to be scaled as a function of the total number of elements. 
This scalability provides for custom CIMS instruments each specifically tailored for a space plasma environment. The 
concept and operation are intrinsically simple and enable ultrafast (~50 kHz) measurement of plasma ion composition 
to provide an improved understanding of the physical processes that drive complex ion dynamics in planetary 
ionospheres. The CIMS’s low-resource constraints make it a viable candidate for implementation in missions requiring 
multi-point observations using satellite constellations, as a primary payload on a CubeSat platform, or as a science 
payload on a resource constrained spacecraft destined for planetary environments. We outline the design, simulated 
instrument response, and initial laboratory results of the CIMS prototype. Additionally, we then use the results from 
initial calibration tests and our refined electro-optic model to simulate the instrument response in the terrestrial 
ionosphere and in the vicinity of various planetary bodies in the local solar system. 

INTRODUCTION 
Ion mass spectrometers have been an integral component 
of heliospheric and planetary missions since the dawn of 
the space age  ̶  providing critical observations regarding 
the plasma composition, sources, sinks, and acceleration 
mechanisms of the terrestrial ionosphere and 
magnetosphere [1]. The two predominant approaches 
used in current space instrumentation to obtain ion 
composition measurements are through temporal or 
spatial methods. Time-of-flight (TOF) ion mass 
spectrometers measure the time it takes for an ion of 
known energy to traverse a given length and utilize, for 
example, thin carbon foils to trigger timing electronics 
[2] and linear-electric-fields (LEF) to achieve high mass 
resolution via time focusing [3]. These observations 
require additional resources such as sophisticated timing 
electronics, long drift regions, and high voltage power 
supplies. While these instruments are exquisite in both 
design and capability the measurement sensitivity comes 
at a high-cost that excludes them from smaller missions 

operating under ever increasing fiscal constraints or for 
implementation as science payloads of large 
constellations required for ubiquitous multi-point space 
plasma measurements. Ion mass spectrometers utilizing 
magnetic analyzers separate ions spatially by altering 
their trajectories based on M/q [4]. This design offers 
advantages such as it does not require numerous static or 
sweeping voltages which entail additional power 
supplies and complex electronics, as do TOF ion mass 
spectrometers. Disadvantages of the magnetic sector 
analyzer include high mass requirements for the 
magnetic material needed to sufficiently bend ions with 
energy of tens of keV. Due to the very low energy ions 
of planetary ionospheres of interest for the CIMS design 
the mass requirement is reduced. 

Historically, instrument design has been guided by the 
philosophy of “build to performance” however the 
current fiscal environment of ever dwindling budgets 
and limited opportunities has revitalized the demand for 
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low-resource instruments that can yield relevant science 
return [5, 6, 7, 8]. Additionally, as the space physics 
community has developed a growing interest in the 
benefits of CubeSat missions, with their ability to 
provide spatial and temporal measurements at a reduced 
cost, there has been an increased focus in the 
development of miniaturized instruments capable of 
providing salient data with minimal mass, volume, and 
power consumption requirements. In support of this 
emerging trend, NASA has developed the CubeSat 
Launch Initiative which provides NASA a mechanism 
for low-cost technology development and scientific 
research to help bridge strategic knowledge gaps and 
accelerate flight-qualified technology [9]. 

The CIMS’s low-resource constraints make it a viable 
candidate for implementation in missions requiring 
multi-point observations using satellite constellations, as 
a primary payload on a CubeSat platform, or as a science 
payload on a resource constrained spacecraft destined for 
planetary environments. The low-resource requirements 
of the CIMS instrument, in combination with the relaxed 
fabrication techniques and ease of assembly, allows for 
rapid production of a number of sensors which can then 
be readily added as an auxiliary payload to any number 
of satellite platforms to obtain the necessary 
observations of low-energy plasma in planetary 
ionospheres or the solar wind. 

Notably, the National Academy of Sciences 2022 
Decadal Survey of Planetary Science has identified a 
Uranus Orbiter as the “highest priority new Flagship 
mission for the decade 2023-2032”. Uranus is one of the 
most intriguing bodies in the solar system, having an 
extreme axial tilt giving rise to one of the most dynamic 
and complex magnetospheres in the solar system. 
Because of the great distance to Uranus, the payload 
must scrupulously economize mass to reach Uranus in a 
reasonable time. Innovative low-resource instrument 
concepts such as CIMS are needed to fill the call for 
science observations for missions such as this. 

THE CIMS INSTRUMENT OVERVIEW 

The CIMS instrument is a double focusing mass 
spectrometer and utilizes electric and magnetic field 
geometries to focus in both direction and energy. This 
design, based on the Mattauch-Herzog geometry, allows 
for multiple ion species to become spatially distributed 
by M/q along the focal plane as a true mass spectrum 
[10]. The instrument is comprised of: (1) a laminated 
collimator to set the field-of-view (FOV); (2) a laminated 
electrostatic analyzer (ESA) to selectively filter ions by 
E/q; (3) a magnetic sector analyzer to separate ions by 
M/q; and (4) a microchannel plate (MCP) followed by 
position sensitive cross delay anode (XDL) assembly to 

detect the location of the ions on the detector plane. The 
CIMS instrument concept is illustrated in Figure 1. 

 

Figure 1. Magnified cross-sectional view for a single 
laminated electrostatic analyzer element showing 
the collimator, (1) the entrance aperture plate, (2) 
electrostatic analyzer cavity, and (3) exit aperture 
plate. (bottom) The complete end-to-end SIMION 
simulation of the CIMS discriminating ion species 

with incident energy of 534 eV. 
Previous versions of laminated plasma spectrometers 
have successfully flown; however, they were constructed 
using high-cost silicon wafers created using 
microelectromechanical fabrication techniques such as 
deep reactive ion etching [11, 12, 13]. The CIMS 
laminated analyzer design uses laser etching of stainless-
steel sheets and electro-discharge machining (EDM) of 
aluminum, tungsten, or titanium to produce extremely 
robust and low-cost electrostatic analyzers while 
maintaining high instrument performance critical to 
science return. The implementation of laser etched 
stainless steel laminated electrodes has been successfully 
demonstrated in a constellation of plasma spectrometers 
designed and developed to provide observations of 
ionospheric plasma and subsequent spacecraft charging 
[14, 15]. These previous instruments were based on a 
retarding potential analyzer design and are effectively 
high-pass energy filters. For ion mass spectroscopy 
applications, a narrow energy band is required therefore 
a prototype sensor head for CIMS was developed to act 
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as an ion energy bandpass filter and is shown in Figure 2 
(top). The CIMS rendered mechanical design is shown 
in Figure 2 (bottom). 

 

 

Figure 2. (top) Photograph of the CIMS prototype 
front-end laminated collimator and electrostatic 
analyzer. (bottom) Rendered CAD model of the 

CIMS sensor head. 
Laminated Collimator and Electrostatic Analyzer 
Description 

The baffled collimator is based on previous laminated 
analyzer designs such as the FlaPS [13] and Canary [12] 
instruments. The collimator section is necessary to 
reduce scatter and prevent off-angle incident ions from 
entering the detector in addition to preventing photons 
from entering the analyzer and creating background 
counts on the MCP [16]. A schematic of the front-end 
collimator and the electrostatic analyzer is shown in 
Figure 1 (top). After exiting the collimator, the ions enter 
the electric field generated between the two parallel 
plates of the electrostatic analyzer cavity. The ESA 
portion of the sensor head is based on a laminated design 
and is composed of three stacked conducting electrode 
layers with precise patterns of holes and slots machined 
in each layer to create several analyzer elements that 
consist of: (1) an entrance aperture, (2) ESA cavity, and 
(3) exit aperture, as depicted in the exploded CAD model 
in Figure 3 (top). 

The entrance and exit apertures are rectangular slots with 
typical dimensions on the order of one hundred to several 
hundred microns, where height, h, is the height of the 
entrance aperture. The slits are laser etched in stainless 

steel plates and define the analyzer FOV. These slits are 
100 by 200 μm. The ESA cavities are created using an 
EDM technique to create the internal channels depicted 
as region (2) shown in Figure 1. The overall channel 
height and length are designated H and L, respectively. 
The electrostatic analyzer cavity is created using 
interlacing aluminum fins such that the two segments 
biased to V1 and V2 are isolated from each other using 
thin insulating spacers and the anode is mounted 
downstream of the exit aperture, both of which are not 
shown for clarity. 

 

Figure 3. (top) Exploded view of the laminated 
electrostatic analyzer design depicting (from left to 
right) the entrance aperture, ESA cavity, and exit 
aperture layers. (bottom) hi-magnification image 
using Keyence microscope of the front face of the 

prototype sensor [17]. 
The electric field is created by applying a bias to the 
discriminator plate, V1, while holding the opposite plate, 
V2, at the host vehicle ground. In this biasing scheme V1 
is referred to as VESA. The combination of the applied 
electric field and analyzer geometry allow ions within a 
narrow range of a specified bandpass energy, E/q = Eset, 
to successfully travel through the entrance aperture, 
become deflected by the transverse electric field in the 
ESA cavity, and exit the cavity to enter the magnetic 
analyzer section as shown in Figure 1. The analyzer 
geometry alone determines the range of E/q accepted. 
Using the derivation of Feldmesser, et al. [12], the 
analyzer constant, k, can be calculated from the physical 
dimensions of the ESA 

 𝑘𝑘 =
1

4𝑓𝑓
�
𝐿𝐿
𝐻𝐻
�
2

 (1) 

where L is the length of the ESA, H is the center-to-
center distance of the aperture openings within the ESA 
cavity, and f = H/(H+h), as shown in Figure 1. An 
accurate knowledge of the analyzer constant allows for 
determination of the incident charged particle energy 
through the relationship 
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 𝐸𝐸 = 𝑘𝑘 ∙ 𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸 (2) 

where E is the streaming charged particle energy in eV 
and VESA is the bias voltage in volts on the ESA. Of equal 
importance to the analyzer constant is the energy 
resolution, which is the ability of the sensor to 
distinguish between ions of similar energy. The physical 
dimensions of the ESA design dictate the ideal energy 
resolution as follows 

 �
∆𝐸𝐸
𝐸𝐸
�
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹

=
4𝑓𝑓(1− 𝑓𝑓)

3𝑓𝑓2 + 2𝑓𝑓 − 1 (3) 

where (∆E/E)FWHM is the energy resolution at the full 
width at half maximum (FWHM). The specific physical 
dimensions of the prototype ESA are compared to the 
refined CIMS ESA and the resulting analytical 
coefficients are listed below in Table 1. The energy 
resolution and analyzer constant can be adjusted to meet 
specific criteria through careful design of the physical 
parameters; however, the analytical values for these 
parameters require experimental characterization against 
a charged particle source. As with all electrostatic 
analyzers deviations in the physical sensor head due to 
machining and mechanical tolerances can lead to 
discrepancies between the analytical design and 
operational instrument response. The current analyzer 
constant for the CIMS ESA design requires a 150 V 
power supply to measure the ion energies of interest (<1 
keV). 

Table 1: ESA physical dimensions and analytic 
coefficients. 

Design L 
(μm) 

H 
(μm) 

h 
(μm) 

f k �
∆𝑬𝑬
𝑬𝑬
�
𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭

 

Proto-
typea 2400 550 150 0.786 6.06 0.278 

CIMS 3500 700 100 0.875 7.01 0.144 

(a)This prototype refers to the proof of concept of the low-resource 
laminated ESA described by Maldonado [17]. 

Electro-optic Modeling Results 

The optimization of the CIMS performance as a function 
of energy and mass resolution has been the focus of 
previous research efforts [18]. The CIMS instrument 
concept, illustrated in Figure 1, was modeled using the 
SIMION software package [19] using ion species 
relevant to planetary ionospheres to demonstrate the 
feasibility of the design. These initial results for ion 
species separation based on mass and charge state 
provide confidence that the instrument has the potential 
to make critical measurements of planetary ionospheres 
and cold magnetospheric ion populations in terms of 
species, energy, and flux. Modeling of the collimator and 
electrostatic analyzer electro-optics was conducted to 

provide preliminary analysis of the CIMS instrument 
performance in terms of the analyzer constant, energy 
resolution, FOV, and geometric factor. The simulations 
use the Monte-Carlo method to compute an isotropic 
input distribution over five significant input variables. 
The initial ion kinetic energy, particle source plane, and 
tangential velocity component were randomly generated 
within a range such that the entire response of the 
instrument was captured at each extreme. This method is 
described in detail in Collinson et al. [20]. 

While the laminated analyzer design is a somewhat 
unique plasma spectrometer design, it is at a fundamental 
level, deflector-type electrostatic analyzer and can 
therefore be characterized in terms of the classic ESA 
parameters. The characteristics of merit for electrostatic 
analyzer performance analysis are the analyzer constant, 
energy resolution, angular resolution, and geometric 
factor. Simulations using the input distribution shown 
previously were performed for ESA voltages (VESA) 
starting at 0.1 V and then for each integer voltage from 
1 to 150 V. Ions that pass through the ESA cavity and 
exit aperture are cataloged and used to derive histograms 
for the number of detected ions with respect to initial ion 
kinetic energy and ESA plate voltage. The result for the 
analyzer constant, energy resolution, and acceptance 
angles over the projected energy range of the instrument 
shown are listed in Table 2. 

Table 2. ESA parameters for a single analyzer 
element obtained from the electro-optic model. 

Elevation 
(deg) 

Azimuth 
(deg) 

GF 
(cm2 sr eV/eV) k �

∆𝑬𝑬
𝑬𝑬
�
𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭

 

±2.3±.07 ±3.1±.07 4.8 ± 0.2 ×10-8 7.01 0.278 

A fundamental parameter used to characterize plasma 
spectrometer performance is the geometric factor, GF, 
which is an effective measure of the instrument 
sensitivity and is a product of the collection area, energy-
angle acceptancy, and efficiency of the instrument [20, 
8]. The count rate is for a differential number flux Fi and 
species i at an energy Ej is 

 𝐶𝐶𝑖𝑖�𝐸𝐸𝑗𝑗� = 𝐹𝐹𝑖𝑖�𝐸𝐸𝑗𝑗�𝔾𝔾𝔾𝔾𝑖𝑖𝑖𝑖𝑖𝑖∆𝑡𝑡     (𝑐𝑐𝑐𝑐𝑐𝑐/𝑠𝑠). (5) 

The derivation and method of determining the geometric 
factor through ray-tracing simulation is described in 
detail by Collinson et al. [20] and is used here to estimate 
the CIMS instrument response to an isotropic input 
distribution, 

 𝔾𝔾𝔾𝔾𝑘𝑘 = 𝐶𝐶𝑘𝑘∆𝑥𝑥𝑥𝑥𝑥𝑥𝐸𝐸�𝐷𝐷 𝑐𝑐𝑐𝑐𝑐𝑐2 𝜃𝜃�𝐷𝐷∆𝐸𝐸𝐷𝐷∆𝜃𝜃𝐷𝐷∆𝜙𝜙
𝑁𝑁𝑖𝑖𝑖𝑖𝐸𝐸0

2 . (6) 

Where k is an index spanning ESA voltage, Ck is the 
number of detected ions at plate voltage k, Δ y is the area 
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of the particle source, 𝐸𝐸𝐷𝐷���� is the mean ion kinetic energy 
simulated, 𝜃𝜃𝐷𝐷��� is the mean elevation angle, ΔED is the 
range of ion kinetic energy, 𝜃𝜃𝐷𝐷 is the range of simulated 
elevation angles, ΔΦ is the range of simulated azimuth 
angles, Nin is the number of particles simulated, and E0 is 
the mean kinetic energy of the detected distribution.  

The geometric factor for a single laminated ESA element 
is not large, however, the laminated design allows for the 
fabrication of an array of many elements. The CIMS 
instrument is a collection of hundreds to thousands of 
similar channels, therefore the whole instrument 
geometric factor can be up to three orders of magnitude 
greater than the displayed value. Since the geometric 
factor of the individual analyzer elements is independent, 
any number of elements can be populated on a detector 
face to provide the appropriate sensitivity. Therefore, 
creating an “ion ribbon beam” from the CIMS ESA 
through the magnetic analyzer will require an array of 
elements that is one element tall, i.e. a single row, by 82 
elements wide providing a geometric factor of 1.14 10-6  
cm2 sr eV/eV. 

 

Figure 4. CIMS instrument response with regard to 
mass resolution at various planetary 

The ability of CIMS to distinguish between ion 
populations found in various planetary ionospheres and 
regions of the solar system was modeled and shown in 
Figure 4. The same number of particles for each ion 
species population were simulated and the positions on 
the MCP were modeled. The locations and populations 
simulated were: (A) Earth, (B) Venus, (C) Jupiter – near 
Europa, (D) Saturn, and (E) the pristine Solar Wind. 
Note, SO2

+ was also investigated for Jupiter but did not 
impinge on the detector. Each system was sampled using 

the same magnetic configuration, for a dedicated mission 
the instrument will be adjusted to fully sample the 
anticipated environment. 

Analytic test results of the instrument sensitivity in 
various space environments are shown in Figure 5. 
Dashed lines are the measurement limit (i.e., one-count 
level of the instrument) calculated from relating 
equations 

 𝐶𝐶=𝜀𝜀⋅𝐺𝐺𝐺𝐺⋅𝐸𝐸⋅𝑗𝑗⋅Δ𝑡𝑡 (7) 

 𝑗𝑗 =
2𝐸𝐸
𝑚𝑚2 ∙ 𝑓𝑓 

(8) 

where 𝐶𝐶 is counts, 𝜀𝜀 is detection efficiency, 𝐺𝐺𝐺𝐺= 
1.4×10−6 𝑠𝑠𝑠𝑠 𝑐𝑐𝑐𝑐2 𝑒𝑒𝑒𝑒/𝑒𝑒𝑒𝑒 is the geometric factor 
(corresponding to 84 ESA channels), 𝐸𝐸 is energy ranging 
from 1 𝑒𝑒𝑒𝑒/𝑞𝑞 to 10 𝑘𝑘𝑘𝑘𝑘𝑘/𝑞𝑞, 𝑗𝑗 is flux, Δ𝑡𝑡=1𝑠𝑠 is the 
instrument duty cycle, and 𝑓𝑓 is phase space density. 
Solid lines are the realistic plasma distribution at (A) the 
ionosphere of Venus, (B) Jupiter’s magnetosphere, and 
(C & D) the terrestrial ionosphere with/without 
spacecraft potential (Φ𝑆𝑆𝑆𝑆=−10V). Incorporating the 
spacecraft potential is an essential part in understanding 
the energy distributions of low-energy ionospheric ions. 
Spacecraft operating in the Earth’s ionosphere develop 
negative spacecraft potential which then accelerates ions 
to spacecraft and detector surfaces. This acceleration 
mechanism has been shown to have an impact on ion 
trajectories, energy distribution measurements, and 
resulting moments [21, 22]. These test results show that 
CIMS has adequate instrument sensitivity and energy 
range to measure both ionospheric and magnetospheric 
ions within terrestrial and planetary magnetospheres. 
Plasma distributions were obtained from Dougherty et 
al. [23], Bilitza et al. [24], Miller and Whitten [25], and 
Wilson et al. [26]. 
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Figure 5. Analytic test results of the instrument 
sensitivity in various space environments. Dashed 
lines indicate measurement limit of the instrument 
and solid lines are known ion phase space density 

distributions. CIMS can properly measure the bulk 
ion distribution. 

 

Initial Laminated ESA Results 

The CIMS laminated collimator and ESA sensor front-
end was tested against a low energy plasma source in an 
effort to simulate the low-Earth orbit (LEO) plasma 
environment where satellites and spacecraft regularly 
charge to negative potentials [27]. The testing was 
conducted using a transverse magnetic filter plasma 

source capable of simulating the Earth’s ionospheric 
environment. The source produces streaming ions with 
energy of approximately 2-5 eV and a low electron 
temperature of approximately 0.2 eV [28, 29]. The 
density of the plasma produced is between 1.4 × 106 and 
4.4 × 107 cm-3 when measured at a distance of 1 meter 
downstream from the source [30]. 

The ESA was mounted to a 0.4 m square aluminum plate 
to simulate the instrument being mounted to a spacecraft 
panel. Measurements were conducted while biasing the 
plate at seven different spacecraft voltages with the 
sensor head ground referenced to the plate voltage. The 
distance between the sensor head and exit aperture of the 
plasma source was 0.25 m, as shown in Figure 6.  

 

Figure 6. Photograph of the laminated collimator 
and ESA front-end during testing against the LEO 

plasma source. 
These initial tests were used to experimentally determine 
the analyzer constant and evaluate the ability of the 
CIMS front-end sensor to monitor spacecraft charge. The 
plasma source was operated at a flow rate of 10 sccm 
Argon, with anode current and voltage of 7.5 A and 31 
V, respectively. The streaming ion energy was measured 
using a retarding potential analyzer (RPA) prior to 
conducting ESA measurements to provide a baseline 
comparison. The RPA measurements returned an ion 
energy of 3.2 eV at the specified source operating 
parameters. An external power supply was used to bias 
the instrument such that the ground reference for the 
sensor could be set to a negative potential, thus 
simulating a negative spacecraft frame charge. The 
measured ESA distributions as a function of the 
increasing negative applied bias from -10 to -35 V are 
shown in Figure 9 from left to right. The total energy 
peaks are well defined and increase as expected due to 
the additional energy imparted to the incident ions as 
they passed through the potential difference between the 
plasma field and the ESA ground reference. 
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Figure 7. ESA measurements as a function of 
simulated spacecraft bias. 

The analyzer constant was determined by using the 
combined magnitude of the streaming ion energy and 
applied spacecraft bias to obtain the total energy and is 
shown in Figure 8. For example, at -10 V applied 
spacecraft bias, the ESA should measure 13.2 eV ions. 
The average analyzer constant from -10 to -30 V applied 
spacecraft bias is 6.0 ± 0.05. The values at -5 and -35 V 
were excluded as outliers. Future work will include a 
minimum of ten measurements at each applied 
spacecraft bias to reduce the effect of outliers and obtain 
standard deviations for measurements. 

 

Figure 8. Analyzer constant as a function of 
simulated spacecraft bias. 

The experimental (7.01) and simulation (5.8 ± 0.5) 
determined analyzer constants were then applied to the 
ESA measurements shown in Figure 7 to convert to 
energy. The linear blue line indicates the anticipated total 
ion energy of 3.2 eV plus the additional acceleration due 
to the applied spacecraft bias. While the initial ESA data 
follow a similar trend, additional measurements are 
needed to obtain standard deviations and assess error.  

 

Figure 9. ESA measurements converted to energy 
using the experimental and simulation determined 

analyzer constants. 
 

Magnetic Analyzer Section 

A magnetic analyzer section, created utilizing samarium-
cobalt permanent magnets, will be positioned 
downstream of the electrostatic analyzer to separate ions 
based on momentum-to-charge, M/q. The low-energy 
range of the CIMS results in a reduced magnetic field 
strength requirement and therefore less magnetic 
material for a low-resource instrument profile. Ions will 
exit the electrostatic analyzer section within a narrow 
range of the selected bandpass energy and be post-
accelerated by 3 kV using an electroformed nickel mesh 
grid. The ions will then enter the magnetic analyzer 
section and the ion trajectories will subsequently diverge 
based on M/q such that high-mass ions will be deflected 
less than lighter species such as H+. 

The initial design of the magnetic analyzer shape has 
been created in SIMION using several "pixels" that are 
parallel square magnetic poles with the field line 
pointing into the image (z-axis) as shown in Figure 1. 
The magnetic sector field strength has been optimized at 
~450-480 Gauss to focus high mass ions (16 amu) onto 
the detector plane. This will provide the best mass 
resolution possible to resolve between N+ and O+ across 
the entire energy range of the instrument. Note, this is 
ideal for observations of the Earth’s ionosphere and can 
be tuned based on the target destination. 

Future modeling efforts will focus on creating a more 
refined geometry in SIMION to create a curved radius at 
the outermost edge of the magnetic analyzer section. 
This radius will be defined by the trajectory of the 
heaviest ion with the highest energy to be measured by 
the CIMS. Removing the unnecessary magnetic material 
will provide mass reduction. The magnetic sector will be 
created using samarium cobalt or neodymium boron iron 
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magnets depending on temperature requirements and 
will be fabricated by Plasma Controls, LLC according to 
the physical dimensions and field strength requirements 
derived from the SIMION modeling analysis. Plasma 
Controls, LLC has extensive experience utilizing 
magnetic fields created using permanent magnets to 
generate unique plasma sources, advanced spacecraft 
propulsion systems, and plasma diagnostics [29, 31]. 

Position Sensitive Cross-Delay Anode 

The location of the ions incident on the detector plane 
will be observed using an MCP stack followed by an 
XDL anode. Plasma spectrometer detectors typically 
require a particle count rate maximum of 105 s-1 and 
detector speed <100 ns per event to prevent pulse pile-
up [32]. The XDL sensors operate at a specified 
detection rate of >106 s-1 with a timing accuracy of 0.1 
ns FWHM and spatial resolution of 35 μm FWHM. 
These parameters have been identified as more than 
sufficient for plasma spectrometers and a reduced 
performance version of the XDL anode is currently being 
investigated as the detector plane for a flight version of 
the Wide field-of-view Plasma Spectrometer (WPS) [33, 
34, 35, 36]. The XDL sensors have an established history 
of use in space-based instruments for photon detection 
[37, 38, 39, 40, 41]. LANL has flown 1-D versions of 
this technology on LANL instruments or subsystems on 
the IMAGE [42]  and TWINS [43] missions. 

The XDL assembly consists of a standard MCP detector 
in a z-stack (3 plate) configuration followed by a cross 
delay-line anode. An incident ion strikes the front of the 
MCP detector and generates a secondary electron 
avalanche, resulting in a gain of ~107, which exits the 
MCP depositing the resulting charge on the anode [44]. 
The XDL anode is formed by two orthogonal serpentine 
conductors and the position of the charge pulse is then 
determined by the difference in arrival time of the pulse 
at the ends of resistive-capacitance delay lines, shown 
schematically in Figure 10. The XDL electronics consist 
of a high gain-bandwidth product operational amplifiers 
and fast comparators configured in a constant fraction 
discriminator (CFD) topology at the end of each delay 
line. This circuit amplifies the pulses from the XDL and 
translates the analog pulse to a digital signal to drive the 
start and stop inputs on the time-to-digital converter 
(TDC) integrated circuits. The advantage of utilizing 
CFD topology is to negate the effects of conventional 
threshold triggering which inherently introduces errors 
in timing measurements between analog input pulses of 
varying amplitudes. The CFD circuit behaves as an 
amplitude-invariant mechanism to drive the TDCs. The 
resolution of the assembly will be determined by the 
event timing error which is dominated by the CFD 
performance [45]. An initial XDL sensor with 

dimensions of 94 mm × 94 mm has been selected for the 
CIMS prototype with the majority of the electronics 
work being dedicated to the design and optimization of 
the supporting electronics. This includes the selection of 
necessary amplifiers and comparators for the CFD 
circuit, TDCs, board layout, and testing. A field-
programmable-gate array (FPGA) will interface the 
TDCs through a SPI interface to record the start-stop 
events to translate to precision spatial resolution. 
Depending on the prototype electronics’ subsequent 
position and time resolution, design simplification will 
occur to further decrease the required cost and power 
resources for future flight opportunities of the CIMS. 

 

Figure 10. XDL/MCP anode assembly and 
electronics functional schematic. 

 

CONCLUSIONS 

We present a compact ion mass spectrometer capable of 
high-mass resolution for low-energy space plasma. 
CIMS is capable of measuring ion flux, energy, and mass 
for providing unique measurements of ionospheric 
plasma throughout the solar system. The CIMS sensor 
incorporates a collimator to set the FOV, a laminated 
electrostatic analyzer to selectively filter ions by E/q, a 
magnetic sector analyzer to separate ions by M/q, and a 
position-sensitive XDL/MCP 2-D imaging anode to 
provide low-energy ion composition measurements. The 
objective of the CIMS is to provide sufficient energy 
resolution, geometric factor, mass range, and mass 
resolution when compared to current state-of-the-art ion 
mass spectrometers, coupled with significant reductions 
in mass, volume, and power requirements. This 
comparable performance with reduced resources is 
accomplished by designing to a narrower operational 
energy range (0-1000 eV) to focus on ion composition 
measurements of low-energy planetary ionospheres. 
Based on the initial CIMS electro-optic models and 
heritage subsystems of iMESA and TWINS, we estimate 
that the resources for a flight CIMS (including 
XDL/MCP electronics and power supplies) are 
approximately 5 kg, 4.8 W (including high voltage 
power supply draw), and less than 1000 cm3. 
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Additionally, the analyzer constant for the CIMS ESA 
design requires only a 150 V power supply to measure 
the ion energies of interest (<1 keV), thus minimizing 
stepping high voltage power supply requirements. 
Electro-optic modeling of the CIMS collimator and ESA 
elements indicate energy resolution of 29% and a 
geometric factor on the scale of similar instruments, 
1.97×10-5 sr cm2 eV/eV, however with lower size, 
weight, and power. These initial electro-optic results for 
ion species separation based on mass and charge state 
provide confidence that the instrument has the potential 
to make critical measurements of planetary ionospheres 
and cold magnetospheric ion populations in terms of 
species, energy, and flux. 

Future work will include continuing characterization of 
the laminated collimator and ESA using an electron 
beam with an additional design iteration to improve 
energy resolution and geometric factor. End-to-end 
simulations of the CIMS instrument will allow for 
further optimization of the magnetic filter and 
subsequent mass resolution. Optimization will be 
considered successful when the energy resolution and 
mass resolution of the instrument is sufficient to 
characterize these individual ion species distributions 
throughout the full energy range of the instrument.  
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