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Introduction 
Much of our knowledge of the composition of plasma in space comes from decades-old 
measurements. Due a multitude of factors, ranging from changes in the funding landscape to 
shifting community perspectives of the necessity of various in situ measurements, the mass 
spectrometers of the 1970s, 1980s, and 1990s outperformed most contemporary instruments. 
Significant advances in technology over the last several decades, including both digitization and 
hardware miniaturization, enable more sophisticated mass spectrometers in smaller design 
packages than ever before. However, most mass spectrometers flown today cannot distinguish 
between nitrogen and oxygen by design. (There are exceptions to this claim: e.g. ePOP/IRM 
(Enhance Polar Outflow Probe/Imaging and Rapid-scanning ion Mass spectrometer) and 
Arase/LEP-I (Low Energy Particle–Ion)). This is not a failure by the community; we’ve simply 
been focused on other exciting science goals. However, the dearth of modern composition 
measurements in space and our poor understanding of differences in plasma processes driven by 
different heavy ions inhibit our ability to predict and characterize natural and man-made events 
in the near-Earth space environment. Looking to the future, we propose a community goal of 
characterizing the full complement of plasma species (composition and charge state) within the 
Solar Wind/Ionosphere/Magnetosphere (SW/I/M) system to understand how these populations 
interact with one another and impact the system as a whole. We propose extensive use of 
advanced in-situ and remote-sensing measurements in combination with theory and modeling in 
order to fully understand the impacts and feedback of plasma composition on the structure and 
evolution of the coupled SW/I/M system. We focus here on measurements of N+ versus O+, but 
these principles apply to generalized measurement of heavy ion composition in space.  

Significance 
The consensus in the space physics community is that H+, O+, and He+ are the primary ions in 
the magnetosphere. The next most abundant ion is likely N+ (Gloeckler and Hamilton, 1987; 
Hamilton et al., 1988). It is worth noting that most in situ measurements of O+ are in reality an 
unknown combination of C+, N+, and O+ because most modern space plasma instruments cannot 
resolve these species due to their close masses. Because magnetospheric ions are sourced by the 
ionosphere and the solar wind, understanding composition and charge state in all of these regions 
is required for understanding the dynamics and coupling of the complete SW/I/M system, which 
in turn enables more accurate space weather forecasting and space hazard mitigation strategies. 
There are a number of outstanding questions regarding both the source and transport of heavy 
ion species in space—examples include heavy ion impacts on ion outflow (e.g. Welling and 
Liemohn, 2016), wave generation, propagation, and attenuation (e.g. Bashir and Ilie, 2018), the 
viscous interaction between the solar wind and magnetosphere (e.g. Farrugia et al., 2001), mass 
loading impacts on reconnection rates (e.g. Zhang et al., 2016), and processes which impact 
plasmasphere refilling (e.g. Gallagher and Comfort, 2016).  

An area of strong interest in the space physics community is the distinguishing of N+ and O+. 
This specific example is a proxy for general mass/charge measurements, but is important in its 
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own right—recent modeling efforts in conjunction with revisiting decades-old observations of 
N+ provide strong evidence that the dearth of N+ measurements limits our understanding of 
major structures and dynamic processes in space (Ilie & Liemohn, 2016). Observations show N+ 
is a key component of magnetospheric plasma during active times with dependences on local 
time, solar activity and cycle, and season (Hamilton et al., 1988; Mall et al., 2002; Christon et 
al., 2002; Liu et al., 2005). Heavy ions (such as O+ and N+) have different impacts in space due 
to differences in their upper atmospheric source (different scale heights and photoionization), 
transport (mass dependent behaviors in electric and magnetic fields), and loss mechanisms (e.g. 
neutralization via charge exchange with ambient geocoronal H0) (e.g. Jordanova et al., 1996).  

The first step toward a detailed understanding of the role of N+ in the magnetosphere is 
characterizing its source. N+ leaves the atmosphere and enters the magnetosphere via ion 
outflow, an active area of study. However, our current knowledge of ion outflow is limited, as 
evidenced by the fact that no models predict the observed presence of heavy, singly-charged 
(Fe+) or molecular ions (Yau et al., 1993). In part, these limitations are due to our limited ability 
to measure composition and charge state. Most heavy ion outflow models and observations focus 
primarily on O+ (Yau and André, 1997). However, recent modeling results using the 7 Ion Polar 
Wind Outflow Model (7iPWOM) show improved data-model comparisons when N+ is included 
in modeled polar wind outflow (Lin et al., 2020). Because sparse observations of outflowing N+ 
are limited to case studies with no long-duration statistics (Hoffman 1974; Chappell et al., 1982; 
Yau et al., 1991), there is acute need for additional heavy ion measurements. 

Once ions escape the ionosphere, they impact magnetospheric dynamics. There continues to 
be debate over the role of heavy ions in mass loading the magnetopause, which affects both local 
and integrated reconnection rates (Zhang et al., 2016; Fuselier et al., 2019). The transport and 
evolution of heavy ions is also strongly mass dependent. Outflowing ions which convect from 
the dayside to the magnetotail are distributed by both mass and energy due to the geomagnetic 
mass spectrometer effect (Lockwood et al., 1985). Similarly, the adiabatic transport of plasma 
sheet ions from the magnetotail to the inner magnetosphere is a function of ion mass and charge 
state. Furthermore, plasma composition influences the frequency at which plasma waves are 
generated as well as their growth and attenuation rates. Plasmasphere refilling is impacted by 
heavy ions at both at the inner boundary (thermospheric and ionospheric chemistry) and from 
overlapping plasma populations at the outer boundary (Gallagher and Comfort, 2016).  

Understanding the role of heavy ions in these processes enables better and more accurate, 
quantitative models of SW/I/M coupling and therefore better predictive understanding of the 
system as a whole. For example, satellite measurements of O+ are often used as a signature of 
geomagnetic storms, thus enabling characterization of radiation effects on satellites due to 
enhanced radiation belts, increased ionospheric scintillation that distorts radio, radar, and GPS 
signals, and geomagnetically induced currents that can disrupt ground-based electrical power 
grids. A cost-effective solution for bringing high-resolution in-situ mass spectrometers to the 
forefront of major space missions would illuminate the ways in which heavy ions contribute to 
magnetospheric structures and dynamics and improve space weather prediction capabilities. 

Measurement Plan  
Achieving the mass resolution required to resolve various heavy ions, particularly N+ (14 amu) 
from O+ (16 amu) on a satellite platform is challenging for several reasons: (1) composition 
instruments tend to be large and heavy and getting mass into space is extremely expensive; (2) 
space plasma composition measurements require measuring arrival angle, mass, and counting 
particles (in other words, simply getting abundance is inadequate); and (3) instruments must be 
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designed with good signal to background statistics to detect trace amounts of heavy ions, 
particularly in regions where penetrating particles (MeV electrons and protons) are common. 

In order to develop and fly modern mass spectrometers that leverage current levels of 
technology, we propose the following:  
1. The continued growth of programs focused on low-TRL instrument development (we strongly 

approve of the new H-FORT program). The ion mass spectrometer designs of 2020 look very 
similar to those of 1990; with appropriate funding of novel, creative, high risk/high reward 
designs, the instrument designs of 2050 will be a significant advancement from those of 2020. 

2. Establish a program focused on development of small, low-resource instrumentation for small 
spaceflight platforms. Development of low-resource instrumentation is expensive, and in the 
current “best bang for your buck” evaluation climate, low-resource instruments lose out to 
more capable, resource-intensive concepts.  

3. Flight opportunities for low/no flight heritage instrumentation. We suggest a program (whether 
new or existing) that is more prone to high risk/high reward ideas, which can be a testbed for 
new instrument concepts. Nominally, this includes spacecraft constellation configurations 
which provide opportunities for global coverage and/or fine resolution of small-scale physics.  

4. The development of complementary space missions to perform comprehensive measurements 
of plasma composition and definitively quantify the role of heavy ions in the SW/I/M system. 
This includes low-altitude measurements of heavy ion outflow, inner and outer magnetosphere 
measurements to quantify transport and evolution of these populations, combining local in situ 
measurements with global observations (such as global ENA imaging), and continuous 
measurement of solar wind composition and charge states.  

5. Continued focus on treating the SW/I/M system as a coupled system, and not as distinct regions 
to be studied solely by the CEDAR/GEM/SHINE communities (we fully support the newly-
established DRIVE centers). This includes unifying solar wind/magnetosphere/ionosphere/ 
thermosphere models and further developing the effort to ingest real-time in situ data to 
improve space weather forecasting capabilities. 
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