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Abstract
NASA’s Interstellar Mapping and Acceleration Probe (IMAP) mission provides extensive
and well-coordinated new observations of the inner and outer heliosphere and scientific clo-
sure on two of the most important topics in Heliophysics: 1) the acceleration of charged
particles and 2) the interaction of the solar wind with the local interstellar medium. These
topics are intimately coupled because particles accelerated in the inner heliosphere propa-
gate outward through the solar wind and mediate its interaction with the very local interstel-
lar medium (VLISM). The IMAP mission is designed to address these topics, provide ex-
tensive new real-time measurements critical to Space Weather observations and predictions,
and much more. IMAP’s ten instruments are mounted on a simple, spinning spacecraft that
orbits about the first Sun-Earth Lagrange point, L1, and repoints its Sun-facing solar arrays
and spin axis toward the Sun each day. The instruments provide complete and synergistic ob-
servations that examine particle energization processes at 1 au while simultaneously probing
the global heliospheric interaction with the VLISM. The 1 au in-situ observations include
solar wind electrons and ions from solar wind through suprathermal energies, pickup and
energetic ions, as well as the interplanetary magnetic field. IMAP provides Energetic Neu-
tral Atom (ENA) global imaging of the outer heliosphere via ENAs from tens of eV up
through hundreds of keV, as well as observations of interstellar neutral atoms traversing the
heliosphere. IMAP also directly measures interstellar dust that enters the heliosphere and
the solar-wind-modulated ultraviolet glow. This paper provides the mission overview for the
full IMAP mission, acts as a roadmap to the other papers in this IMAP collection and pro-
vides the citable reference for the overall IMAP mission going forward.

Keywords Heliosphere · Space weather · Interstellar medium · ENAs · Energetic particles ·
Solar wind · Plasma · Magnetic fields · IBEX · IMAP
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Fig. 1 Logos of the 25 institutions involved in IMAP’s science and/or development of the mission. These
institutions span 12 US states and five other countries (UK, Poland, Switzerland, Germany, and Japan)

1 Mission Overview

The Interstellar Mapping and Acceleration Probe (IMAP), with an international team of
25 partner institutions (Fig. 1), uses a suite of 10 scientific instruments to create compre-
hensive maps of the Sun’s galactic interaction, including measurements of the solar wind,
high-energy particles, and magnetic fields in interplanetary space, as well as interstellar and
solar system dust grains. This groundbreaking NASA Heliophysics mission simultaneously
investigates two compelling and linked fundamental problems in space physics today, the
acceleration of charged particles to high energies, and how the interaction of these high
energy particles with the local interstellar medium structures and defines our heliosphere.

The heliosphere – our home in the galaxy – is the region of space surrounding our solar
system, which is dominated by the Sun’s presence. It is formed by the million mile-per-
hour solar wind, which flows outward from the Sun in all directions in space, all the time,
inflating a “bubble” in the very local interstellar medium (VLISM). The heliosphere shields
the solar system from most of the harsh particle radiation present in the galaxy, thereby
creating a habitable zone that includes our home on Earth and making human exploration to
our neighboring planets (e.g., Mars) even possible. Understanding the physics of the outer
heliosphere and its dynamically evolving interaction with the VLISM over time can help us
comprehend our solar system’s place in, and interaction with, the galaxy.

Our heliosphere exists in the domain of the interstellar medium, undergoing significant
interactions near the edge of the local interstellar cloud. The understanding of the interstellar
magnetic field and its broader connection with the field throughout the galactic medium is
essential for understanding high energy cosmic rays (e.g., Schwadron et al. 2014b), and the
galactic medium. The heliosphere and the VLISM immediately outside it provide the lens
by which we view our evolving galaxy and connect these properties to the universe as a
whole.

The IMAP mission was identified as the top new mission priority in the National
Academy of Science’s 2013 Solar and Space Physics (Heliophysics) Decadal Survey: “So-
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Table 1 The Ten Instruments in
the IMAP Payload (imaging
instruments shaded)

SWAPI Solar Wind and Pickup Ion Instrument

CoDICE Combined Dual Ion Composition Experiment

HIT High energy Ion Telescope

SWE Solar Wind Electron instrument

MAG Magnetic Field instrument

IMAP-Lo Low Energy ENAs and Neutrals

IMAP-Hi High Energy ENAs

IMAP-Ultra Ultra-high Energy ENAs

IDEX Interstellar Dust Experiment

GLOWS Ly-α Helioglow photometer

lar and Space Physics: A Science for a Technological Society” (National Research Council
2013). That community consensus document drew together two different white paper inputs
from the over 180 white papers submitted for consideration. The first was a white paper that
called for expanded energetic neutral atom (ENA) observations following on from the NASA
Small Explorer IBEX (Interstellar Boundary Explorer) mission (McComas et al. 2009a) in
addition to other observations, such as interstellar dust. IBEX launched into Earth orbit in
2008, made many seminal discoveries and firsts (e.g., McComas et al. 2009b, 2017), and
is still taking groundbreaking observations and making new discoveries, as it continues to
work perfectly after over a decade and a half in space (McComas et al. 2024). The second
white paper called for detailed in-situ observations of the solar wind and energetic particles
to better understand particle acceleration.

Both white papers that led to IMAP called for an observatory in orbit around the Sun-
Earth L1 Lagrange point and as it turns out, their science was not just complementary,
but synergistic, as some of the particles accelerated in the inner heliosphere are ultimately
“recycled” through charge exchange in the outer heliosphere and return to L1 as ENAs.
The Decadal Survey group recommended that NASA request proposals for the combined
IMAP mission, as a PI-led mission in NASA’s Solar Terrestrial Probes (STP) line. In 2017,
NASA issued this Announcement of Opportunity (AO) as STP-5 and on 1 June 2018, they
announced their selection of our team.

Our proposal was organized around the four Science Objectives specified in the IMAP
AO. These were published by McComas et al. (2018b) and are quoted here (italics, listed
from the LISM inward):

1) improve understanding of the composition and properties of the local interstellar medium
(LISM),

2) advance understanding of the temporal and spatial evolution of the boundary region in
which the solar wind and the interstellar medium interact,

3) identify and advance the understanding of processes related to the interactions of the
magnetic field of the Sun and the LISM, and

4) identify and advance understanding of particle injection and acceleration processes near
the Sun, in the heliosphere and heliosheath.

To address these Objectives, the IMAP team proposed a set of ten unique science instru-
ments (Table 1 and Fig. 2), three of them with two sensor heads each, and one on its own
dedicated pivot platform. Our extensive observations span from in-situ measurements of the
interplanetary magnetic field, solar wind electrons, and ions from solar wind (SW) energies
up through suprathermal ions (STs), pickup ions (PUIs) and energetic particles (EPs); these
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Fig. 2 The IMAP instrument suite. The top five instruments make in-situ observations of ions, electrons, and
magnetic fields and provide continuous real-time space weather (I-ALiRT, red box) data in addition to sub-
sequently telemetering complete science data. The three ENA cameras (lower left) have overlapping energy
ranges that roughly match in-situ ion measurements above. Finally, IMAP directly measures interstellar dust,
and the UV glow modulated by the 3-D solar wind structure

are accompanied by global imaging of the 3-D solar wind structure using the Ly-α backscat-
ter helioglow. For the outer heliosphere, we make precise observations of interstellar neutral
(ISN) atoms and interstellar dust (ISD) that enter the heliosphere, as well as remote obser-
vations of the plasma and energetic ions in the heliosheath and in the VLISM, via global
observations of ENAs, which are produced in these regions. Collectively, these instruments
produce a complete and synergistic set of observations, which directly address IMAP’s cou-
pled Objectives of understanding particle acceleration and the global heliospheric interac-
tion.

Our ground testing program included direct cross-calibration of pairs of IMAP in-
struments prior to launch to ensure continuous well-calibrated observations of ions and
ENAs across IMAP’s various instrument energy ranges. In particular, the pairs: SWAPI
& CoDICE, IMAP-Lo & IMAP-Hi, and IMAP-Hi & IMAP-Ultra were cross calibrated as
separate pairs in the same vacuum chamber at the same time and rotated back and forth into
various steady ion and neutral beams over their overlapping energy and species ranges.

Beyond ground-based cross calibration, instruments with overlapping energy and species
ranges, and even shared look directions at different phases of IMAP’s spin, will be further
cross calibrated by comparing observations in space. In addition, IMAP-Lo and IMAP-
Hi will be cross-calibrated with IBEX-Lo and IBEX-Hi for as long as the IBEX mission
survives. This crucial set of combined measurements provides a continuous multi-decadal
IBEX/IMAP data set, which will be critical to observe and quantify the global outer helio-
spheric ENAs over time and produce the needed “four dimensional” understanding of our
heliosphere (3-D spatial and temporal evolution).

Because of the integrative science that IMAP is designed to do, all IMAP instrument
data are processed through a single combined Science Operations Center (SOC), which
autonomously processes Level 0-3 science data for the entire payload. Furthermore, we
also have developed a Combined Analysis, Visualization, and Access (CAVA) data analysis
software suite that allows the IMAP science team access and seamlessly integrates data from
any subset of the ten instruments. These two unique features of IMAP avoid the common
problems associated with individual instrument teams producing separate, asynchronous
data sets that subsequently need to be combined. A single unified SOC and CAVA are two
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critical innovations for the mission to fully enable the sorts of system science that IMAP is
designed to do.

IMAP’s 10 instruments are mounted onto the spacecraft bus, which was designed with
an “open bay” geometry that allowed instruments to be integrated and de-integrated in any
order as needed by the individual instrument development schedules. The IMAP spacecraft
subsystems have high heritage, with most being derived from the Parker Solar Probe (PSP)
mission (Fox et al. 2016), with needed modifications for IMAP. As of this writing, PSP has
been functioning well in space (in a much harsher environment than that at L1) for over six
years and continues to do so.

IMAP launched on a Falcon 9 rocket at 07:30:50 EDT on September 24, 2025 from
Launch Complex 39A at NASA’s Kennedy Space Center. The rocket also carried secondary
payloads of 1) NOAA’s Space Weather Follow On (SWFO-L1) mission and 2) NASA’s Car-
ruthers mission, named after the late physicist George R. Carruthers, which observes the
geocorona in UV light. It takes about four months for IMAP to get to the Sun-Earth L1
point, over which time the spacecraft and instruments are all turned on, tuned, and fully
commissioned. After inserting into orbit around L1, IMAP enters Phase E and begins rou-
tinely sending back both continuous real-time space weather observations and our mission
science data.

The IMAP spacecraft is a simple Sun-pointed spinner, which, like IBEX, rotates at four
Revolutions Per Minute (RPM). Unlike IBEX, the spin axis is repointed roughly 1° each day
to keep it pointed in a direction parallel to the nominal solar wind aberration angle (∼4° to
the right of the Sun in the ecliptic plane, when viewed from the spacecraft). This close track-
ing of the average solar wind direction, along with being far away from terrestrial-related
backgrounds that dominated IBEX noise sources, means that IMAP produces far better and
cleaner ENA measurements as well as continuously observing the solar wind, pickup ions,
energetic particles, and the IMF. The IMAP spacecraft and instruments are designed to op-
erate far longer than the two-year nominal mission and the spacecraft includes consumables
(e.g., hydrazine) to operate for at least five years, even for a highly off-nominal launch.
Given anything close to the nominal launch performance, IMAP should have hydrazine for
orbit maintenance and daily repointing for many decades.

The IMAP mission carries out critical space weather research and provides key real-
time space weather observations and associated operations (e.g., Baker 2002 and references
therein) that will revolutionize magnetospheric forecasting (Posner 2007). In particular, the
IMAP Active Link for Real-Time (I-ALiRT; Lee et al. 2025) continuously telemeters real-
time space weather data taken by SWAPI, CoDICE, HIT, SWE, and MAG (red box in Fig. 2).
The IMAP SOC analyzes and posts these real-time data with a latency of <5 minutes. Thus,
IMAP provides critical inputs for magnetospheric models and operational space weather
prediction tools. The improved cadence and novel measurements (e.g., charge-state ratios,
solar wind electron data, and high-energy electron fluxes) compared to the Advanced Com-
position Explorer (ACE; Stone et al. 1998) enhances the accuracy of predicting geomagnetic
indices (e.g., Dst, Kp) and auroral activity, enabling better mitigation of space weather im-
pacts on technological infrastructure (Pulkinnen et al. 2013).

The IMAP team published much of our original science proposal in a Space Science
Reviews article, as a description of the IMAP mission as we originally proposed in 2017
(McComas et al. 2018b). The IMAP mission has been continuously under development since
selection in 2018 and has just launched at the time of this writing. This current paper and
companion papers document the actual IMAP mission and its capabilities after development,
assembly and integration, at the time of launch. The IMAP mission we are flying fully meets
the original requirements laid out in our accepted proposal (McComas et al. 2018b), and in
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many cases, goes well beyond those to offer even greater capabilities and science data to the
entire science community.

In addition to this mission overview paper, this IMAP mission collection comprises 17
papers and also contains papers on the overall observatory (Hegarty et al. 2025); mission
and science operations (Reno et al. 2025); three papers giving scientific background for
IMAP from our three science theme teams: Acceleration and the broader context of the solar
wind and space weather (Cohen et al. 2025), Outer heliosphere through ENAs (Reisenfeld
et al. 2025), and Samples of interstellar material (Szalay et al. 2025); individual papers
documenting each of the ten science instruments on IMAP: SWAPI (Rankin et al. 2025),
CoDICE (Livi et al. 2025), HIT (Christian et al. 2025), SWE (Skoug et al. 2025), MAG
(Horbury et al. 2025), IMAP-Lo (Schwadron et al. 2025), IMAP-Hi (Funsten et al. 2025),
IMAP-Ultra (Gkioulidou et al. 2025), IDEX (Horányi et al. 2025), and GLOWS (Bzowski
et al. 2025); and finally a paper on our IMAP I-ALiRT space weather data system (Lee et al.
2025).

This paper is organized as follows. Section 2 describes IMAP Science, which leads into
a discussion of IMAP as a Unified Space Physics Observatory (Sect. 3) and IMAP Instru-
ments and Measurements (Sect. 4). In Sect. 5 we summarize the Spacecraft and Mission
Design and our Operations, Data, CAVA, and Real-Time Space Weather in Sect. 6. In addi-
tion, this paper includes the Appendix, which provides a mission-level definition of select
technical terminology and a list of acronyms used throughout this paper and collection. Fi-
nally, the current state of our Calibration and Measurement Algorithms Document (CMAD)
is provided as a supplemental file to this paper and thus, this paper also serves as the citable
reference for the CMAD, even though the online version will evolve and grow over the
mission’s science operational lifetime.

Finally, this paper acts as the citable reference for the overall IMAP mission and, along
with the other papers in this collection, documents the complete IMAP mission at the time
of launch.

2 IMAP Science

The Sun’s hot corona is constantly expanding outward into space in all directions to form
a solar wind of ionized plasma. This time-varying, supersonic solar wind picks up locally
ionized interstellar neutrals drifting into the heliosphere, creating the PUI population, inter-
acts with the planets in a variety of ways, creates space weather here at Earth, and ultimately
fills our heliosphere and defines its boundaries through the interaction with the surrounding
plasma and gas of the VLISM. Parker’s (1961) classic paper defined the two extreme cases
for astrospheres, such as our own heliosphere: 1) one which was dominated by the rela-
tive motion of the star and sits surrounding interstellar medium, where the dynamic (ram)
pressure of the plasma forces the astro/heliosphere into a “bullet” shaped object with an as-
tro/heliotail stretching back in the downwind direction (Fig. 3A), and 2) another interaction
dominated by a very strong interstellar magnetic field with a roughly spherical astro/helio-
sphere, centered on the Sun, and escape of the solar wind into the interstellar medium as
“drainage plumes” along the VLISM magnetic field (Fig. 3B). IBEX discovered that our
own heliosphere’s interaction is far more complex and interesting than either of these ex-
tremes, being intermediate between them (McComas et al. 2009b; Fig. 3C).

The PUI-laden solar wind and embedded IMF are compressed across the termination
shock and produce a flow that is far more turbulent in the heliosheath – the region beyond
the termination shock but inside the heliopause, which separates heliospheric plasma from
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Fig. 3 Schematic diagrams of
Parker’s (1961) extreme cases of
possible astrosphere
configurations (top) and the
intermediate configuration of our
own heliosphere as discovered by
IBEX. Figure taken from
McComas et al. (2009b)

the VLISM. The compressed and turbulent heliosheath acts to deflect the vast majority of
galactic cosmic ray (GCR) particle radiation around the heliosphere (Zank and Frisch 1999;
Scherer et al. 2002; Schwadron et al. 2011). This deflection helps protect our solar sys-
tem’s neighborhood in the galaxy. All life on Earth has developed and evolved within our
protective heliospheric bubble. Understanding the heliosphere’s critical interaction with the
VLISM in detail is one of the primary pressing challenges in heliophysics today – a chal-
lenge that IMAP was designed to resolve.

The other pressing scientific problem that IMAP is designed to address is particle ac-
celeration, which controls the distribution of energy from the core plasma population to the
tails of the particle distributions where a small minority of particles carry significant por-
tions of the total particle energy in the plasma. Similar processes to those taking place in the
heliosphere are responsible for accelerating particles throughout the galaxy, and cosmos,
ultimately forming the highest energy galactic cosmic rays observed in space. These galac-
tic cosmic rays are largely formed from astrophysical shocks such as supernova remnant
shocks.

Our heliosphere is controlled by physical processes and interactions involved in particle
acceleration, and particle transport (Giacalone et al. 2022; Klein and Dalla 2017; Cohen et al.
2021), which ultimately play critical roles in shaping our interstellar boundaries, controlling
the heliosphere’s environment, and mediating the propagation of high energy particle popu-
lations external to our solar system, such as cosmic rays. Our heliosphere is a physical case
study by which we understand similar processes active in other astrospheres, and the myriad
astrophysical interactions at work throughout the galactic environment and cosmos.

These particle acceleration processes produce energetic particles that interact with plane-
tary magnetospheres and atmospheres and may even have played an important role in form-
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ing the building blocks of life (Todd 1994; Shaviv and Veizer 2003; Rhode and Muller
2005; Airapetian et al. 2016). At the same time, these energetic particles play a central role
in space weather that adversely impacts our technological infrastructure and endangers as-
tronauts in space (Schwadron et al. 2014a). The heliosphere provides the only place where
space particle acceleration can be observed directly in situ.

In addition to discovering the intermediate (Parker) state of our heliosphere, the very first
IBEX observations (McComas et al. 2009b; Schwadron et al. 2009; Funsten et al. 2009b;
Fuselier et al. 2009b) showed the dominance of energized particles, as opposed to the origi-
nal solar wind, producing ENAs in the heliosheath (Gruntman et al. 2001). Energized PUIs
and other energetic particles dominate the pressure and interaction in the heliosheath both at
IBEX energies up to 6 keV and likely at energies above that as suggested by Cassini/INCA
(Krimigis et al. 2004, 2009). Thus, the dominant pressure provided by suprathermal and
energetic particles arise from a significant amount of the solar wind dynamic energy being
converted into particle acceleration (McComas et al. 2009b; Schwadron et al. 2009; Krim-
igis et al. 2009).

The linkage of large suprathermal populations to the global heliospheric interaction led
to a new understanding of just how important particle acceleration is not just to our helio-
sphere, but to stellar and other astrophysical interactions throughout the cosmos. Thus, for
larger astrophysical settings, one needs to scale-up the acceleration processes in our solar
system, such as compressional waves and shocks driven by coronal mass ejections (CMEs),
which accelerate solar energetic particles (SEPs). As McComas et al. (2018b) summarized:
“The unified observations and analyses provided by the IMAP mission are crucial to un-
derstanding the inextricable link between the origins of particle acceleration and the global
interactions of our heliosphere with the VLISM.”

We have learned so much more about the heliosphere in the more than 15 years after
the initial IBEX results, and of course, the real heliosphere is far more complicated than the
simple schematic diagrams shown in Fig. 3. In Fig. 4 we attempt to capture core elements of
the complexity of our heliosphere’s interaction with the VLISM as we understand it today.
This figure is also used as a starting point for expanded diagrams in each of the three Science
Theme papers (Cohen et al. 2025; Reisenfeld et al. 2025; Szalay et al. 2025), completing a
set of four interrelated diagrams for summarizing the IMAP science.

NASA’s assessment of the strategic importance of the IMAP mission is shown in Table 2,
which is taken from our IMAP Level 1 Requirements Document. This shows that IMAP is a
major contributor to three of the four key science goals outlined in the Heliophysics Decadal
Survey Solar and Space Physics: A Science for a Technological Society (National Research
Council 2013), which can be traced back to the three overarching science goals for NASA’s
Heliophysics Division outlined in NASA’s 2014 Science Plan (NASA 2014).

The next three subsections summarize the three overarching science themes of the IMAP
mission: acceleration and the broader context of the solar wind and space weather (2.1), ex-
ploring the outer heliosphere through ENAs (2.2), and samples of interstellar material (2.3).
For each of these themes we assembled a “Theme Team” comprised of IMAP scientists
to focus scientific planning and discussions through the development phase of the mission
and to help the mission science leadership in organizing research in these areas during the
science phase of the mission. Finally, Papers 4–6 of this IMAP collection (Cohen et al.
2025; Reisenfeld et al. 2025; Szalay et al. 2025, respectively) provide much more detailed
descriptions of the science themes.
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Table 2 Major and Supporting Contributions of the IMAP Mission

Science mission directorate goal Decadal survey goal IMAP objective

SMD 2) Advance our
understanding of the connections
that link the Sun, the Earth,
planetary space environments,
and the outer reaches of our solar
system

DS-3) Determine the
interactions of the Sun with
the solar system and the
interstellar medium

O1) Improve understanding of the
composition and properties of the
local interstellar medium

O2) Advance understanding of
the temporal and spatial evolution
of the boundary region in which
the solar wind and the interstellar
medium interact

O3) Identify and advance
understanding of processes
related to the interactions of the
magnetic field of the Sun and the
local interstellar medium.

SMD 3) Develop the knowledge
and capability to predict extreme
conditions in space to protect life
and society and to safeguard
human and robotic explorers
beyond Earth

DS-1) Determine the
origins of the Sun’s activity
and predict the variations in
the space environment

O4) Identify and advance
understanding of particle
injection and acceleration
processes near the Sun, in the
heliosphere and heliosheath.

SMD 1) Explore the physical
processes in the space
environment from the Sun to the
Earth and throughout the solar
system

DS-4) Discover and
characterize the
fundamental processes that
occur both within the
heliosphere and throughout
the universe

2.1 Acceleration and the Broader Context of the Solar Wind and Space Weather

IMAP provides a unique opportunity to connect in-situ measurements with remote sensing
observations from the same spacecraft. Such coupling between the remote solar observations
and in-situ measurements have transformed our understanding of solar wind acceleration
and structures; solar energetic particle acceleration and transport; and space weather impacts
in the inner heliosphere (see Fig. 4). With IMAP, similar holistic views are obtained for the
outer heliosphere to significantly advance our understanding of the global heliosphere, its
interactions with the interstellar medium and the impact of variable solar activity.

IMAP measures the key related entities of interstellar neutral atoms and their secondary
components, PUIs, anomalous cosmic rays (ACRs), and ENAs. In particular, PUIs that have
been created from ionization of interstellar neutral atoms and carried outward by the solar
wind are accelerated in the vicinity of the termination shock to produce ACRs, some of
which then transit back into the inner heliosphere (see e.g., Axford et al. 1977; Krymsky
1977; Bell 1978; Blandford and Ostriker 1978; Armstrong et al. 1985; Jokipii 1986; Klecker
1995; Giacalone et al. 2022). The PUIs also interact with interstellar neutrals to generate
the ENAs resulting in the observed GDF and IBEX ribbon populations (e.g., Zank et al.
2010; Zirnstein et al. 2014; Zank 2015; McComas et al. 2009c; Heerikhuisen et al. 2010).
Secondary ISN components, created by charge exchange between pristine ISN atoms and the
perturbed interstellar plasma flowing around the heliopause (Baranov and Malama 1993),
provide information about the plasma state in front of the heliopause and its deformation
due to the interstellar magnetic field (Bzowski et al. 2019). Detailed in-situ measurements
of the PUIs at 1 au for a variety of solar wind conditions and under the influence of different
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solar wind structures elucidate their formation and evolution. Combining these observations
with in-situ observations of ACRs and their characteristics, tests and constrains models of
the acceleration mechanisms at the termination shock and the subsequent transport through
the heliosphere. Detailed ENA maps as a function of time and energy, in conjunction with
the PUI observations, advance our understanding of the conditions and variability of the
heliosheath, the VLISM and the acceleration processes involved.

In studying these relationships, IMAP is poised to make significant advances in under-
standing several aspects of fundamental acceleration and transport of particles throughout
the heliosphere. Given the critical role that PUIs play in both the ACR and ENA genera-
tion in the outer heliosphere, significant attention is focused on studies of PUIs locally at
IMAP. Interplanetary shocks are fairly common at 1 au and are well characterized by the
in-situ plasma and fields measurements onboard. The heating and acceleration of PUIs at
interplanetary shocks is studied for a variety of shock characteristics, some of which may
prove to be reasonable analogs for the termination shock and its local conditions. These
studies advance our understanding and lead to significant improvements in the modeling
of the termination shock physics and PUI interactions, to resolve, for example, the current
differences in the IBEX ENA observed flux and the expected values obtained from current
models (Gkioulidou et al. 2022).

Current ENA models also assume a coupling between the PUIs and solar wind, such that
the PUIs are expected to have the same bulk velocity as the solar wind (although PUIs have
quite different density and pressure). However, it is possible that this is a poor assumption
and PUIs may be as a less coupled population, which could have significant impacts on
modeling results. Through complementary high time resolution and full 3D velocity mea-
surements of the PUIs, made under a variety of solar wind conditions, IMAP studies this
question of coupling in detail and provides critical information for modeling of the ENA
production in the outer heliosphere and from that, interpretations of the IMAP GDF ENA
observations. Similarly, the PUIs respond to local magnetic field fluctuations, both at or near
shocks and in other solar wind structures, inform the transport of PUIs in the heliosheath and
how PUI populations may interact with the LISM magnetic field. The application of emerg-
ing understanding of PUI interactions and transport from IMAP 3D velocity space measure-
ments and high time resolution measurements constrains models attempting to explain the
origin of the ENA ribbon.

PUIs are only one constituent of the suprathermal charged particle population observed
at 1 au. The suprathermal tail appears to be ubiquitous, however the potential contributors to
the population are, in some cases, extremely variable (Gosling et al. 1981; Tan et al. 1989;
Tsurutani and Lin 1985; Chotoo et al. 2000; Desai et al. 2001, 2003, 2006; Kucharek et al.
2003; Allegrini et al. 2008). In particular, the contribution from particles associated with
solar activity and transients, such as interplanetary shocks, vary not only on short timescales
but also on longer, solar cycle, timescales. The short-term variability of the suprathermal
population apparent at 1 au is not likely to survive out to the outer heliosphere, however
the longer-term variability may be evident in the observed ENA maps when examined as a
function of the phase of the solar cycle.

Large scale structure of the solar wind itself has also been connected to changes in the
IBEX ENA observations (McComas et al. 2018a). While individual solar wind transients
such as CMEs are generally eroded as they traverse the heliosphere, different streams and
structures can combine to become global merged interaction regions (GMIRs) that can result
in pressure enhancements impacting the heliosheath and even inciting waves and shocks in
the surrounding VLISM. IMAP measures the latitudinal structure of the solar wind (Bzowski
et al. 2025), makes detailed measurements of the transients at 1 au and examines the statisti-
cal distribution of the solar wind parameters to inform modeling of the large-scale variability
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of the solar wind and its ultimate impact on the generated ENA populations reflected in the
IMAP remote sensing observations. IMAP has substantially better time resolution both in
the ENA maps compared to IBEX, and in the global solar wind structure, enabling more
detailed studies of the ENA variability and its connection to solar wind changes (McComas
et al. 2020). Additionally, the models used to propagate these solar wind disturbances out
to the termination shock and beyond have dramatically improved since the early IBEX ob-
servations. In this context, the velocity and density of the solar wind inferred from IMAP
measurements of the Ly-a helioglow provide another path to understanding the large-scale
structure of the solar wind. The helioglow-based 3D solar-wind structure is complementary
to IMAP in-situ measurements in the ecliptic plane.

Many studies have shown that particles and waves can affect interplanetary shock struc-
tures and play a significant role in the energy budget (see, e.g., Trotta et al. 2021). While this
has been studied with past in-situ data, with IMAP these observations can be examined with
an eye towards the applicability for the termination shock and ultimately the generation of
ACRs and ENAs. As with the PUI-shock studies, the variety of shocks measured by IMAP
likely contain a subset that can be viewed as analogs for the termination shock. The broad,
continuous energy coverage of particle measurements made by IMAP provides unparalleled
opportunities to examine the interplay between the particle distribution, solar wind turbu-
lence and the shock characteristics in situ. Furthermore, the combination of PUI and ACR
data with high energy ENA observations better informs the nature of PUI acceleration to
ACRs at the termination shock, and more broadly at astrophysical shocks on even much
larger spatial scales.

Naturally, in addition to the unique combination of the in-situ and remote sensing mea-
surements on IMAP, the particle and fields observations at 1 au make significant contribu-
tions to inner heliospheric science and space weather research and operations. IMAP joins
the robust Heliophysics Systems Observatory (HSO) and overlaps with several long-term
spacecraft located at L1, including ACE and Wind. This overlap provides the opportunity to
intercalibrate spacecraft measurements such that the already decades-long, L1 plasma and
fields database can be reliably extended into the future with IMAP observations. Such a
database has proved critical for studying solar-cycle time dependences and for making the
connection between 1 au solar wind and PUI characteristics with the ENA emissions from
the outer heliosphere. This combination of L1 spacecraft also offers a singular opportunity
for multi-point observations of solar wind and IMF structures on spatial scales of 5–200
Earth radii (Eastwood et al. 2017). These measurements resolve small-scale variations in
solar wind turbulence and magnetic field topology that influence magnetospheric reconnec-
tion and particle energization.

Furthermore, IMAP’s high-cadence measurements and real-time data significantly ad-
vance terrestrial magnetospheric physics by providing critical upstream boundary conditions
for studying solar wind-magnetosphere coupling, geomagnetic storms, and radiation belt dy-
namics. Solar wind structures such as CMEs, CIRs, and interplanetary shocks are primary
drivers of magnetospheric compression, reconnection, and particle injection, which trigger
geomagnetic storms and substorms (Gosling 1993; Tsurutani et al. 2006). IMAP’s particle
and fields measurements provide unprecedented characterization of these structures from
the critical L1 point upstream of the Earth’s magnetosphere. Suprathermal ions, including
PUIs, serve as seed populations for acceleration at interplanetary shocks and within the mag-
netosphere, contributing to the ring current and radiation belts. These data and their related
high energy SEP component support studies of particle transport, acceleration, and loss in
the magnetosphere, particularly during geomagnetic storms when wave-particle interactions
are prevalent (e.g., Baker and Kanekal 2008; Reeves et al. 2011). The resulting scientific



Interstellar Mapping And Acceleration Probe: The NASA IMAP Mission Page 13 of 82   100 

advances deepen our knowledge of fundamental magnetospheric processes, complementing
IMAP’s primary objectives in heliospheric and interstellar science.

2.2 Exploring the Outer Heliosphere Through ENAs

IMAP seeks to develop and execute an integrated observation and theory and modeling
campaign to understand the nature of the heliosheath and VLISM, and how the two interact.
The Outer Heliosphere through ENAs Science Theme is organized around four topical areas:
i) the physics of the heliosheath and VLISM, ii) the global structure of the heliosphere,
iii) the nature of the IBEX ribbon, and iv) possible observation of helium and other heavy
ions. The greatly improved observational capabilities of the IMAP ENA imagers over their
predecessors enable IMAP to not only address outstanding issues remaining from previous
studies but also make new discoveries beyond what we can currently imagine.

2.2.1 Physics of the Heliosheath and VLISM

This topic is concerned with the physical processes occurring within the heliosheath and
VLISM, and how they are controlled by internal and external forces. We have limited knowl-
edge of the heliosheath energy distribution, especially below 100 eV and above 6 keV, leav-
ing open questions regarding the nature of the heliosheath thermodynamic state, such as how
heliosheath plasma is energized by the solar wind and PUI distributions, and how plasma
flows are affected by both the outbound solar wind and external compression by the VLISM.
Additionally, major discrepancies persist between observed and modeled ENA fluxes, espe-
cially in the energies below 0.7 keV (Galli et al. 2023) and above 6 keV (e.g., Gkioulidou
et al. 2022; Kornbleuth et al. 2023; Galli et al. 2023), demonstrating significant gaps in our
understanding of heliosheath processes. IMAP provides measurements of the ENA distribu-
tion from 0.1 keV eV to over 100 keV and spatial resolution across the entire sky. IMAP
also measures latitudinal profiles of solar wind at an unprecedented cadence of each Car-
rington rotation, providing source context for interpretation of heliosheath ENA variations.
In addition to direct analysis, these measurements provide models with a comprehensive set
of constraints that need to be matched. We have also learned that the VLISM plasma beyond
the heliopause is another source of GDF ENAs, (Zirnstein et al. 2022) and although it is chal-
lenging to untangle the relative contributions from heliosheath and VLISM plasma, IMAP’s
improved capabilities enable studies of the plasma processes occurring in both regions.

One of the most important discoveries from IBEX is that the heliosheath is highly sensi-
tive to solar wind conditions. This was dramatically demonstrated when a rapid increase of
the solar wind dynamic pressure starting in late 2014 led to a strong increase in ENA flux,
first observed in late 2016 south of the nose, and then progressively expanding to encompass
more of the sky in the following years (McComas et al. 2018a, 2019; Zirnstein et al. 2018).
It appears that a new solar wind pressure enhancement began in 2024, and we wait with
anticipation to see if there is a corresponding ENA flux enhancement in the early IMAP
science data. IMAP extends the catalog of consecutive 6-month ENA maps started in 2009
by IBEX across multiple solar cycles (e.g., McComas et al. 2024 and references therein),
allowing us to develop a deep understanding of how the heliosheath is governed by changes
in solar conditions. One critical application of this research is the question of how the he-
liosheath attenuation of the GCR flux is affected by such variations (Manuel et al. 2015;
Boschini et al. 2019).
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2.2.2 Global Structure of the Heliosphere

The shape of the heliosphere is mainly governed by the balance between the outward pres-
sure of the solar wind and the inward pressure of the VLISM plasma and magnetic field.
IBEX ENA observations have been used to empirically constrain the heliopause distance
through use of the “sounding method” whereby time variations in the outgoing solar wind
flow are correlated with variations in the return ENA signal, from which the distance can
be inferred from the time delay (Reisenfeld et al. 2021; Zirnstein et al. 2022). In the nose
direction, the sounding method results match the in-situ Voyager heliopause distances of
∼120 au within uncertainties. The larger sensitivity of IMAP over IBEX allows us to apply
the sounding method with improved accuracy. Moreover, extending the ENA map catalog
to multiple decades makes it possible to detect changes in the size and boundary of the
heliosphere as it “breathes” over the solar cycle.

Notably, few ENAs in the IBEX energy range are formed beyond ∼350 au in the tailward
direction, which limits the ability of the sounding method to find the heliopause in this
direction. This is a consequential limitation because the extent of the heliotail is debated,
with competing heliosphere models predicting a heliopause distance from as little as 300
au (e.g. Dialynas et al. 2017; Opher et al. 2020) to as much as 20,000 au. (e.g., Zank et al.
2010; Pogorelov et al. 2017; Izmodenov and Alexashov 2020). Depending on the flux levels,
IMAP’s extended energy range allows the heliotail to be probed to larger distances because
the ENA production distance extends farther at higher energies (Kornbleuth et al. 2023).

The solar wind spatial distribution of slow and fast wind, varying over the solar cycle, is
another important factor shaping the heliosphere. The Ly-a helioglow observed by IMAP is
used to infer this three-dimensional structure of the solar wind velocity and density, which
influences the heliospheric boundaries via modulation of PUI density and temperature in the
heliosheath.

2.2.3 Exploring the Nature of the IBEX Ribbon

The IBEX ribbon is a narrow, bright ENA feature that encircles the sky. The IBEX rib-
bon is observed by IBEX at energies from ∼0.5 – 6 keV, appearing in the sky where the
look direction is roughly perpendicular to the orientation of the VLISM magnetic field as
it drapes around the heliosphere (McComas et al. 2009b; Schwadron et al. 2009; Zirnstein
et al. 2015). A consensus is growing that the ribbon source is located beyond the heliopause
and is formed via a “secondary ENA” mechanism (e.g., McComas et al. 2024 and refer-
ences therein); however, there are still outstanding questions related to the ribbon’s origin to
be addressed by IMAP. The improved sensitivity and higher angular resolution of IMAP’s
ENA imagers advances our understanding of the spatial and temporal variation within the
ribbon, such as what governs the shape of the cross-sectional profile of the ribbon, varia-
tions in the width of the profile as a function of position along the ribbon, and the time- and
energy-dependence of the ribbon’s center. IMAP’s angular resolution, and the ∼3-month ob-
servation cadence at low latitudes allows us to observe small-scale structures and temporal
fluctuations within the ribbon, predicted to occur by VLISM turbulence models (Giacalone
and Jokipii 2015; Zirnstein et al. 2020).

With the extension of GDF observations to lower and higher energies with greatly im-
proved sensitivity and energy resolution, IMAP also discovers how low and high in energy
the ribbon spans. IBEX-Lo observed the ribbon down to ∼0.4 keV, but it is unclear if it ex-
tends further (McComas et al. 2014; Galli et al. 2014). IMAP’s improved sensitivity to low
energy ENAs lets us determine how low in energy the ribbon extends. At high energy, the
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ribbon appears to become a broader structure at IBEX-Hi’s highest energy passband, per-
haps transforming into the “belt” enhancement observed by the INCA instrument on board
Cassini (Krimigis et al. 2004, 2009; Dialynas et al. 2013; Westlake et al. 2020) With the
combination of the extended IMAP-Hi energy range to 15 keV and the IMAP-Ultra energy
range starting at ∼5 keV, we fully characterize the evolution of the ribbon to higher energies
and determine whether the belt is a continuation of the ribbon as a VLISM structure, or
something else.

2.2.4 Helium and Heavier ENAs

The observation of ENAs for elements heavier than hydrogen is particularly challenging
due to their lower solar abundance and the lower detection sensitivity of ENA imagers
for these species (Grzedzielski et al. 2013; Swaczyna and Bzowski 2017). However, the
IMAP-Hi instrument has sufficient sensitivity to at least look for heavy ENAs. Here, we
distinguish heavy ENAs, which originate from the heliosheath or ribbon, from interstellar
neutrals, which are a beamed population that IMAP-Lo is optimized to detect. The num-
ber of expected heavy ENA detections is orders of magnitudes lower than hydrogen ENAs
(Swaczyna and Bzowski 2017). Nevertheless, by integrating data over large regions of the
sky, it may be possible to gather enough statistics to identify a meaningful signal, particularly
in the case of helium ENAs. If this is possible, the detection of heavy ENAs contributes to
the study of VLISM composition (Grzedzielski et al. 2010; Swaczyna et al. 2014, 2022a,b).
Spatial variations in heavy ENA populations may provide further insights into the structure
of the heliosphere (Grzedzielski et al. 2013; Swaczyna et al. 2017). Finally, because he-
lium ENA formation extends to much larger distances in the heliotail than hydrogen ENAs,
their observation could also be a useful tool for studying the distant heliotail (Swaczyna and
Bzowski 2017).

The above discussion of ENA topics is the tip of the iceberg regarding what can be
learned from the rich ENA data sets that IMAP provides. The comprehensive instrument
suite of IMAP, providing both in-situ particle measurements and remote observations of the
heliospheric boundary via ENAs, offers opportunities for studies that cut across the science
themes, such as the precise tracking of solar wind structures outward to the heliospheric
boundaries and their effect on the heliosheath and the ribbon.

2.3 Samples of Interstellar Material

The “samples of interstellar material” theme focuses primarily on IMAP Objective O1, i.e.
“Improve understanding of the composition and properties of the local interstellar medium”
(McComas et al. 2018b, and above), and focuses on the key scientific opportunities for
IMAP associated with directly sampling the interstellar and interplanetary material at ∼1
au. This area is organized into three broad scientific questions that directly relate to IMAP’s
Science Objectives: 1) What is the state of the pristine upstream LISM and how does it relate
to its origins and evolution? 2) How does the VLISM interact with the heliosphere? 3) How
does interstellar material, as well as interplanetary dust, affect the near-Sun environment?

2.3.1 What Is the State of the Pristine Upstream LISM and How Does It Relate to Its
Origins and Evolution?

The composition of the pristine LISM provides key information about the evolution of mat-
ter in our galaxy from the Big Bang to today. Big Bang Nucleosynthesis set the element
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and isotope composition of all matter in the universe at its beginning, with only H, D, and
He isotopes, and some traces of Li as initial conditions (Coc and Vangioni 2017; Copi et al.
1995), whose abundances can be tied to the baryon density of the universe. Solar system
abundances were frozen in the state of matter in our galaxy at the birth of the Sun about
4.6 billion years ago. They are derived from photospheric observations and meteoritic sam-
ples (Asplund et al. 2021; Lodders 2010). The LISM, with its neutral gas and dust, features
the composition of galactic matter in our immediate neighborhood at the present time, after
processing by a series of supernova explosions ∼14 million years ago (Zucker et al. 2022).

These three points in time provide important constraints on evolution of matter in the
universe and, in particular, in our galaxy. While there has been significant progress in con-
straining the abundances in the early universe (Turner 2022) and determining a detailed
account of solar system abundances, observational evidence of the abundances in our inter-
stellar neighborhood is scant, except for light elements and their isotopes.

IMAP provides a uniquely equipped observatory to analyze the material from the VLISM
that transits through our heliosphere. IMAP measures neutral atoms and dust grains origi-
nally from the VLISM. Szalay et al. (2025) outlines how IMAP measurements can improve
our understanding of the upstream, pristine LISM. These observations allow better under-
standing of the initial formation conditions of our solar system and determine how the inter-
stellar medium interacts with our heliosphere.

2.3.2 How Does the VLISM Interact with the Heliosphere?

Our Sun and heliosphere move through the VLISM at a relative speed of ∼25 km s−1. This
flow pressure, along with the VLISM magnetic and particle pressures, confine the SW as it
flows radially away from the Sun at supersonic speeds. Bulk plasma particles cannot cross
the heliopause as they are normally tied to their respective field lines (solar and interstellar
fields, respectively). The interstellar magnetic field drapes around the heliopause, distort-
ing what would be an otherwise axially symmetric shape. However, this interaction is more
complex than this idealized situation because magnetic reconnection can connect solar and
interstellar fields at the boundary and because of the presence of neutral atoms in the solar
wind and in the partially ionized interstellar medium. As they have no charge, neutral atoms
readily cross the heliopause and exchange information both ways, creating a unique interac-
tion that extends from hundreds to roughly ∼1000 au from the Sun in the upwind direction.
Specifically, momentum exchange between the heliosphere and VLISM shapes this electro-
magnetic interaction. Throughout our heliosphere, interstellar neutrals and dust are filtered,
processed and exist in different abundances (e.g., Gloeckler and Geiss 2001). Interaction
between the perturbed interstellar plasma flowing past the heliopause and the unperturbed
ISN gas creates secondary populations of neutral atoms that IMAP can measure and resolve
from the primary (Bzowski et al. 2019). The way our heliosphere processes and filters this
VLISM has many open questions, such as: How is VLISM filtered and processed by the
heliosphere? How does the VLISM magnetic field drape over our heliosphere? How does
the heliosphere affect the VLISM? IMAP is uniquely configured to investigate and resolve
these key open questions.

2.3.3 How Does Interstellar Material, as Well as Interplanetary Dust, Affect the
Near-Sun Environment?

This question circles back to the topics discussed in Sect. 2.1, which addresses the role of
PUIs on the near-Sun environment. To investigate how interstellar material and interplan-
etary dust affect the near-Sun environment, we pose the following questions that IMAP
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directly addresses: What is the relative abundance of interstellar PUIs compared to the inner
source or any other solar system object-related sources? What is the composition of dust at 1
au that provides a seed population for the inner source PUIs? This third question exemplifies,
once again, how IMAP’s science themes are interconnected, as the direct in-situ measure-
ments of the near-Sun plasma and dust environment allow us to significantly advance our
understanding of the physics of the interstellar medium.

3 IMAP as a Unified Space Physics Observatory

As described in McComas et al. (2018b), the IMAP instrument suite provides complete and
coordinated observations that simultaneously enable three levels of study. These include dis-
covering global properties of the interstellar interaction as a part of the coupled system with
the origins of particle acceleration from IMAP. IMAP also enables exploring fundamental
and global properties of the interstellar interactions and particle acceleration by combin-
ing IMAP observations with physics-based calculations, theory, and simple modeling. More
deeply, IMAP enables in depth understanding of the interstellar interactions and origins of
particle acceleration through interactive analyses that combine IMAP data in refining ad-
vanced models and simulations. At all three levels, our CAVA tool kit enables seamless
and efficient examination across multiple instrument data sets to provide the team with truly
integrated analysis and research capability from the start of the science phase of the mission.

Theory and modeling (T&M) are vital to IMAP’s success by enabling discovery, ex-
ploration, and understanding. Therefore, the IMAP Science Team incorporated T&M Co-Is
from the start, who have been specifically tasked “to ensure deep investigation of 1) the
origins of particle acceleration in suprathermal populations, 2) the roles of turbulence in
microphysical processes, and 3) kinetic interactions across scales in shocks, interaction and
reconnection regions at 1 au, out through the solar wind and into the heliosheath”.

Our approach to defining the observational requirements for the mission was directly
driven by our four Science Objectives. This analysis led to five overarching observational
drivers and additional required context measurements (italics, taken directly from McComas
et al. 2018b):

1) High-sensitivity global heliospheric imaging;
2) ENA energy spectra covering core solar wind through EPs;
3) Neutral H, He, O, Ne, and D fluxes and flow direction as a function of time of year;
4) High-time-resolution (<1 min) PUI, STs, and energetic ion measurements;
5) Complete solar wind electron, proton, heavy ion, and magnetic field measurements to

resolve solar wind structures, CMEs, shocks, and kinetic substructures.

Further, measurements of interstellar dust enable great additional discovery science, while
maps of the UV helioglow inform the primary and secondary populations of ISN H, and the
latitudinal structure of solar wind for supporting context.

Typical particle fluxes are shown in Fig. 5 of the in-situ ions (left) and ENAs (right) for
various heliospheric ion and neutral populations. Some small fractions of the lower-energy
ions are accelerated to higher energies. For example, pickup ions, with up to twice the local
solar wind speed at pickup reach four times the local solar wind energy. Above that energy,
a suprathermal ion tail often observed in the solar wind extends to even higher energies. Due
to their high energies and speeds, these latter two types of ions are preferentially injected
into particle acceleration (e.g., Giacalone et al. 1993) and provide many of the needed seed
populations for EPs. The bottom sections of the two panels show the IMAP instrument
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Fig. 5 Characteristic energy distributions of in-situ ions from the solar wind, pickup ions, suprathermal and
energetic particles, and anomalous and galactic cosmic rays (left panel). Shown are 1 au oxygen fluences
from ACE during a 3-year period, with representative particle spectra obtained for gradual and impulsive
SEPs, CIRs, ACRs, and GCRs (adapted from Mewaldt et al. 2001). The overlapping energy ranges for the
various IMAP ion instrument measurements are Indicated across the bottom. Right panel similarly shows
characteristic energy distributions but for ENAs coming in from the heliosheath and VLISM; again, the
bottom portion shows the overlapping energy ranges for the various IMAP ENA measurements, as well as for
interstellar neutrals. Ion fluxes are from Voyager 1, along its particular trajectory and ENA observations are
from Cassini and IBEX (Fuselier et al. 2012) for the same direction. Figure is adapted from McComas et al.
(2018b)

coverage over various energy ranges. For ions, these cover six and a half decades and for
ENAs, four and a half. Importantly, there is a good overlap in the energy ranges covered by
these instruments and the overlaps were cross calibrated well against known beams in the
laboratories before launch.

Part of IMAP’s integrative science is to measure both the solar wind and energetic parti-
cles traveling from ∼1 au outward through the heliosphere and some of them then returning
back as ENAs from the outer heliosphere. Therefore, colored boxes in Fig. 5 indicate roughly
how the in-situ ions map from source ions into returning ENAs. Figure 6 provides estimates
of transit times that it takes different IMAP observables at different characteristic energies
to propagate outward from the inner heliosphere and inward from the outer heliosphere. The
propagation times are plotted as a function of heliocentric distance.

In addition to the in-situ and remote (ENA) ion observations, IMAP carries other in-
struments to round out the mission as a complete heliophysics observatory. Figure 7 shows
one example of each of the four sets of additional observations. From top to bottom, MAG
measures the interplanetary magnetic field at low frequency, as well as solar wind mag-
netic turbulence at higher frequencies. IDEX observes dust travelling in from the interstellar
medium, as well as dust from other planetary and solar system sources. GLOWS images the
Ly-α backscatter glow from which 3-D structure of the solar wind is derived and infers the
solar wind structure, enabling assessment of attenuation of ENA fluxes between their ori-
gin and detection sites and facilitating interpretation of compositional observations of ISN
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Fig. 6 Particle and plasma propagation times shown a) from the Sun outbound into the outer heliosphere
and local interstellar medium and b) from the heliosheath and local interstellar medium inbound to the inner
heliosphere and 1 au. For each particle species and population (shown with different colors and symbols,
as indicated on the legends), travel times from origins (also indicated in the legends) are shown in years on
a log10 scale. In both plots, representative distances for Earth-orbit (1 au), Jupiter-orbit (5.2 au), Neptune-
orbit (30 au), termination shock (TS, 90 au), heliopause nose (120 au), mid-heliotail (400 au) and VLISM
(1000 au) are shown with vertical dashed lines and labeled on the top of the axes. In panel a), slow solar wind
(SW), fast SW, CMEs, and suprathermal (ST) and SEP protons (H+) are all shown originating from the Sun
and traveling outward in heliocentric distance. Multiple energies are shown for the following populations:
ST and SEP protons, ENAs, and ISNs. ST protons are shown for 10 and 100 keV; SEP protons are shown
for 1, 10, and 100 MeV. Travel times for both ST protons and SEPs are calculated assuming that those
particles travel along and perfectly parallel to idealized Parker spiral IMF moving at the slow solar wind
speed (i.e., convecting outward) in the ecliptic plane. Note that this assumption represents an upper-bound
on outward travel times; particularly for the highest energy SEPs, drift-diffusion through the heliosphere
will result in shorter travel times than those shown here. For inbound populations in b), hydrogen ENAs are
shown originating from the heliopause at 120 au and traveling inward to smaller heliocentric distances, while
hydrogen and helium ISNs are shown originating from the LISM at 500 au and traveling inward. ENAs and
ISNs are shown at: 0.1, 0.7, 4.0, 20, and 100 keV (ENAs), 10 eV (both ISN H and He), 40 and 150 eV
(ISN He only). For all populations with multiple energies, the slowest to fastest are shown with thick, solid,
dashed, dash-dot, and dotted lines. Also shown in b) are representations of the inner heliosphere sources and
subsequent inbound ENAs from the GDF and IBEX ribbon populations. For GDF ENAs (example shown is
a 1.1 keV hydrogen ENA), a source in the slow solar wind and neutralization in the heliosheath is indicated,
with a total round-trip travel time of ∼2.1 years. For the ribbon ENAs (also shown with a 1.1 keV hydrogen
ENA), faster solar wind neutralizes in the inner heliosphere (gray dash-dot line), propagating out into the
very local interstellar medium, around 200 au, where it is ionized (i.e., becomes an interstellar PUI) and then
re-neutralized, returning to the inner heliosphere as a ribbon ENA over a total round-trip travel time of ∼4.0
years
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Fig. 7 Other instruments in the
IMAP payload measure the
interplanetary magnetic field and
solar wind turbulence (MAG),
interstellar (and other solar
system) dust (IDEX), the solar
wind Ly-α helioglow (GLOWS),
and solar wind electrons (SWE).
The MAG and SWE plots were
adapted from Bruno and Carbone
(2013) and Verscharen et al.
(2019), respectively

atoms. Finally, SWE measures the 3-D solar wind electron distribution, including its core,
halo, and Strahl populations.

4 Instruments and Measurements

IMAP’s ten instruments deliver comprehensive observations that span from in-situ measure-
ment of particles, fields, and dust to remote imaging of the solar wind and its interaction with
the VLISM at the very boundaries of our heliosphere. Table 3 shows the mapping of IMAP’s
four Scientific Objectives (Sect. 1) to our baseline science requirements, instruments, and
description of the differences from Baseline to Threshold requirements. From our Level 1
Requirements Document, the Baseline Mission is defined by “the verifiable requirements
to which the mission must be designed.” In contrast, the Threshold Mission is defined as
“the minimum requirements to which the mission must achieve prior to launch and still be
deemed worth flying.”

The sensitivities, resolutions, collecting powers, time cadences, and calibration have all
been set to measure the key elements of our heliosphere and the energized particles in it.
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Table 3 Mapping of the IMAP Scientific Objectives (listed above) to Required Instruments

IMAP scientific
objective

Requirement name IMAP instrument
required

Difference between baseline
science requirement and
threshold science requirementO1 O2 O3 O4

X NEUTRAL H AND D IMAP-Lo Reduced observation time and
accuracy

X NEUTRAL He IMAP-Lo Reduced observation time

X NEUTRAL 0 AND Ne IMAP-Lo Reduced observation time and
accuracy

X X ENA Hl-RES SKYMAP IMAP-Hi,
IMAP-Ultra

Reduced observation time and
sky coverage

X X ENA ENERGY SPECTRA IMAP-Lo,
MAP-Hi,
IMAP-Ultra

Reduced observation time and
sky coverage

X X ENA HI-RES TEMPORAL IMAP-Hi,
IMAP-Ultra

Reduced energy range, energy
resolution, and sky coverage
per map

X X THERMAL IONS SWAPI Narrower energy range and
reduced cadence

X X THERMAL ELECTRONS SWE Narrower energy range and
reduced cadence

X SOLAR WIND
COMPOSITION AND
CHARGE-STATES

CoDICE-Lo Narrower energy range,
reduced energy resolution,
reduced cadence, and reduced
composition

X X X PICK-UP IONS SWAPL
CoDICE-Lo

Narrower energy range,
reduced energy resolution,
and reduced cadence

X X SUPRATHERMAL IONS CoDICE-Hi Narrower energy range,
reduced energy resolution,
reduced cadence for pickup H

X X ENERGETIC PROTONS
AND HEAVY IONS

HIT Reduced energy resolution
and energy range

X X 3D MAGNETIC FIELD MAG High rate sampling removed
and reduced resolution

X DUST COMPOSITION IDEX Not in threshold

X UV 121.6 mn Ly-a GLOWS Not in threshold

Table 4 provides the observation capabilities of all ten IMAP instruments, including their
covered ranges, resolutions, and cadences of observations.

The IMAP instruments have been built, tested, and verified to meet the full Baseline
science requirements in all areas. As shown in Fig. 8, IMAP meets (blue) all of the Baseline
requirements and in most cases exceeds them (green) providing added resiliency for both
1) accomplishing all of the IMAP mission science goals and 2) going ever farther with new
scientific firsts, discoveries, and insights.

On the ground, detailed calibrations were carried out for all instruments. In addition, we
cross calibrated pairs of instruments: IMAP-Lo with IMAP-Hi, IMAP-Hi with IMAP-Ultra,
and SWAPI with CoDICE together in the same beamline at the same time. This innova-
tion was first carried out on IBEX and was expanded for IMAP. CoDICE and HIT were
also cross calibrated by using radioactive sources and a standard reference detector. In all
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Table 4 Summary of IMAP Instrument Suite Capabilities

Instrument Observable Range Resolution Cadence

SWAPI SW ions and PUIs,
1D VDFs

0.1–20 keV/q SW FoV: 30° × 10° SW: ≤ 1-min

Energy ΔE/E: 0.085

PUI FoV: 220° × 20° PUI ≤ 10-min

Energy ΔE/E: 0.085

CoDICE-Lo SW and ST ions and
PUIs, w/ composition
and charge states, 3D
VDFs

0.5–80 keV/q Angular: ≤15° ≤ 1-hour

Energy ΔE/E: 0.04

m/Δm ≥ 2 (He)

CoDICE-Hi ST and EP ions, w/
composition, arrival
direction

0.05–2 MeV/nuc Angular: ≤30° ≤ 1-min

Energy ΔE/E: 0.41

m/Δm ≥ 4

HIT EP, electrons and ions
w/ composition, 3D
distributions at
several energies

Ions:
2–70 MeV/nuc
Elec: 0.5–1 MeV

Angular: 24° × 22.5° ≤ 1 min for H,
≤ 10 min for
He, ≤ 1hr for
O and Fe

Energy ΔE/E: ∼ 0.10

m/Δm > 10

SWE SW electron, 3D
VDFs

1–5000 eV Angular: ≤30° ≤ 1-min

Energy ΔE/E ≤ 0.15

MAG Magnetic field vector ±512 nT;
±60,000 nT;
(auto-ranging)

4 pT @512 nT 2 Hz (64 Hz
for around 8
hours/day)

IMAP-Lo ISN and ENA flux
and composition

5–1000 eV Angular: 9° Full Sky-Map:
1-yearEnergy ΔE/E: 0.7 and 1

m/Δm ≥ 4

IMAP-Hi ENA flux and
composition

0.41–15.6 keV Angular: 4.1° Full Sky-Map:
6-monthsEnergy ΔE/E: 0.47

m/Δm ≥ 4

IMAP-Ultra ENA and EP flux and
composition

ENA: 3–300 keV
Ions: 3–5000 keV

≤6° at ≥10 keV H Full Sky-Map:
3-monthsEnergy ΔE/E: 0.12 - 0.21

(intrinsic resolution).

sky maps binned in ∼0.4
ΔE/E to optimize SNR.

SSD: m/Δm ∼4

MCP: H (lights), O
(Heavies)

IDEX Interstellar and
interplanetary dust

2 × 10−13 –
5 × 10−11 g;
1–286 amu

m/Δm > 120 at 56 amu Continuous
collection of
discrete events

GLOWS H(Ly-α) glow 120.5±4.3 nm Angular: 4° 1 light curve
per pointing

cases, by independently knowing the input ion and neutral sources, we can guarantee cor-
rect intercalibration of different instrument sensitivities and other properties through the
overlapping energy ranges. In-space, cross-calibrations are essentially continuous amongst
all instruments with overlapping energy ranges, although the input source is, of course, not
independently known. Finally, in flight GLOWS observes EUV bright stars, which are char-
acterized and function effectively as standard candles.
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Fig. 8 Summary of instruments’ top-level requirements and margins. Blue coloring indicates fully meeting
Baseline requirements, while green indicates exceeding them

Much of the background in IBEX’s ENA images, as well as background in numerous
in-situ observations from other missions, stem from the energetic particles and radiation in
the near-Earth, magnetospheric space environment. Thus, when we developed and proposed
the IMAP mission concept, we chose to station the spacecraft in the much quieter Sun-Earth
L1 point. IMAP measurements also benefit significantly from our approach of having the
IMAP spacecraft be a sun-pointed spinner, like IBEX. In the case of IMAP, however, we
repoint the spin axis each day by ∼1° (360°/365.24 days) to keep the spacecraft spin axis
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pointed ∼4° to the right of the Sun center. This angle accounts for the aberration of the solar
wind (∼4° on average at 1 au) and minimizes its effect on the ENA observations.

The size of the Lissajous orbit is important. For IMAP, we have settled on a +/−9.5°
×+/-3.9° orbit around L1. This size balances the competing goals of maximum lifetime
for the mission within the propulsion capabilities and the tightness of the ellipse needed
to do our solar wind science. In particular, the in-situ instruments (SWAPI, CoDICE, HIT,
SWE, and MAG) benefit from making measurements within a correlation length. The solar
wind correlation length, while variable, is of order 1 × 106 km (∼150RE) at 1 au (e.g.
Weygand et al. 2011), so making measurements within around a correlation length of the
Earth-Sun line throughout the orbit makes them good predictions of what will shortly arrive
at Earth. This orbit also provides a truly unique opportunity for multi-spacecraft studies of
the small-scale structure of the solar wind in combination with other L1 spacecraft making
measurements contemporaneously with IMAP (SWFO-L1, ACE, Wind, DSCOVR, SOHO,
and Aditya-L1). The IMAP spacecraft and mission design ensure adequate propulsion for
an extended mission out to at least five years, and if the launch is at all close to nominal,
there should be propellent to last much longer.

In the ten subsections below, we briefly summarize each of the 10 IMAP instruments’
design and capabilities. For each instrument, more complete descriptions are provided in the
individual instrument papers of this IMAP collection.

4.1 SWAPI

The Solar Wind and Pickup Ion (SWAPI) instrument (Rankin et al. 2025; Fig. 9) measures
the combined distributions of the solar wind thermal plasma (H+ and He++) and lighter
species of PUIs (H+ and He+). SWAPI primarily contributes to Science Objectives 1 and 4
(Sect. 1 and Tables 2 and 3 above), with measurements that contribute to the fundamental un-
derstanding of the solar wind, sources and acceleration of particles, PUIs, and physical pro-
cesses regulating the global heliosphere. SWAPI’s observations of the PUI He+ distribution
from low energies to beyond the PUI cutoff (0.1 to 20 keV/q energies; with about 10 min.
cadence), for example, enable high time-resolution measurements of the PUI gravitational
focusing cone. This, combined with measurements from CoDICE, IMAP-Lo, and GLOWS
allows determination of the LISM flow properties with unprecedented accuracy (Sect. 2.2).
Meanwhile, SWAPI also delivers the high time and energy resolution required to observe the
spatial structure and transients in the solar wind plasma that are key to identifying energetic
particle sources and linking these to local acceleration processes (Sect. 2.1). Specifically,
this includes plasma properties (e.g, velocity, density, temperature) derived from 1D distri-
bution functions of solar wind H+ and He++, as well as the first measurements at high time
resolution (∼12 s) of the suprathermal tail. SWAPI also contributes to I-ALiRT by extending
the ACE solar wind measurements to high time resolution (12 s), with an energy resolution
of 27 energy bands per decade.

SWAPI is a spherical top-hat electrostatic analyzer that draws substantial heritage from
the Solar Wind Around Pluto (SWAP) instrument on the New Horizons spacecraft (McCo-
mas et al. 2008a). SWAP was designed to measure the solar wind and interstellar PUIs at
large distances from the Sun, as well as Pluto-generated PUIs. Because of the large distances
and the wide range of viewing directions, SWAP was designed to have extremely high sensi-
tivity, a very large field of view, and very low backgrounds. These attributes allowed SWAP
to make unprecedented measurements of Pluto’s interaction with the solar wind (McCo-
mas et al. 2016), as well as unique measurements of the Jovian magnetotail to distances
beyond 2500 RJ (McComas et al. 2007) and fundamental observations of interstellar PUIs
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Fig. 9 IMAP’s SWAPI instrument, including block diagram and FOVs

(McComas et al. 2021, 2025, and references therein). SWAP continues to make excellent
observations of the solar wind and interstellar PUIs, now out past 60 au (McComas et al.
2025). SWAPI returns similar types of measurements, but at higher time cadences and over
a wider energy range. In the early days of the SWAPI instrument development, several key
modifications were made to the original SWAP design to better adapt it for in-situ measure-
ments at 1 au. Among these were the removal of the retarding potential analyzer (RPA),
thereby significantly increasing the open area for PUIs, and the replacement of the deflector
ring with a shorter grounded aperture cutoff ring, which provides increased elevation-angle
FOV.

The contrast between the high-intensity solar wind and low-intensity PUIs is accounted
for at SWAPI’s entrance (e.g., the blackened upper section in Fig. 9) by an aperture grid
assembly, which includes an electroless-nickel grid with many thousands of tiny holes that
reduces the solar wind flux by a factor of ∼1000, and carefully designed protruding vanes
to manage vignetting. The final version of these features was achieved by a combination
of experimentally driven instrument design decisions and forward modeling based on more
than 50 years of OMNI data. The configuration of the solar wind-viewing sector enables
0.1% transmission while keeping 99.99% of the solar wind from entering the instrument
unattenuated and keeping 99% of the nominal solar wind from scattering within the ESA.
Restricting the solar wind in this way leaves the remaining 221.5° of the aperture open for
unrestricted entrance of PUIs (plus an additional 12.3° vignetted region on either side of the
vanes), as depicted in the instrument FOVs (Fig. 10).

SWAPI’s key instrument performance parameters are summarized in Table 5. The instru-
ment ion-optics section comprises: (i) the above-described aperture grid assembly; (ii) an
Electrostatic Analyzer (ESA) with energy-per-charge (E/q) selection; (iii) a field-free flight
path; and (iv) a coincidence detector section. These elements select the energies and atten-
uation factors for the measured solar wind and PUIs. Transmitted ions are post-accelerated
into the detector section that employs an ultrathin carbon foil (e.g., McComas et al. 2004)
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Fig. 10 SWAPI’s azimuth and elevation angle FOV’s on IMAP spacecraft. Viewing of solar wind (green) is
separate from that for PUIs (yellow)

Table 5 SWAPI instrument performance parameters

Parameter Performance

Instrument Type Top-hat top plate Electrostatic Analyzer

Species SW H+ and 4He++; combined PUI He+ & H+
Energy Range 0.89 to 21.4 keV/q

Energy Resolution (dE/E) 8.1% Full Width at Half Maximum (FWHM)

Time Resolution 12 s

Number of Steps 72 (1 ramp, 62 course, 9 fine)

Field of View Sun-viewing: 30° × 10°

Non Sun-Viewing: 221° × 20° (factors in vignetting)

GF (cm2 sr eV/eV) SW Sun-Viewing: 1.00×10−7 cm2 sr eV/eV for SW H+
(cold plasma w/ 5°FWHM beam)

PUI Non-Sun-Viewing: 2.25×10−2 cm2 sr eV/eV for PUI He+
(hot plasma approximation)

Dynamic Range 2 MHz to 0.07 Hz counting rates

Signal to Noise Ratio Min. SNR of 1 @ 0.07 Hz coincident count rate

Mass 3.01 kg

Volume 0.011 m3

Power 2.37 W (peak power, 12 s cycle average)

Telemetry 443.2 bps (housekeeping + science)

and two CEMs: a primary CEM (PCEM), which measures ions that pass through the car-
bon foil, and a secondary CEM (SCEM), which attracts secondary electrons liberated from
the carbon foil. A cross-section of the ion-optics is shown in Fig. 11; the instrument block
diagram is shown in Fig. 9.
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Fig. 11 SWAPI ion-optics cross
section

SWAPI’s electronics include a High Voltage Power Supply (HVPS), Low Voltage Power
Supply (LVPS) and Processor Board (PB). The ESA, PCEM, and SCEM are tied to three
separate HVPSs controlled by an 8051 microcontroller. The ESA HV steps up to 10.2 kV
while the CEM HVs are set to separate steady values, up to 4 kV, to maintain detector satu-
ration. Primary and secondary pulses are received from charge amplifiers and accumulated
in counters. If both occur within a 100 ns window, a coincidence (COIN) is also regis-
tered. SWAPI consists of a single integrated mechanical assembly with a two-sensor detector
section and an electronics enclosure. The instrument is mounted on a spacecraft-provided
bracket, which in turn is mounted to the bottom side of the top deck of the spacecraft Bay
D. The electrical interface with the spacecraft is via a single D type pin power connector
and a single subminiature D type data socket connector. The data connector also incorpo-
rates connections to the spacecraft Arm and Test Panel for instrument Disable/Safe/Arm
selection using the appropriate spacecraft-provided connectors.

The lower-level SWAPI (Level 2) data of primary, secondary, and coincidence count rates
over full energy-range sweeps of the ESA, accumulated every 12 s. These count rates reflect
values integrated over the entire instrument FOV and most of a spacecraft spin, providing
the combined 1D SW and PUI distribution as a function of energy per charge. Forward
modeling fits are then performed to the distribution to separate amongst the SW H+, SW
He++, and PUIs, to return parameters such as the density, temperature, and speeds of each
population (Level 3a). Inputs from the instrument calibration are also incorporated into the
algorithms to report the combined differential flux (Level 3b).

4.2 CoDICE

The Compact Dual Ion Composition Experiment (CoDICE; Livi et al. 2025; Fig. 12) mea-
sures the 1) elemental, ionic charge state, and isotope composition and the 3-Dimensional
(3D) velocity distribution functions (VDFs) of solar wind He – Fe ions and interstellar
pickup He, O, and Ne ions in the ∼0.5–80 keV/q energy range in CoDICELo, and 2) the
mass composition and arrival direction of ∼0.03–5 MeV/nuc ions in CoDICEHi (Desai et al.
2015, 2016; Desai 2017). These measurements, summarized in Table 6, are required to 1)
determine the LISM composition and flow properties and 2) discover the origin of the enig-
matic ST tails and advance understanding of the acceleration of particles in the heliosphere.
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Fig. 12 CoDICE cross-section showing the electro-optical design and simulations of particle trajectories
through the ESA and TOF/E subsystems (left). Fields-of-View (FoVs) of the CoDICEHi (top right) apertures
and the CoDICELo ESA entrance (bottom right)

The CoDICE sensor comprises two major sub-systems, namely: 1) an ESA, and 2) a
Time-of-flight (TOF) vs. residual energy (E) spectrometer. CoDICELo measures ions be-
tween ∼0.5 and 80 keV/q that enter through the collimated aperture (blue trajectories in
Fig. 12) and are selected and focused according to their E/q by the ESA into the Start TOF
subassembly. The E/q sweeping steps up to the maximum voltage for the next stepping cy-
cle when SW H+ count rate near ∼1 keV/q exceeds a predefined threshold rate. The Start
subassembly, biased at −15 kV, accelerates the incoming ions before they strike a thin C
foil (∼1 μg cm−2) at the entrance of the TOF/E subsystem. This interaction produces sec-
ondary electrons (red trajectories) that are guided to the outer annulus of the Start MCP. The
azimuthal arrival directions of the incoming ions are measured by a position-sensing de-
lay line embedded within the Start MCP subassembly. CoDICELo measures the full energy
range as the ESA steps through all 128 voltage steps during a 4-minute interval. The mostly
neutralized ions (black trajectories) then traverse a ∼10.64 cm flight path and strike one of
24 Avalanche Photodiodes (APDs, each 300 μm thick with an active area of 3×5 mm2),
where they generate secondary electrons that are guided to the center of the Stop MCP (pur-
ple). The TOF between the Start and Stop MCP signals yields the ion velocity. The residual
energy E of the neutralized ion is measured by one of the 24 azimuthally distributed APDs
that collectively provide 6°×360° instantaneous FOV and cover ∼1.8 π sr in a single space-
craft spin. The combined measurements, E/q, TOF, and E, determine the mass (M), charge
state (q), and M/q.

CoDICEHi measures ions between ∼0.03 and >2 MeV/nuc (orange) that enter the com-
mon TOF/E subsystem through 12 separate 10°×16° FOV collimators and two 100 nm foils
that attenuate UV light to <0.1% and stop low-energy (<10 keV) protons. The external foil
is 100 nm aluminum, and the internal foil is 50 nm aluminum with 50 nm polyimide. Start
and Stop MCP signals are generated by secondary electrons (light blue and green) that are
produced as the ions traverse a thin ∼1 μg cm−2 C foil located at the TOF/E entrance, The
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Table 6 CoDICE performance

Parameter CoDICELo CoDICEHi

Instrument type PUI, SW, and ST Ion Spectrometer,
ESA/TOF/E

ST and Energetic Particle
Spectrometer, TOF/E

Species Interstellar PUIs: PUIs: 3He+, 4He+, N+,
O+, 20Ne+, 22Ne+, Ar+, SW and STs: Mass
and Q-states of SW He-Fe

H-Fe

Energy Range and
Resolution

0.5-80 keV/q, ΔE/E=4% Ions: ∼0.05 – >2 MeV/n
@ 7 bins/decade

Mass Range and
Resolution

M: 3–56 amu; (M/q)/Δ(M/q)>60 (mass
dependent)
(M)/ΔM>6 (mass dependent)

M: 1–56 amu
(M)/ΔM>12

Instantaneous FOV,
El. × Az.; Sky Coverage

24 6◦ × 6.6◦ apertures over 360° azimuth;
∼1.8 𝛑 sr in full spin

12 10° × 16° apertures
over 360◦ azimuth; ∼2.1 𝛑
sr in full spin

Dynamic Range Quiet time – 105 counts/sec Quiet time – 105 counts/sec

Time Resolution 1 hr for 3D VDFs of He+, <30 min for SW
composition

1 min for H, He, e− and 15
minutes C-Fe in gradual
SEP events

GE of GF >2.6 × 10−3 cm2 sr eV/eV; variable to
reduce SW He2+ counts

∼0.156 cm2 sr

Observing Modes E/q scans optimized to reduce H counts and
increase duty cycle of STs

Single mode

Mass 16.1 kg

Volume 0.0413 m3

Power 18.5 W @ Hot Operation, 25.1 W average @ Cold Operation

Raw Telemetry (4-min
cycle) Telemetry

Science: 4762 kbps Science: 1505 kbps

I-ALiRT: 115 bps 640 kBps I-ALiRT: 32 bps 640 kBps

mostly neutralized ions (black trajectories) then traverse a ∼12.3 cm flight path and strike
one of 12 SSDs distributed over 360° azimuth, respectively. Each SSD, 700 μm thick with
an active area of 15×15 mm2, determines the ion’s residual energy. The residual energy
along with the TOF, which yields the ion velocity, provides the ion mass. These secondary
electrons are detected by the same MCPs shared with CoDICELo, but in separate areas; Hi-
Start electrons (light blue) are guided toward the center portion of Start MCP, and Hi-Stop
electrons (green) are guided toward the outer annulus of Stop MCP. CoDICEHi covers 2.1π
sr in each spacecraft spin.

Figure 13 shows the CoDICE overall block diagram. CoDICE electronics box (Ebox)
comprises the following major subassemblies: 1) LVPS; 2) Processer Board; 3) Sensor High
Voltage Power Supply (HVPS-1); 4) Ion-Optics Power Supply (HVPS-2). The LVPS in-
terfaces with the spacecraft via a nine pin D type connector. The LVPS accepts +31 V
nominal spacecraft primary power to create secondary voltages (+3.3 V, ±5 V, ±12 V) for
all CoDICE subassemblies. The Processor Board interfaces to the spacecraft RS-422 data
bus via a nine socket MDM type connector for all spacecraft commands and all instrument
telemetry. The Processor Board also interfaces to the spacecraft Arm and safe panel via
a nine pin MDM type connector for instrument Disable/Safe/Arm selection using the ap-
propriate spacecraft-provided plugs. The Processor Board: 1) provides a centralized system
for command, monitoring, and control; 2) acquires, processes, and packetizes all detector
data; 3) provides temperature, current, and voltage monitoring of the HVPS, LVPS, and the
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Fig. 13 CoDICE block diagram, with CoDICE flight instrument (inset)

sensor; and 4) distributes a high voltage power supply safing signal. HVPS-1 has 4 HV con-
verters, namely, 1) sensor bulk; 2) 10-stage Start MCP; 3) 8-stage Stop MCP; and 4) APD
Bias.

The Sensor Bulk (HVPS-1) supply produces a steady output voltage of +6000 V. The
bulk output feeds directly into the Stop Steering regulator (+3200 V nominal, HV opto-
coupler based) which is resistor divided to produce the SSD Steering voltage (+1600 V
nominal). The sensor bulk provides +670 V from a tap on the multiplier/filter to an ad-
ditional three outputs. One of these three outputs (SSD Bias) also has an HV optocoupler
based regulator. The remaining two outputs (APD Optics and SSD Lens) derive from resis-
tive dividers from the previously mentioned tap. The 10-stage Start MCP supply produces
an output voltage programmable from zero to −3400 V with up to 120 μA. The 8-stage
Stop MCP supply produces an output voltage programmable from zero to +5000 V with up
to 120 μA. The MCP Back voltage is set to a fixed voltage from +1600 V by using a shunt
HV optocoupler. This voltage increases as the Stop MCP voltage increases until it reaches
+1600 V, then it is regulated to a fixed +1600 V as the Stop MCP voltage continues to
increase. The APD Bias supply produces a programmable output voltage of zero to +650 V.
There is a slave APD Bias 2 supply producing zero to ∼ +600 V to bias 3 APDs that mea-
sure particles from the solar wind direction. Since APD Bias 2 is a regulated voltage from
APD Bias 1, it cannot generate a voltage greater than the programmed APD Bias 1 voltage.

The Ion-Optics Bulk (HPS-2) supply produces a programmable output voltage from 0
to −15,500 V (nominal −15,000 V) at up to 200 μA. The output of this Bulk supply
feeds directly into the ESA-A (Entrance) and ESA-B (Main) HV optocoupler based neg-
ative polarity stepping power supplies. This Bulk supply also feeds a resistive divider which
provides the Post-Acceleration output (nominal −15,000 V), the Steering output (nominal
−13,240 V) and the Start Optics Grid (nominal −2647 V). The backplane routes secondary
power from the LVPS to all other CoDICE subassemblies. It routes command and telemetry
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from and to the CDH. Processor board for command & data handling (C&DH) All electrical
interfaces within the EBox are via cPCI connectors. The low voltage electrical interface to
the sensor section is via a pigtail two row 51 pin MDM type connector between the EBox
and the Front End Electronics (FEE) housed inside the sensor.

The low voltage terminal block assembly provides for lower-level high voltage termi-
nation via high voltage pigtails exiting directly from HVPS-1 & −2 at the EBox exterior
prior to being integrated with the CoDICE sensor assembly. The higher voltages were ter-
minated after the sensor section was integrated with the EBox. The lower-level high voltages
include: Ion-Optics HVPS voltages and the Start Optics Grid, and Sensor HVPS voltages
consisting of Start MCP, Stop Steering, Stop Anode, Start Anode, APD Optics, SSD Lens,
SSD Steering, Stop Grid, and Stop MCP Back.

CoDICELo solar wind and pick-up ion data products include 1D and 3D VDFs for mul-
tiple species. CoDICEHi provides the arrival directions of ST ions with priority given to
heavy ion species. CODICE contributes to the I-ALiRT data stream to provide the solar wind
proton intensities and solar wind charge state ratios data products. CoDICE also provides
binned data products and direct event data products. The direct event data products contain
the complete measurement information for each ion event that is telemetered based on the
respective priority schemes, while the binned data provide counts/intensities as a function
of energy, detector (APD and SSD), and spin angle at different cadences depending on the
data product. Standard data-level definitions are Level 0: the raw CCSDS packets; Level
1a: raw count data decommutated into formatted variables; Level 1b – counts converted to
count rates; Level 2: validated science products with count rates converted to intensities
using instrument calibration factors; Level 3: higher level science data.

4.3 HIT

The High-energy Ion Telescope (HIT) instrument (Christian et al. 2025; Fig. 14) measures
ions from 2–50 MeV/nucleon (species dependent) which, at ∼1 au primarily have their
origin as SEPs and low energy ACRs. HIT contributes to IMAP Science Objective 4 (see
Sect. 2) by observing the elemental composition, energy spectra, angular distributions, and
arrival times of H to Ni and linking them to suprathermal measurements from CoDICE. HIT
also distinguishes 3He ions, which are an important tracer of SEP acceleration processes
(See Table 7). Eight of the ten HIT apertures are sensitive to ions and are oriented so that
as IMAP spins, they observe the full sky (4π sr FOV) (Fig. 14 and Fig. 15). Two additional
apertures have been modified to be sensitive to electrons arriving from the sunward and
anti-sunward directions with energies of a few hundred keV to a few MeV. These electrons
are key pieces to understanding SEP acceleration and transport. These electrons are also
important to space weather because their near relativistic speeds can provide valuable early
warning for the arrival of large storms (Posner 2007). Selected HIT electron and ion rates
are included in the I-ALiRT data to facilitate space weather work. HIT is based on the Low
Energy Telescope (LET, Mewaldt et al. 2008) that was flown on the two Solar Terrestrial
Relations Observatory (STEREO) spacecraft.

HIT uses a series of silicon solid-state detectors (SSDs) and the classic ΔE/Etot method
to identify SEP ion species. The ten apertures have nominally identical 24 μm thick detec-
tors (L1s) that are circular with a 2 cm2 area, divided into three active regions. These L1
detectors and their collimators determine the arrival direction (Fig. 16). The two electron
apertures have 1500 μm thick circular with 2 cm2 SSDs (L4s) directly behind the L1s that
have an inner active area with a radius of 5.9 mm and an outer annulus 1.5 mm wide. The
L1 detectors in these apertures and the annulus regions of the L4s are used as active anti-
coincidence to remove low-energy protons and all heavier ions, with the electrons of interest
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Fig. 14 HIT Block Diagram, Photo, and FOV

Table 7 HIT instrument performance parameters

Parameter Performance

Instrument Type Silicon SSD ΔE/Etot ion and electron analyzer

Species e−, H, 3He, 4He, C, N, O, Ne, Mg, Si, S, Ar, Ca, Fe, and Ni

Energy Range ∼1 MeV/nucleon to ∼70 MeV/nucleon, species dependent

Energy Resolution (ΔE/E) ∼0.1

Time Resolution 1 minute

Ion Field of View Instantaneous two fans 130° × 30°, with spin 4π

Electron Field of View ∼30° half-angle cone, sunward and anti-sunward

Mass 3.50 kg

Volume 9 cm × 7 cm × 18 cm

Power 5.96 W

Telemetry 745 bps

stopping in the inner region of the L4 detectors. Particles from all apertures can stop in a
stack of four rectangular SSDs at the center of the sensor head, two 50 μm thick rectangular
detectors (L2s) with a 10.2 cm2 area and 10 active regions on the outsides of the stack and
two 1000 μm thick rectangular detectors (L3s) with 15.6 cm2 area and three active regions
in the middle (Fig. 16).

Two of the active areas on each of the L3 detectors are ganged together, giving a total
of 58 signals that are digitized in four dual-range 11-bit 16-channel custom Pulse Height
Analyzer ASICs (PHASICs). These PHASICs, the FPGA that controls them, and all their
support components reside on a two-part FEE board in the HIT sensor head. Power and
digital signals are transferred inside a bracket that attaches the sensor head to an electronics
box. The electronic box and bracket are used to position the sensor head so that it has clear
a FOV. The electronics box contains four boards, an Analog Board that distributes signals
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Fig. 15 HIT location on
spacecraft and FOVs

Fig. 16 HIT orientations and locations of SSDs

to the other boards, an Instrument Data Processing Unit (IDPU) board, a LVPS, and a HV
Bias board that generates the HV (maximum 250 V) bias for the SSDs.
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Fig. 17 Visualization of energy
bins for all ion species measured
by HIT. Dots indicate boundaries
of the bins, which can be
adjusted by uploading new
lookup tables if necessary

The processed HIT data (Level 2) consists primarily of omnidirectional particle species
intensities (particles MeV−1 cm−2 sr−1 s−1) at a one-minute cadence. The species and en-
ergies are shown in Fig. 17. There are also wider energy bins included to improve statistics
during quiet times. Statistical uncertainties are reported and systematic uncertainties are
added when they are identified and quantified.

For studies of anisotropy, there are sector intensities at a ten-minute cadence for 10
species and energies. For the sector intensities, the full sky (4π sr) is divided into 120
22.5° × 24° sectors with eight 22.5° bins between the spin axis and counter-spin axis times
fifteen 24° bins in the spin direction. The ten sector species are 1.8 – 4 MeV H, 4 – 6 MeV
H, 6 – 10 MeV H, 4 – 6 MeV/n 4He, 6 – 10 MeV/n 4He, 4 – 6 MeV/n CNO (combined), 6 –
12 MeV/n CNO, 4 – 6 MeV/n NeMgSi, 6 – 10 MeV/n NeMgSi, and 4 – 12 MeV/n Fe.

Level 3 data consist of full-sky anisotropy maps with B and the Sun direction shown (see
sector intensities above), and the pitch-angle histograms derived from those maps.

HIT also is included in the I-ALiRT space weather data stream. The I-ALiRT data con-
sists of six electron rates (three energies each in the roughly sunward and anti-sunward
directions), three proton rates (one omnidirectional and two with a higher energy in the
sunward and anti-sunward directions), and two omnidirectional helium rates.

4.4 SWE

The Solar Wind Electron (SWE) instrument (Skoug et al. 2025; Fig. 18) is a spherical section
electrostatic analyzer that measures the distributions of solar wind thermal and suprathermal
electrons. SWE primarily contributes to IMAP Science Objective 4, understanding particle
injection and acceleration processes near the Sun (Sect. 2). SWE in-situ electron measure-
ments provide observations of spatial structures and transients in solar wind plasma that
contribute to particle acceleration and transport processes as well as providing context for
IMAP ENA measurements. SWE measurements of suprathermal electrons in combination
with magnetic field measurements from MAG enable determination of the electron pitch an-
gle distribution, which provides information about the solar wind magnetic topology. While
suprathermal electrons typically flow out from the Sun along the magnetic field, the presence
of counter streaming pitch angle distributions, in which these electrons are observed flow-
ing both inward and outward along the magnetic field, provides a key signature of coronal
mass ejections, which can lead to geomagnetic storms. SWE also contributes to I-ALiRT,
providing the first real time space weather measurements of suprathermal electrons.
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Fig. 18 IMAP-SWE instrument, including block diagram and field of view

SWE is a high-heritage instrument, based on the design flown as the Ulysses/SWOOPS
(Bame et al. 1983, 1992), ACE/SWEPAM (McComas et al. 1998b), and Genesis/GEM (Bar-
raclough et al. 2003) solar wind electron instruments. SWE consists of a sensor head (SH)
mounted on top of an EBOX. The SWE electro-optics are a nearly exact copy of the heritage
instruments, with updated electronics, detectors, and mechanical housing design. The SH
includes the ESA, 7 CEM detectors to measure electrons entering the instrument from dif-
ferent angles, and front-end electronics to amplify the signal for transmission to the EBOX.
A cross-section of the electro-optics is shown in Fig. 19. Electrons enter SWE through a
small aperture. A positive high voltage on the inner ESA plate allows only electrons within
a narrow range of energies and azimuthal angles to pass through the ESA and be detected
by the CEMs. The ESA voltage is stepped to cover the full energy range. Electrons entering
at different polar angles are detected in different CEM detectors, giving a fan-shaped field
of view (Fig. 18). As the spacecraft spins, the FOV sweeps out >95% of 4π sr. SWE uses
the IMAP Common Electronics (ICE) electronics box (EBOX, as indicated by asterisks in
Fig. 18). EBOX electronics include the LVPS, HVPS, and Command and Data Handling
(CDH) board, and a backplane connecting these boards. The HVPS includes a CEM HV to
bias the detectors, and an ESA HV which biases the ESA to transmit particles of different
energies. The ESA HV steps up to 1200 V for measurement of particles up to 5 keV. The
CEM HV is nominally set to 2300 V but can be adjusted in flight up to 4200 V if needed
to keep the CEMs in saturation. Electrons are counted as a function of ESA step and space-
craft spin angle in each of the seven CEM detectors. The SWE key instrument performance
parameters are summarized in Table 8.

SWE Level 2 data consist of electron phase space density or intensity over the full range
of energies and angles. Full coverage of energies and spin angles is obtained over four space-
craft spins (60 s), with a lower resolution measurement in both energy and angle obtained
every 15 s. SWE Level 3 data include electron pitch angle distributions and moments of the
thermal and suprathermal electrons. SWE i-ALiRT data use algorithms developed for the
Genesis/GEM solar wind categorization (Neugebauer et al. 2003) to identify the presence
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Fig. 19 SWE sensor head cross section, including an electron (e−) trajectory through the ESA to a CEM
detector

Table 8 SWE instrument performance parameters

Parameter Performance

Instrument Type Spherical Section Electrostatic Analyzer

Species Solar Wind electrons

Energy Range 1 eV to 5 keV

Energy Resolution (ΔE/E) 0.14

Time Resolution 60 s, with a lower-resolution measurement every 15 s

Field of View 160° × 360° over a spacecraft spin

GF (cm2 sr eV/eV) (4–8) × 10−4 cm2 sr eV/eV per CEM

Mass 5.7 kg

Volume 26.5 × 25.5 × 28.5 cm

Power 10.6 W

Telemetry 800 bps

or absence of counter streaming electrons in real time, contributing to the identification of
solar wind structures such as ICMEs that can lead to space weather at Earth.

4.5 MAG

The IMAP magnetometer (MAG; Horbury et al. 2025; Fig. 20) is a conventional dual sensor
fluxgate instrument, which measures the magnetic field local to the spacecraft. The large-
scale structure of the magnetic field guides the propagation of energetic ions and electrons,
while finer scale structure scatters them, and field-particle interactions can energize them.
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Fig. 20 The IMAP flight model magnetometer: electronics box on left, two sensors on right

Fine scale structure of the magnetic field at collisionless shocks is central to the reflection
and acceleration of charged particles. An accurate measurement of the magnetic field, in
combination with particle measurements from SWAPI, CoDICE, SWE and HIT is therefore
central to IMAP Science Objective 4 (see Sect. 1).

The MAG instrument is different than that originally proposed for IMAP and is largely
based on the Solar Orbiter magnetometer (Horbury et al. 2020), which has operated success-
fully for over 5 years. Significant modifications compared to the Solar Orbiter instrument
include a change of the data interface from SpaceWire to UART, removal of sensor heaters
(since the IMAP sensors are illuminated at all times), and the incorporation of some im-
provements to the power supply taken from the JUICE instrument design. The two sensors
are connected to the electronics box, located within the spacecraft body, via a harness. The
electronics box (Fig. 21) contains one power supply board, one front-FEE board for each
sensor, and one instrument controller unit (ICU) board. The FEE boards contain the digital
drive and sensor circuitry for each sensor (O’Brien et al. 2007) and communicate to the ICU
via serial peripheral interface (SPI) links. The ICU runs the RTEMS operating system on
a 25 MHz Leon3 processor running on a RTAX FPGA. It filters and reduces the data from
each sensor using a tuned second order filter and delivers packetized data to the spacecraft
via UART link, receives commanding, and monitors instrument health parameters such as
voltages, currents and temperatures. As well as fixed boot software, three copies of the flight
software are stored in MRAM and can be updated in flight if needed.

The two MAG sensors are mounted on a deployable boom, one at the tip around 3 m
from the spacecraft body and one 75 cm inboard of that. Use of a long boom reduces the
effect of spacecraft-generated fields on the measurements, while the two sensors combined
enable direct characterization of the spacecraft-generated signals and the effective removal
of them. The main scientific data products are based on measurements from the outboard
sensor, while comparison of data between the two makes it possible to characterize the
effect of magnetically “noisy” spacecraft operations such as thruster firings and remove
them from the final products. An extensive magnetic cleanliness and control program was
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Fig. 21 The MAG instrument is
composed of two sensors on the
deployable boom, connected to
the electronics box in the
spacecraft body. Each sensor is
associated with a FEE board
which drives the sensor and
digitises the magnetic field
measurements. These are
transmitted to the Instrument
Control Unit which filters and
reduces the data before sending it
to the spacecraft

Table 9 MAG instrument performance parameters

Parameter Performance

Instrument Type Dual sensor fluxgate magnetometer

Normal mode cadence 2 vectors/s from both sensors

Burst mode cadence 64 vectors/s outboard sensor; 8 vectors/s inboard

Burst mode coverage (dE/E) > 8 hours/day

Digital resolution 4 pT

Noise at 1 Hz <10 pT

Nominal range ±512 nT at 4 pT resolution

Maximum range ±60,000 nT at 1.8 nT resolution

Mass 5 kg

Power 7.75 W

Telemetry 563 bps normal mode; 13,079 bps burst mode

undertaken by the IMAP project, with both DC and AC characterization of the spacecraft
and key subsystems including all scientific instruments.

The normal mode measurement rate is 2 vectors s−1 from each sensor, allowing good
characterization of all magnetohydrodynamic (MHD) scale fluctuations and structures. Im-
plementation of a novel lossless data compression algorithm has allowed for more than a
factor of two improvement in data return compared to that originally proposed. Combined
with other optimization of the telemetered stream this will provide ∼8 hours per day of burst
mode data at 64 vectors s−1 from the outboard sensor. This rate is sufficient to character-
ize ion cyclotron waves associated with pick-up ions, fluctuations upstream of collisionless
shocks associated with reflected and accelerated ions, and the internal structure of the shocks
themselves. All these phenomena are central to IMAP science.

The instrument performance is summarized in Table 9. MAG’s resolution, at 4 pT, is
similar to the noise level of the instrument at 1 Hz. This resolution is maintained for fields
up to ±512 nT, which is larger than any expected during the mission at L1. The MAG in-
strument does, however, auto-range into a series of larger, but less sensitive ranges if needed.
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Fig. 22 IMAP-Lo instrument, including block diagram and FOV

The largest of these comfortably covers Earth fields, allowing for ground testing without the
need for any magnetic shielding.

MAG scientific data is distributed as Level 2 products, with a continuous normal mode
product at 2 vector s−1 (reconstructed from the 64 vector s−1 data when burst mode is op-
erating), along with the burst mode product when it is available. MAG also generates a real
time I-ALiRT data product, of one vector every 4 seconds from each sensor. Downlink of
data from both sensors allow a simple real-time cleaning of magnetic contamination from
the data without human intervention. Since the orientation of the interplanetary magnetic
field upstream of the Earth is the most important parameter in determining energy input into
the magnetosphere, MAG data is critical for space weather monitoring.

4.6 IMAP-Lo

IMAP-Lo (Schwadron et al. 2025; Fig. 22) is a single-pixel neutral atom imager, mounted
on a pivot platform. IMAP-Lo provides energy and spin-angle binned measurements of in-
terstellar neutral atoms (ISN H, He, O, Ne, and D) tracked over >180° in ecliptic longitude.
Utilizing a pivot platform, IMAP-Lo can articulate its field-of-view to break the measure-
ment degeneracy and vastly improve the angular resolution of ISN flow parameters, which
are tracked over much of the year. The large and greatly improved integration times are
used to determine composition of the interstellar medium and provide critical new under-
standing of the secondary neutral atom populations produced in the heliosheath (Sect. 2.3).
Besides the ISN measurements, IMAP-Lo provides global maps of ENA H and O binned
with energy. IMAP-Lo ENA maps of the outer heliospheric boundaries (Sect. 2.2) extend
down to 100 eV and below and up to 1 keV with a much lower background than IBEX-Lo.
IMAP-Lo contributes to Science Objectives 1 – 3 (Sect. 1 and Tables 2 and 3 above): (O1)
understanding of the composition of interstellar neutral atoms and the flow properties of the
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local interstellar medium; (O2) understanding of the temporal and spatial evolution of the
interstellar boundary region by mapping neutral atoms at relatively low energies down to
100 eV; and (O3) advancing our understanding of processes related to the interactions of the
magnetic field of the Sun and the local interstellar medium mapping the IBEX ribbon down
to low energies and mapping secondary interstellar neutral atom populations produced in
the deflected and heated interstellar plasma of the heliosheath.

IMAP-Lo draws heritage from the IBEX-Lo instrument (Fuselier et al. 2009a) and was
designed to provide accurate measurements of interstellar flow parameters, which set the
outer boundary conditions of interstellar interactions, while simultaneously mapping the
outer boundaries of the heliosphere at low energies. IBEX’s direct H, D, He, O, and Ne
ISN observations (Möbius et al. 2009, 2012; Rodríguez Moreno et al. 2013; Saul et al.
2012; Schwadron et al. 2015, 2016; Swaczyna et al. 2022a) provided new information with
expanded species coverage, discovered secondary populations of ISN He (Kubiak et al.
2014, 2016) and ISN O (Park et al. 2016), greatly increased signal-to-background ratios.
The IBEX-Lo ISN measurements show a direct relationship between the ISN flow longitude
and speed via the neutral atom trajectory equation, resulting in a large uncertainty (referred
to as the IBEX ISN measurement degeneracy) in the longitude or speed (Möbius et al. 2012;
Bzowski et al. 2015; McComas et al. 2015) because of the limited longitude range of the
IBEX observations (i.e. IBEX-Lo measurements are provided over a limited range of ∼30°
in longitude). IMAP-Lo exploits the pivot platform to track the interstellar flow, allowing
IMAP to finally break the measurement degeneracy and increase opportunities to measure
ISN atoms throughout the year (Schwadron et al. 2022; Bzowski et al. 2022). The pivot
platform also enables ENA mapping with significant enhancements in collection power (by
a factor of 2× to ≥6×, Kubiak et al. 2023) in regions of concentrated latitudinal exposure,
depending on the pivot platform orientation (i.e., boresight directions α ≥ 90° to the spin
direction, IMAP-Lo views regions up to maximum ecliptic latitudes = 90°−α).

IMAP-Lo has a much larger collection power than IBEX-Lo using increased geometric
factors (≥4×) and its L1 position to significantly increase viewing time with lower back-
grounds. In the design phase, there were three elements that promised increases in geomet-
ric factor (G): larger 9° × 9° field-of-view increased G by 1.9×, removal of the IBEX-Lo
high-resolution sector increased G by 1.2×, and the implementation of the high throughput
mode with improved energy acceptance, which increased G by 1.7×. Together, these fac-
tors increase G by ∼3.9× compared to IBEX-Lo. Geometric factors derived from IMAP-Lo
calibration are larger than estimated during design (the overall increase in G is ∼6× that of
IBEX-Lo). Additional increases in G were due to: (a) removal of P2-grids used in IBEX-Lo
to shape the electrostatic field at the collimator exit; (b) TOF efficiencies increased due to
the use of thinner 1 μg cm−2 foils; (c) the increased size of the conversion surface.

These improvements allow IMAP-Lo to enhance the weak heliospheric neutral signal
while significantly reducing ion, electron, and UV background sources. Data products, in-
cluding neutral atom differential energy fluxes, and interstellar neutral atom rates, are used
to deduce interstellar flow properties, secondary distributions and relative abundances (e.g.,
ISN Ne/O, and D/H). Another key data product is the neutral atom direct event count lists,
which characterizes measured TOF spectra and help determine the relative abundances and
neutral atom fluxes.

Absolute pointing knowledge of IMAP-Lo to ≤ 0.1° accuracy is achieved by a co-located
star sensor with the same boresight direction as the IMAP-Lo sensor. The design is identical
to that of IBEX-Lo (Hlond et al. 2012; Fuselier et al. 2009a), except for the photomultiplier
(PMT) and an edge filter for wavelengths in the red to reduce the sensitivity to Milky Way
and Zodiacal Light background. The pivot platform orients the IMAP-Lo boresight up to
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Fig. 23 IMAP-Lo tracks the interstellar flow to precisely determine the species-dependent flow speed, tem-
perature, and direction of the LISM that surrounds, interacts with, and determines the outer boundaries of the
global heliosphere. IMAP-Lo returns detailed abundances, defining the composition of the LISM. The eclip-
tic longitude (three cases shown along IMAP L1 orbit in top schematic), arrival direction relative to the Sun,
and hyperbolic trajectory of the ISN bulk flow determine a characteristic relation between inflow longitude
and speed at infinity. Panel B shows expected ISN flow direction relative to the Sun versus ecliptic longitude
and IMAP Day of Year (DOY), including aberration due to orbital motion around the Sun, and panel C the
expected Ne/O and D/H with statistical uncertainties for one orbit. IMAP-Lo uses the pivoting FOV (pivot
angle, PA to spin-axis) to pinpoint the intersection in the relation between the ISN inflow speed and longitude
to uniquely determine the LISM flow vector (panel D)

180° from the sun-pointed spin axis, enabling the boresight to follow the interstellar flow
direction through more than 180 days of the year (see Fig. 23). This increases counting
statistics for accurate determinations of LISM abundance ratios, Ne/O and D/H (Fig. 23,
panels B and C). The varied orientation of the IMAP-Lo instrument breaks the IBEX-Lo
ISN measurement degeneracy (panel D).

The IMAP spacecraft provides clear fields-of-view (Fig. 24) for both IMAP-Lo and the
star sensor over pivot-angles from 60° to 180°. The cutout in the S/C deck allows for clear
views at large pivot angles. The 60° position is the launch-lock position for the sensor,
and the 90° position, where IBEX-Lo was mounted, is the nominal configuration used for
mapping the heliosphere.

IMAP-Lo’s key instrument performance parameters are summarized in Table 10. Neu-
tral atoms enter through the collimator with a 9° FWHM FOV. Electrons <600 eV and ions
<3 keV are eliminated by a cylindrical set of deflection electrodes just outside the collima-
tor. The deflectors are nominally set to +4 kV on the inner electrode, and −3.5 kV on the
outer electrode. After passing through the collimator, atoms strike the conversion surface
made of diamond-like carbon coated on a Si wafer (Sokół et al. 2024), which converts some
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Fig. 24 (Left) IMAP-Lo and star sensor clear FOVs as a function of pivot angle (Right) IMAP-Lo mounted
on the IMAP spacecraft

Table 10 IMAP-Lo instrument performance parameters

Parameter Performance

Instrument Type Single-Pixel ENA Imager

Species Energetic Neutral Atom H, Interstellar H, D, He, O, and Ne

Energy Range 5 to 1000 eV

Energy Resolution (ΔE/E) 0.7 (HiRes Mode), 1.0 (HiThru Mode)

Time Resolution ∼7 minutes with 15 s spin period

Number of Steps 7

Field of View 9° × 9°, pivoted FOV 61° – 180° to spin-axis

GF (cm2 sr eV/eV) HiRes H 1.1 × 10−4 and HiThr H 2.7 × 10−4 at ∼100 eV

Dynamic Range 1 × 10−3/sec to 80/sec for triple TOF Counts

Signal to Noise Ratio ISN He > 10,000, ISN H > 1000, ISN O > 100

ISN Ne, D > 10, ISN Secondary He > 100

ISN Secondary O > 10, Average ENA H S/N > 50

Mass Total: 44.573 kg; Sensor Mass with MLI: 17.068 kg

Volume Sensor on PPM w Harness: 65,750 cm3; Ebox: 5300 cm3

Power Without PPM: 21.62 W; With PPM 38.11 W

Telemetry 686 bps

neutral atoms into negative ions (Wurz et al. 1995; Wurz 2000; Fuselier et al. 2009a; Möbius
et al. 2009). Resulting negative ions are pre-accelerated into a toroidal ESA. Secondary- and
photo-electrons are removed by a ring of magnets near the entrance of the ESA. The instru-
ment provides two selectable energy passbands: Hi-Throughput mode (HiThr) has ΔE/E ∼
1, and Hi-Resolution mode (HiRes) has ΔE/E ∼ 0.7 similar to that of IBEX-Lo (Fuselier
et al. 2009a). UV photons and scattered particles are rejected using a CuS black surface and
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Fig. 25 IMAP-Lo cutaway
drawing, overlaid with SIMION
ray-tracing (left side) of ENAs
(blue), negative ions after the
conversion surface (green),
neutrals and ions after passing
through the Carbon foils in the
TOF section (blue), and
secondary electrons emitted at
the foils (red)

3-bounce design. After exiting the ESA, negative ions are post-accelerated by +12 kV into
the cylindrical triple-coincidence TOF subsystem. The IMAP-Lo TOF subsystem allows
the clear separation between light and heavy atoms and suppresses accidental background
events using coincidence. The ions pass through the entrance foil (C-Foila, 1 μg cm−2),
followed by passage through a second carbon foil (C-Foilc, 1 μg cm−2), and end their tra-
jectories by producing a stop signal on the MCP detector. During the passage of each foil,
secondary electrons are released and steered towards two separate sections of the MCP. This
configuration enables one triple coincidence and three double coincidence TOF measure-
ments, which reduces dark count rates to <1 count day−1 (Möbius et al. 2008; Wurz et al.
2009). Backgrounds of triple-coincidence rates are significantly reduced in comparison to
IBEX-Lo. A cross-section of the ion-optics is shown Fig. 25.

The IMAP-Lo electronics box (IMAP-Lo Common Electronics, ICE) provides the in-
terface to the high-voltage bulk supply, the TOF subsystem, the Pivot Platform Mechanism
(PPM) and forms data products for transmission to the ground in telemetry. The Interface
Board is the single point of contact to the spacecraft through the IMAP-Lo ICE. It handles
all power conditioning for the sensor and star sensor, parses incoming commands to the sen-
sor electronics, HV supplies and the star sensor, and directs data from the sensor electronics
and star sensor to the ICE.

Direct Events, Monitor Rates and TOF Board Housekeeping are generated on the TOF
Board within the HV TOF section, which is floated at 12 kV. The direct events, rates and
housekeeping are transmitted to the Interface Board over a single 115.2 kbit/sec optical
serial interface. The Interface Board can be thought of as a “bent pipe” where the TOF
Board data is guided to the ICE via the Interface Board. Star Sensor data, Interface Board
Housekeeping, and register data are digitized on the Interface Board and sent to the ICE,
also at 115.2 kbits/sec.

4.7 IMAP-Hi

The High Energy Neutral Atom Imager (IMAP-Hi) (Funsten et al. 2025; Fig. 26) mea-
sures energetic neutral atoms (ENAs) from plasma domains in the outer heliosphere over
an energy range spanning its seed population (core and suprathermal solar wind). IMAP-Hi
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Fig. 26 The IMAP-Hi ENA imager sensor (one of two identical sensors), including block diagram and field
of view

measures Hydrogen ENAs and produces global ENA flux maps over nine contiguous en-
ergy passbands spanning an energy range 0.41–15.6 keV FWHM. IMAP-Hi contributes to
Science Objectives 2–3 (Sect. 1 and Tables 2 and 3 above): (O2) advance understanding
of the temporal and spatial evolution of the boundary region in which the solar wind and
the interstellar medium interact, and (O3) identify and advance the understanding of pro-
cesses related to the interactions of the magnetic field of the Sun and the LISM. The lowest
and highest energy passbands of IMAP-Hi overlap with the highest energy passbands of
the IMAP-Lo ENA imager (Schwadron et al. 2025) and the lowest energy passbands of the
IMAP-Ultra ENA imager (Gkioulidou et al. 2025), enabling ENA flux measurements over
the sky that span a broad, contiguous energy range, enabling comprehensive global discov-
ery and understanding of the interaction of the heliosphere and the interstellar medium.

IMAP-Hi consists of two identical single pixel cameras with 4.1° FWHM conical field-
of-view (FOV), see Fig. 26. One sensor (Hi-90) is mounted perpendicular to the spin axis;
the other (Hi-45) is oriented 45° relative to the spin axis in an anti-sunward direction
(Fig. 27). Over each spin, each sensor samples a 4.1° wide circular swath of the sky. As
the IMAP spacecraft re-points toward the Sun each day, the circular swaths advance by
about 1° day−1 in ecliptic latitude, such that Hi-90 acquires a full sky map every six months.
Hi-90 samples the north and south ecliptic poles every spin but samples an equatorial point
only every 6 months. Thus, Hi-45 enables more frequent viewing of latitudes below 45°
and, crucially, is focused on lower latitude plasma structures (and their dynamics) such as
the heliospheric nose, tail, flanks, and a majority of the IBEX ribbon (McComas et al. 2024).

IMAP-Hi incorporates extensive heritage from the IBEX-Hi ENA imager (Funsten et al.
2009a) but attains far superior angular resolution, energy resolution, energy range, and
signal-to-noise ratio, simultaneously with a small increase in geometric factor and signif-
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Fig. 27 IMAP-Hi sensors’ FOVs
and FORs

Fig. 28 Schematic of an ENA’s path through the IMAP-Hi ENA imager

icant increase in low-background measurement time duty cycle. The measurement tech-
nique (Fig. 28) utilizes ultrathin carbon foils to convert ENAs into ions (Funsten et al. 1993;
McComas et al. 2004) followed by an electrostatic energy analyzer of “bundt pan” geom-
etry that projects a large area aperture onto a small, centralized detector subsystem. While
IBEX-Hi uses coincidence from three detectors, IMAP-Hi incorporates TOF electronics as
well as multi-hit detection of its MCP detector to measure TOF across for up to four detec-
tion events, providing superior background rejection for penetrating cosmic rays. The FEE
receives analog signals from the three detectors, calculates TOF for detector event combi-
nations that lie within pre-set windows, and outputs digital TOF values.

The charged particle rejection and collimator subsystems precede the carbon charge con-
version foils to reject ambient charged particles and define the FOV, respectively. To reject
ambient charged particles from reaching the carbon foil aperture, IMAP-Hi uses an electro-
static deflector subsystem instead of the more complicated IBEX-Hi electrode configuration
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Table 11 IMAP-Hi performance parameters

Parameter Performance

Instrument Type ENA Imager

Number of Sensors 2 (Hi-45, Hi-90)

Species Optimized for H0

Energy Range 0.41 to 15.6 keV (FWHM)

Energy Resolution, ΔEFWHM/E 47%

Number of Energy Steps 9 (contiguous across energy range)

Pixel Field of View 4.1° FWHM

Pixel Orientation Hi-45: 45° relative to spin axis (anti-sunward)

Hi-90: 90° relative to spin axis

Geometric Factor, GE 0.0012 cm2 sr eV/eV @ 1.1 keV

0.0175 cm2 sr eV/eV @ 12.7 keV

Time Resolution 18 min per energy sweep (72 spins)

Mass 35.0 kg

Volume Sensor: Ø46.0 cm × 25.4 cm, EBox: 22.4 cm × 26.0 cm × 17.6 cm

Power 28.1 W

Telemetry 1496 bps

that separately rejects ambient electrons and ions but introduced an unanticipated source of
background (Wurz et al. 2009). The deflector configuration also enables IMAP-Hi to more
than double the maximum energy of the energy range. The collimator consists of a stack
of identical plates with high-density hexagonal holes that are co-aligned across the stacked
plates to provide a fixed FOV. The IMAP-Hi collimator uses slightly different geometry
parameters to attain a 4.1° FOV (FWHM) that is approximately conical.

The EBox, which is separate from the sensor, is the electrical interface to the spacecraft
and contains low voltage and high voltage power supplies as well as the command and data
handling system. The digital TOF values from the FEE are processed into Direct Event (DE)
data. Each detected ENA has a uniquely reported DE record with complete TOF information
and information about the spin angle of the spacecraft at the time of measurement, the energy
passband, and which sensor recorded the DE. DE data is also accumulated into histograms
that are used to validate the DE telemetry stream. Single (non-coincidence) events are also
regularly reported so that the absolute detector efficiency of each detector can be monitored
over time (Funsten et al. 2005).

IMAP’s orbit location around the Sun-Earth Lagrange L1 point provides unobstructed,
pristine viewing of the outer heliosphere. This contrasts with the significant backgrounds in
IBEX-Hi during orbital segments within the Earth’s magnetopause and when viewing the
Earth and Moon. The IMAP-Hi performance specifications are shown in Table 11.

4.8 IMAP-Ultra

The IMAP-Ultra (Gkioulidou et al. 2025) instrument consists of two identical ENA imagers
(Fig. 29) using slit optics to cover ∼3π sr of the full celestial sphere with each spin over the
energy range 3–300 keV with 2° angular resolution for H above 30 keV. IMAP-Ultra builds
on the heritage of Cassini/INCA (INCA) (Krimigis et al. 2004) and IMAGE/HENA (HENA)
(Mitchell et al. 2000) and is almost an exact copy of the JUICE/JENI (JENI) (Mitchell et al.
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Fig. 29 IMAP-Ultra instrument, including block diagram and Field of Regard (FOR)

2016) instrument. The two IMAP-Ultra imagers, combined with the much higher duty cycle
afforded by the IMAP mission design, allow for a collecting power averaging ∼35 times
that of INCA. IMAP-Ultra delivers ENA images across the suprathermal energy range with
background rejection and angular resolution necessary to resolve heliospheric structures,
such as the suggested Ribbon-to-Belt transition, which was left unresolved from the INCA
and IBEX measurements (Sect. 2.2), as well as physical processes regulating the global
heliosphere, such as particle acceleration taking place in the outer heliosphere (Sect. 2.1).
Together with the IMAP-Hi and IMAP-Lo ENA imagers, IMAP-Ultra contributes to Science
Objectives 2–4 (Sect. 1 and Tables 2 and 3 above).

IMAP-Ultra comprises charged-particle deflection, variable apertures, a foil-based TOF
microchannel plate imager (MCPs), and solid-state detector (SSD) energy subsystems. The
two copies of IMAP-Ultra are mounted on the spacecraft with different orientations to opti-
mize the viewing coverage. One IMAP-Ultra is mounted at 45° from the anti-sunward spin
axis and the other is mounted at 90° from this spin axis. Ultra90 observes from 45° to 135°
from the Sun, while Ultra45 observes the full anti-sunward hemisphere; together Ultra90
and Ultra45 cover ∼3π sr over each spin (Fig. 30).

Each IMAP-Ultra imager has two identical entrances composed of a deflection system,
variable aperture (VA), and start foil. Particles (Fig. 31a, purple trajectory) enter the de-
flection system, where the strong electric field between alternating grounded and HV (up
to 8 kV) plates deflects charged particles into the serrated plate surfaces, effectively elimi-
nating their forward scattering. This way the incident flux of ions and electrons is reduced
below the nominal rejection energy (300 keV/q for 8 kV) by ∼104 and ∼100, respectively,
enabling clean (undeflected) ENA images. ENAs then pass through a stepper motor-driven
VA, which provides a variety of aperture configurations, with different sensitivities and an-
gular resolutions, with or without additional UV filtering (provided by a 5 μg cm−2 Si and
polyimide foil). The ENAs enter the detector through the start foil (∼1 μg cm−2 C foil that
runs over the length of the entrance slit) producing secondary electrons. Shaped electrodes
generate the electric fields (Fig. 31a, red potential contours) to accelerate and steer the sec-
ondary electrons (Fig. 31a, green trajectories) into the Start MCP, producing both 1D Start
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Fig. 30 Ultra90 and Ultra45
mounted on the spacecraft. Blue
shading depicts the FOV, and
orange shading the FOR. The two
sensors together cover ∼3π sr of
the sky per spin

Fig. 31 (a) IMAP-Ultra cross-sectional view showing trajectories of particles within the sensor; (b) IMAP-
Ultra major elements: charged-particle deflection plates; front MCP assembly with two 1D start anodes ser-
vicing two entrance slits, and one 1D coincidence anode; variable aperture mechanisms servicing each en-
trance slit (detailed in inset); two stop MCPs imaged using 2D anodes; and a strip of SSD detectors between
the two stop MCPs

position and Start timing. The particle continues through the sensor to the back plane, where
it passes through an 8 μg cm−2 UV-filtering foil and strikes the Stop MCP, producing both
2D Stop position and Stop timing. Both Start and Stop anodes use time-delay to identify
position to 1 mm spatial resolution, required for the finest angular resolution of 2°. The
combined Start–Stop positions determine the ENA trajectory and combined with TOF, de-
termine its velocity. The Stop MCP also records pulse height, which, with the TOF, yields
a rough determination of particle species: light (e.g. H, He) or heavy (e.g., O, Ne, Fe). Sec-
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Table 12 IMAP-Ultra instrument performance parameters for each sensor

Parameter Performance

Instrument Type Slit-Based ENA Imager

Number of Sensors 2 (Ultra-45, Ultra-90)

Species Neutrals, ions

Energy Range 3–300 keV (H), 3 keV – 5 MeV (ions) (TOF-only, i.e. MCPs); 35–x
(H), 60–x (He), 80–x (O) (TOFxE, i.e. SSDs), where x = 300 keV/q
neutrals, 5 MeV ions; 30–700 keV (electrons, SSD-only)

Energy Resolution (ΔE/E) 12%–21% (intrinsic resolution).

Note: sky maps will be binned in ∼40% ΔE/E to optimize SNR.

Angular Resolution ≤ 6° at ≥10 keV H

Field of View MCPs: ∼96° × 120°

SSDs: ∼70° × 120°

GF (cm2 sr) MCPs: 0.006 (pinhole), 0.12 – 0.15 (narrow slit), 0.6 (wide slit)
resolution

SSDs: 0.0006 (pinhole), 0.015 (narrow slit), 0.06 (wide slit)

Signal to Noise Ratio ∼20 (40 keV) – ∼180 (5 keV) for the low intensity regions in the sky

Mass (per sensor) 7.66 kg

Volume (per sensor) 454 mm (L) × 359 mm (W) × 283 mm (H)

Power (per sensor) 8.92 W

Telemetry (per sensor) 1530 bps

ondary electrons backscattered from the Stop MCP foil are accelerated and guided by the
electrostatic potentials onto the coincidence region of the start-coincidence MCP (Fig. 31a,
blue trajectories). The event logic requires that the coincidence pulse follow the stop pulse
within a tight valid event coincidence time window (MCP TOF-only mode). A row of SSD
detectors also located at the back plane, between the two stop MCPs, records the energy
deposited for ≥30 keV hydrogen particles that hit them. The energy deposited on an SSD,
together with TOF derived from the Start time and an SSD Stop taken from the SSD portion
of the coincidence anode, yields a so-called TOFxE measurement, sufficient to identify the
particle species (H, He, O, Ne, or Fe).

Measurement requirements and instrument performance are summarized in Table 12.
IMAP-Ultra angular resolution is energy dependent, and, over subsets of the FOV, it achieves
the ≤ 6° angular resolution for ≥10 keV H (overlapping with IMAP-Hi), and down to 2°
angular resolution above 30 keV. Full-sky maps of ENA H from 3 to 300 keV are produced
over 3 months. As mentioned above, IMAP-Ultra eliminates UV background through tight
coincidence timing and position logic. Triple coincidence logic reduces accidental coin-
cidence rates to orders of magnitude below foreground counting rates. SNR calculations,
using the efficiencies derived from the IMAP-Ultra calibration campaigns, and observed
ENA spectra from IBEX and INCA indicate that for an input intensity of 0.2 cm−2 s−1 sr−1

keV−1 of 10 keV H – representative of the regions in the sky with the lowest heliospheric
ENA intensity – the SNR should be ∼180, that is exceeding the IMAP requirement for that
particular intensity and energy (i.e. SNR > 20). IMAP-Ultra also achieves favorable SNRs
(≥ 10) for ENA energies up to 40 keV (which is the required energy range).
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Fig. 32 IMAP’s Interstellar Dust Experiment (IDEX) block diagram, and an image of its flight model

4.9 IDEX

The Interstellar Dust Experiment (IDEX; Horányi et al. 2025) is an impact ionization-time
of flight mass spectrometer measuring the elemental and isotopic composition and the vari-
ability of the flux and size distributions of ISD and interplanetary dust particles (IDPs). ISD
represents only about 1% of the mass in the interstellar medium. Still, it plays a critical role
in its composition and energetics by enabling surface chemistry, absorbing stellar ultravi-
olet, and emitting infrared radiation (Draine 2011). IDEX observations link the interstellar
gas phase composition measurements by IMAP-Lo and the PUI measurements by CoDICE
and SWAPI with the composition of ISD particles. Hence, it contributes to IMAP Science
Objective 1 (Sect. 1 and Tables 2 and 3 above), which is to improve our understanding of
the composition and properties of the local interstellar medium.

IDEX is optimized for the detection and analysis of ISD particles, and its effective target
area is sized for their low fluxes. IDEX also measures IDPs of cometary and asteroidal ori-
gin. The measurement principle is based on the impact ionization of the dust particles upon
striking the target surface. Dust mass and impact velocity are determined from the charac-
teristics of the impact charge, and composition is measured by analyzing the ions from the
impact plasma. The IDEX detector and electronics are designed to cover the large dynamic
range of the impact charges given by the expected mass and velocity ranges of the detected
particles. The dust composition is measured by the TOF analysis of the atomic and molec-
ular ions extracted from the impact plasma. The IDEX ion optics is derived from a series
of prototype laboratory instruments with demonstrated performance (Rachev et al. 2004;
Srama et al. 2004; Sternovsky et al. 2007, 2011, 2015). IDEX operates with a high mass
resolution and dynamic range, and is capable of resolving the composition of the particles
with a sensitivity better than 1% in relative abundance.

The design and operation principle of IDEX is similar to the recently developed Surface
Dust Analyzer (SUDA) instrument for NASA’s Europa Clipper Mission, and the IDEX sub-
systems derive heritage from those of SUDA (Kempf et al. 2025). Figure 32 shows IDEX’s
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Fig. 33 IDEX’s accommodation, FOV and FOR on IMAP

Table 13 IDEX instrument performance parameters

Parameter Value

Instrument Type Impact Ionization Time of Flight Dust Composition Analyzer

Effective target area 638 cm2

FOV 50° (half angle) cone

Dust mass 2 × 10−16 – 5 × 10−14 kg

Dust speed 30 – 55 km/s

Composition mass range 1 – 286 amu

TOF mass resolution m/Δm > 180 @ 56 amu

Mass 21.2 kg

Volume Cylindrical volume (door closed) D: 22 in and H: 24 in

Power 16.4 W (Science) 8.9 W (Idle) 57.2 W (Decontamination)

Telemetry 257 bps (350 events per week plus housekeeping packets)

block diagram, and an image of the flight model of the instrument. The instrument consists
of the Sensor Head and the Electronics Box. The latter houses the LVPS, the HVPS, and
the PB. IDEX has a one-time deployable door that protects the instrument from particulate
and molecular contamination, given its large and open aperture design. The instrument is
mounted at 135° from the +z (Sun pointing) spin axis and thus the Sun, the solar UV ra-
diation and solar wind ions are excluded from entering the aperture. IDEX is designed to
maximize the detection of ISD particles on IMAP’s spinning platform and is expected to
detect about 100 ISD particles per year averaged over the solar cycle (fewer near maximum
and more near minimum). The instrument’s large target area and field-of-view enables scan-
ning the entire anti-Sun hemisphere with each spin of the spacecraft (Fig. 33). IDEX’s key
instrument parameters are summarized in Table 13.
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Fig. 34 Cut-away schematic view of IDEX shows its principle of operation

Figure 34 shows the cut-away schematic view of IDEX and its principle of operation.
Individual dust particles enter the instrument and pass through a set of high open area grid
electrodes and impact the target. Upon impact, the particle generates a partially ionized
plasma plume on a positively biased target (+2.5 kV). The target recollects the electrons
and anions from the impact plasma, and this charge is measured using a charge sensitive
amplifier (CSA). The cations are accelerated away from the target and follow ballistic tra-
jectories within the ion optics region. The reflectron-type ion optics design consists of a set
of biased ring electrodes and a curved grid electrode, which focus the ions onto the central
detector. An additional grid electrode in front of the detector is connected to a CSA and
measures the integrated ion flux. This signal is also used for monitoring the gain of the de-
tector throughout the mission. The ion detector measuring the compositional mass spectrum
is a discrete dynode electron multiplier that enables operation over a large range of impact
plasma charges. IDEX is an event-driven instrument, where the detector and/or the target
signals are used to trigger data acquisition. Each dust impact event generates a record with a
timestamp and six waveforms, which include the target signal measured with two different
gains, the ion grid signal, and the TOF signal recorded with three different gains. Com-
bined, the target and ion grid signals, and the three TOF waveforms cover a large dynamic
range that enables the detection and analysis of particles over the expected mass and veloc-
ity ranges. The recorded high-resolution TOF spectra allows determination of the elemental
composition of the impacting particle, provides information on their chemical composition
and mineralogical makeup, and can identify the presence of organic compounds.

To measure the composition of ISD and IDP with high fidelity, IDEX follows strict
contamination-controlled procedures. IDEX’s gold target and its ion detector are sensitive to
particulate and molecular contamination. IDEX has a one-time deployable door that mini-
mizes the risk of such contamination during transport, integration, launch, and spacecraft
outgassing in the early stages of commissioning. IDEX remains under continuous GN2
purge that is maintained until launch. IDEX also implemented a witness plate program to
monitor its cleanliness through all phases of development, environmental testing, tests and
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Fig. 35 Overall GLOWS instrument design and major subsystems

calibrations using a dust accelerator facility, transport, and integration. The last of these
plates were removed during the last opportunity to access IDEX before launch. The plates
were gold plated simultaneously with the target itself and were examined before and after re-
moval from IDEX using TOF secondary ion mass spectrometry measurements. In addition,
to minimize the possible cumulative effects from spacecraft outgassing and dust impacts,
IDEX has a built-in bakeout capability for decontaminating the target surface. The bakeout
procedure is exercised periodically in space to remove the volatile residue that may condense
on the target.

4.10 GLOWS

GLOWS (Bzowski et al. 2025; Fig. 35; Table 14) is a Lyman-α (∼121.5 Å for H) photometer
that measures daily light curves of the heliospheric hydrogen backscatter glow along Sun-
centered rings in the sky, enabling the instrument to address IMAP Science Objectives 1 and
2 (Sect. 1 and Tables 2 and 3 above). The “helioglow” is an emission of ISN H atoms in-
side the heliosphere, excited by the Lyman-α radiation from the Sun. Analysis of these light
curves provides heliolatitudinal profiles of the ionization rate of ISN H. These latter pro-
files are subsequently decomposed into the profiles of photoionization and charge-exchange
rates of ISN H, and the latter of these into profiles of 3-D solar wind speed and density.
These profiles are used to calculate survival probabilities of ENAs observed by IMAP. The
distribution of the density of interstellar hydrogen within a few au from the Sun is governed
by solar radiation pressure and ionization by charge exchange with solar wind protons and
photoionization. The rate of the charge exchange reaction varies with the proton density and
collision speed with interstellar H atoms. The density and speed of the solar wind are func-
tions of heliolatitude (McComas et al. 1998a), which vary over the solar cycle and longer
timescales (McComas et al. 2008b; Sokół et al. 2013; Porowski et al. 2022). Thus, the den-
sity of ISN H is latitudinally structured, which is reflected in the latitudinal distribution of
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Table 14 GLOWS performance parameters

Parameter Performance

Instrument type Lyman-α single-pixel photometer

Species observed Hydrogen helioglow Sun-centered light curves

Waveband 120.5 nm ± 4.2 nm

Scanning circle radius 75°

Sensitivity 3.37 cps/Rayleigh

Total mass 3.70 kg

Dimensions 380 mm (L) × 165 mm (H) × 132 mm (W)

Total power 5.1 W

Usable HV range 1500 – 2500 V

Total downlink rate 1200 bps

Sampling resolution 3600 bins

Science light curve resolution 4°

Fig. 36 GLOWS scanning circle superimposed on a sky map of simulated helioglow (Kubiak et al. 2021)
and extraheliospheric sources (upper panel) and the resulting light curve (lower panel). The scanning circle
is illustrated as a bright narrow band, centered 4° off the Sun. The black line represents the galactic equator.
The red line in the lower panel shows the helioglow, and the black line the contributions from the helioglow
and extraheliospheric sources combined

the helioglow. Other sources of the signal measured by GLOWS include EUV-bright celes-
tial objects (mostly stars and the Milky Way), and transient phenomena (including comets,
Jupiter, and Saturn).

GLOWS draws from the heritage of the LAD instrument (Nass et al. 2006) on the NASA
TWINS mission (McComas et al. 2009c). Main drivers for the GLOWS design were: 1)
maximizing the amplitude of the helioglow modulation due to the solar wind structure rela-
tive to the backgrounds, and 2) appropriate suppression of stray light from the outside of the
desired field of view. Maximization of the solar wind-modulation amplitude is achieved by
selection of the radius of the scanning circle, optimized at 75° (Fig. 36), and the application
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Fig. 37 Diagram of the GLOWS optical entrance system and the CEM detector (top) and of the field of view
(lower left) and field of regard (lower right)

of a narrow-band interference filter at the bottom of the collimator. This is possible because
the helioglow is practically monochromatic and the stars and Milky Way have broad spectra,
so it is possible to filter out most of the emissions from the latter with much less suppres-
sion of the former. The spectral width of the filter convolved with the spectral efficiency of
the light-sensitive detector provides the spectral width of the GLOWS entrance system of
8.5 nm, centered at 120.5 nm wavelength. This results in suppression of the sky background
to the level comparable to the expected statistical scatter of the daily light curves. An ex-
ception is a band within several degrees around the Galactic equator, which is masked in the
analysis. Simultaneously, calibration stars are still visible against the helioglow. Suppression
of the aforementioned stray light is achieved by appropriate design of the optical entrance
system, composed of the collimator, which defines the baseline circular field of view of 4.2°
FWHM, and the baffle with a sunshield, which cuts out stray light.

Successful retrieval of the solar wind profiles does not require a precise photometric
calibration of the instrument but does require tracking changes of the instrument’s sensitivity
during the mission. Calibration tracking is accomplished by observation of Lyman-α bright
stars. Each of the relevant stars is observed twice during the year. The instrument radius and
light curve binning scheme have been chosen so that the stars pass across the FOV during
intervals of several consecutive days. This enables assessment of their absolute brightness
even though the stars are not expected to pass precisely through the center of the FOV.

GLOWS is a photon counting instrument (Fig. 37). The light-sensitive element is a CEM,
which converts a single photon into a large cascade of electrons. These cascades are acceler-
ated and multiplied by high voltage applied to the CEM, which is provided by the GLOWS
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HVPS. A charge impulse is detected by the FEE and converted into a DE. This DE is handed
over to the DPU, which attaches a time stamp to each DE.

These DEs are histogrammed into IMAP spin angle bins. GLOWS uses 3600 bins – this
resolution was selected to facilitate identification and masking or subtraction of stars in the
light curves. Binning direct events requires precise information on the IMAP rotation phase.
Observations are performed in 8-spin blocks. Thus, GLOWS provides a light curve approxi-
mately every 2 minutes. This facilitates rejection of background intervals in the ground pro-
cessing should they be detected during a given spin axis pointing. These 8-spin histograms
are put into the telemetry as the main science data product. In the ground data pipeline, they
are filtered against bad times and masked to eliminate the unwanted contribution from stars
and the Milky Way. After masking, the light curves are stacked into daily-averaged light
curves and re-binned into 90 bins covering the full scanning circle.

Subsequently, daily light curves are processed to retrieve latitudinal profiles of the ion-
ization rate of ISN H. Retrieval of the ionization rate profiles is performed using a machine-
learning method developed by Porowski and Bzowski (2024). These rates are valid for atoms
traveling at low speeds relative to the Sun, characteristic of interstellar gas. The daily ioniza-
tion rates are subsequently filtered and averaged by Carrington rotation (CR) periods. The
CR-averaged ionization rates are decomposed into the photoionization rate using measure-
ments of the F10.7 radio flux (Tapping 2013; Sokół et al. 2020) and charge exchange rate in
the stationary atom approximation.

The charge exchange profile is decomposed into the profiles of solar wind speed and
density, using the assumption that the total energy flux of the solar wind is latitudinally
invariant (Le Chat et al. 2012). A long-time average of this invariant is obtained from the
OMNI2 data collection and directly with SWAPI in-situ observations on IMAP (Rankin et al.
2025). Decomposition into the speed and density is obtained by numerical solution of the
charge-exchange equation, with the charge exchange cross section adopted from Swaczyna
et al. (2025). The Carrington period-averaged profiles of the solar wind speed and density
are another data product of GLOWS.

As the last phase of the processing, the profiles of the solar wind speed and density, as
well as the photoionization rates are used to calculate survival probabilities for ENAs ob-
served by IMAP. The probabilities are calculated in the IMAP inertial reference frame. The
calculations are performed for the scanning circles of IMAP-Lo, IMAP-Hi45 and IMAP-
Hi90 at a coordinated, logarithmically-spaced energy grid. Additionally, survival probability
maps are calculated on a HealPix grid (Górski et al. 2005) for the portions of the sky viewed
during a given spin axis pointing by IMAP-Ultra. Calculation of survival probabilities is
performed based on the theory developed by Bzowski (2008) the calculation system is an
adaptation of that successfully used for IBEX.

5 Spacecraft and Mission Design

To achieve the desired L1 orbit, IMAP launched on a SpaceX Falcon 9 launch vehicle into
a near-escape trajectory towards L1 (C3 ≤ −0.50 km2 s−2) from Cape Canaveral Space
Force Station. The launch vehicle achieved a low earth parking orbit and remained there
until reaching the proper location for the transfer trajectory insertion (TTI) maneuver. The
coast duration of the parking orbit varies seasonally as well as with the choice of ascending
or descending node TTI. During coast periods when the Sun was present, the launch vehicle
pointed the +Z-axis of the IMAP spacecraft within 22° of the Sun to ensure IDEX and
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IMAP-Lo did not have Sun exposure and maintained proper thermal management. Eclipse
periods were powered by an onboard battery.

TTI was performed on the night side near local midnight. IMAP separated from the
launch vehicle when the spacecraft was out of eclipse. Prior to separation, the launch vehi-
cle pointed IMAP to the target release attitude (nominally 1.9° trailing the Sun), spin up to
4 rpm, and released IMAP. Post launch vehicle separation, a timer turned on the RF solid
state power amplifier (SSPA) as soon as IMAP was far enough from the launch vehicle to
safely transmit. Earth communication was established as soon as possible following SSPA
power-on; this is immediate for most launch opportunities. Due to the required TTI con-
ditions for an L1 transfer, the Swedish Space Corporation (SSC) is usually available prior
to Deep Space Network (DSN). In either case, the first available network establishes initial
communication.

After IMAP reached a safe distance, the launch vehicle then de-spun and maneuvered
away from IMAP to ensure subsequent safe deployment of the two secondary payloads.
Launch Phase ended once initial DSN contact was established on the medium gain antenna
(MGA) and the spacecraft was promoted to operational mode. Due to the spacecraft-to-Earth
geometry at separation and the location of the SSC stations relative to DSN, initial DSN
contact on the MGA could have been as much as 125 minutes after separation depending on
the actual launch date.

An initial trajectory correction maneuver (TCM) was carried out ∼36 hours after TTI
to “clean up” any launch vehicle trajectory dispersions. Additional TCMs are performed as
required prior to insertion into L1 orbit. During the ∼3.6-month transfer both the spacecraft
and instruments are commissioned and ready to begin science operations upon insertion
into L1 orbit. The Lissajous Orbit Insertion (LOI) maneuver takes ∼30 hours to achieve the
desired Lissajous orbit. The trajectory from launch through the end of the baseline mission
phase is illustrated in Fig. 38.

During normal operations, IMAP’s spin axis (angular momentum vector) nominally
points towards the incoming solar wind, approximately 4° ahead of the Sun relative to the
Earth-Sun line. The angular momentum vector is inertially fixed, so it appears to slew from
∼3.5° to ∼4.5° ahead of the Sun each day, and each day the spacecraft uses the attitude
control system (ACS) to repoint back to 3.5°. The repoint maneuvers are executed onboard
via a time-tagged command with pointing parameters from an ACS table that is updated
weekly. This pointing strategy optimizes the orientation of the solar wind measurements
while minimizing solar wind backgrounds known from IBEX ENA observations. Because
IMAP is a spinning spacecraft, ΔV maneuvers are required to be performed in two com-
ponents, an axial component and a radial component. The majority of TCMs are performed
without adjusting the spacecraft attitude to align with the desired ΔV vector for the maneu-
ver. Because LOI is such a large burn, we treat it as a special case where spacecraft attitude
is adjusted before and during the maneuver; this procedure saves as much as 10 m s−1 of
ΔV. All spacecraft attitude adjustments are performed by the axial thrusters, in contrast to
LOI ΔV, which is performed on the radial thrusters. The burn sequence is segmented to
never burn on both the axial and radial thrusters simultaneously. The angular momentum
vector during the LOI maneuver remains within 22° of the Sun due to power, thermal, and
instruments constraints.

The IMAP observatory is shown in its deployed configuration in Fig. 39, and spacecraft
components and instruments are indicated in Fig. 40. Instruments are mounted with their
FOVs to take advantage of the observatory’s nearly sun-pointed spin axis, as described in
the instrument sections above.

The IMAP spacecraft leverages experience from recent and ongoing missions with a sim-
ple high-heritage design to provide a low-risk posture. The spacecraft accommodates the
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Fig. 38 Nominal IMAP
trajectory from launch through
end of the Baseline Mission

Fig. 39 IMAP shown in deployed configuration (thermal blankets removed)

IMAP instrument suite, providing the required mechanical, thermal, power, and data (com-
mand and telemetry) resources for the instruments while meeting the pointing requirements
necessary for the instruments to achieve all their Science Objectives.

Figure 41 provides the observatory electrical block diagram. The instruments, described
above, along with the spacecraft subsystems, are color-coded and show the various compo-
nents and indicate the major power and data interfaces. The electrical architecture heavily
leverages Parker Solar Probe (PSP; Fox et al. 2016) spacecraft subsystems, with minimal de-
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Fig. 40 IMAP instruments and spacecraft components as seen from the sunward side (top) and anti-sunward
side (bottom) with the sunward surface mounted solar array removed to expose the various subsystems

sign changes, increasing build-to-print capability and allowing for potential re-use of avail-
able flight hardware.

The IMAP mechanical structure includes an aluminum central cylinder and top and bot-
tom decks, aluminum honeycomb radial panels, open bays for the instruments, and accom-
modates a single deployable 2.5 m magnetometer boom. The layout provides clear FOVs
for all instruments, thrusters, star tracker heads, and Sun sensor heads, as well as physical
accommodation for all components and the required orientation of the instruments to collect
their science measurements. Thermal control is maintained with MLI and thermostatically
controlled heaters.

The attitude control subsystem includes simple onboard repointing capability, passive
nutation damping with ring dampers, and maintains the observatory spin stabilization at ∼4
rpm. TCMs to achieve L1 orbit insertion, station-keeping maneuvers to maintain the desired
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Fig. 41 IMAP Observatory electrical block diagram

orbit, and daily repointing maneuvers to follow the ∼1° day−1 motion of the Earth and Sun
are accommodated with a monopropellant hydrazine blow-down propulsion system with
twelve 4 N thrusters and three conospherical tanks, using heritage from the ACE mission.

Power is provided through a 3.6 m2 body-mounted solar array with 16 strings of triple
junction GaAs based cells (36 cells per string), with a peak power tracking topology via
the PSP heritage power system electronics. A 25 A-hr lithium-ion battery, which was build-
to-print from the PSP battery, supports the observatory power requirements around launch.
Throughout the rest of the IMAP mission, no battery is needed as the spacecraft remains
power positive with its Sun-pointed solar array.

The telecommunications subsystem utilizes a Frontier Radio architecture with PSP her-
itage configured for X-band uplink and downlink with an 8 W SSPA. A fixed forward low
gain antenna (LGA) and aft MGA support all IMAP communications. An LGA/MGA com-
bination is used for the launch phase to support broadcasting initial separation. The config-
uration is then switched to the MGA-only for the remainder of the mission. The downlink
capability accommodates both nominal transmission of spacecraft and instrument data to
DSN during scheduled contact periods and otherwise continuous broadcast of lower rate
I-ALiRT data.

The avionics subsystem provides the environment for the flight software (FSW). It con-
tains a LEON3FT processor, non-volatile memory (to store the flight software images),
RAM, a 256 Gbit flash recorder, SpaceWire network, and two spacecraft interface cards
(SCIFs). The FSW architecture is heritage from PSP and based on the Goddard Space Flight
Center (GSFC) core Flight Executive (cFE). It supports the observatory C&DH needs with
heritage components from the PSP mission modified as necessary for IMAP. The PSP sin-
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gle board computer (SBC) has been upgraded with new FPGA firmware and the operating
system has been upgraded to improve processor utilization margin. Although mission data
is required to be downlinked weekly, this recorder can store more than 20 weeks of science
and housekeeping data.

Functions of the spacecraft C&DH Computer Software Configuration Item (CSCI) in-
clude uploading commands for the observatory using the CCSDS File Delivery Protocol
(CFDP), executing those commands, collecting and storing spacecraft, instrument science
and housekeeping data to the SSR, sending real-time spacecraft housekeeping and playback
SSR data to the ground system, providing a time-based commanding capability, and pro-
viding an onboard autonomy engine with the ability to execute commands in response to
fault conditions. The FSW uses a file system to manage data storage to and playback from
a non-volatile flash device and uses the CFDP to downlink files to the ground system. In
addition, the C&DH CSCI supports the assembly and broadcast of the I-ALiRT data.

IMAP Autonomy maximizes science availability and operational capability between
ground contacts by utilizing a tiered fault response to contain localized faults. Since IMAP
is spin-stabilized and operated in a continuous and fairly benign deep space environment
at L1, the overall fault management architecture is simple and robust. IMAP Autonomy
is a rule-based monitor → response system where faults are detected and corrective actions
taken. The majority of potential fault conditions are local and non-critical, and Autonomy re-
sponds while maintaining the observatory in Operational Mode. Critical faults are those that
jeopardize observatory power production, power storage, or communications and require a
time-sensitive transition to Safe Mode. As a clever multi-purpose use, a small amount of
fault management information is included in the I-ALiRT packet to provide real-time fault
status even when outside of nominal DSN contacts. A status bit for each instrument if the
instrument is operational, and spacecraft status is provided in the form of the last autonomy
rule fired and the total count of all fired rules. FSW merges the real-time space weather
science packets with the autonomy and instrument status information into I-ALiRT packets
that are transmitted at 2083 bps. The 2083 bps communication rate for I-ALiRT matches
the spacecraft’s emergency communication downlink rate, which is swapped in when the
spacecraft is in Safe Mode. The I-ALiRT stations forward the downlinked frames to the
SOC either way and the SOC relays Safe Mode data to the MOC, providing near-immediate
notification of safe mode to the MOC.

ACS functionality within the spacecraft C&DH CSCI computes spin phase using star
tracker data and calculates and distributes the spacecraft clock time. Other ACS functional-
ity implements ΔV maneuvers based on ground software calculations and resultant space-
craft commands to control thruster burns. Repointing is performed using star tracker atti-
tude knowledge and time-tagged commands to provide desired pointing vector and burn
commands.

IMAP implements attitude control using its multi-head star tracker for attitude determi-
nation and the hydrazine thrusters to adjust spin-axis. This repointing occurs nominally at
the same time every day and targets the angular momentum vector as described above. Re-
pointing starts by setting a flag for the instruments in the Command ITF spacecraft Time and
Status message. The time-tagged command sequence generated by mission operations sets
the flag to one hour in advance of the event. The repointing thruster firings take less than
two minutes, depending on the number of spins needed to complete the maneuver. After
completion of thruster firings, the catalyst bed heaters are turned off and the event flag is set
back to 0. This entire sequence is planned outside of ground contacts with occasional time
tag command updates provided during normal contacts.

IMAP is designed to provide operational flexibility to target some variation in Sun off-
pointing, changes in repointing frequency, real-world dynamics, and ACS implementation
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Fig. 42 IMAP spin-axis off-pointing range

errors. The range of allowable Sun off-pointing during science operations of the spin-axis in
the ecliptic and out of the ecliptic plane is shown in Fig. 42.

The observatory budgets for up to 0.25° of coning due to misalignments between the
principal axis of maximum moment of inertia and the spacecraft +Z axis and 0.25° of max-
imum nutation that may occur after the completion of a repointing event. Passive nutation
dampers are included even though IMAP is designed to meet all of its measurement require-
ments immediately after the repointing event is completed and with the maximum budgeted
nutation angle. Both coning and nutation were factored in the estimates of the observatory
Z-axis maximum off-pointing to the Sun and Earth for solar array and RF design.

Because L1 is a gravitational saddle point between the Earth and the Sun, some station-
keeping is required to maintain the desired orbit. The IMAP orbit design corrects for typical
perturbations that slowly pull the spacecraft out of its Lissajous orbit. These small maneu-
vers may occur as frequently as every 1.5 months but require only ∼4 m s−1 annually. Each
maneuver is performed while in ground contact with ∼1 hour of catalyst bed warm-up and
typically less than two minutes of thrust to complete the maneuver.

IMAP has budgeted station-keeping propellant for 5 years of operation (2 years base-
line and an additional 3 years minimum for the first extended mission). In addition, extra
propellant is carried for worst-case launch vehicle dispersions, which can be used to signifi-
cantly extend the mission even longer for almost any actual launch performance. In addition,
lessons learned from ACE show that periods of recurring low sun-Earth pointing angle are
infrequent (once every several years), each possible outage only lasts for several days, and
in the case of ACE did not impact communications due to robust RF link margins, also ex-
ist on IMAP. These, along with filling the propellant tanks beyond the required value with
our remaining mass margin, and having a nominal launch, together ensure that IMAP can
support several decades of extended science mission.

6 Operations, Data, CAVA, and Real-Time Space Weather

IMAP integrated operations are overseen by the Science and Mission Operations Lead
(SMOL). Integrated operations are carried out through the MOC and the SOC. The MOC
manages spacecraft operations, interfaces with the ground antenna networks, and acts as a
“bent pipe,” which forwards payload commands and data back and forth between the space-
craft and the SOC. The SOC is functionally split into two groups, the Payload Operations
Center (POC) and the Science Data Center (SDC).

The POC manages payload operations, monitors the health and safety of the instruments,
provides housekeeping quick look plots, and archives all downlinked products pulled from
the IMAP Data Server. The POC works with the instrument teams to plan, constraint-check,
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and command all payload operations. It coordinates payload response to anomalies and
maintains a history of payload anomalies starting from observatory integration. The SDC
provides a centralized data system for all Level 0 – Level 3 science data processing, distribu-
tion, and archiving. It also maintains data processing software, data products, and ancillary
data. Finally, CAVA provides our science analyzing platform for combining and analyzing
IMAP data across all instruments and being able to efficiently pursue IMAP’s integrative
science analysis and studies.

6.1 Science Data

IMAP’s innovative approach to building a unified payload data processing pipeline, which
was verified before launch, enables the science team and the larger science community
to publish data quickly without the inefficiencies and delays seen in other missions. Be-
fore launch, the instrument teams and integrated mission groups, like the “imaging work-
ing group,” provided algorithms, documentation, and calibration information to the SDC,
who used these inputs to write the Level 0 – Level 2 data processing software. These same
groups worked with Menlo Innovations, who wrote the Level 3 and the CAVA data pro-
cessing software (see below). The instrument teams, integrated mission groups, SDC, and
Menlo Innovations collaborated to verify the data pipeline and validate the data products
before launch.

The IMAP science data flow is shown in Fig. 43. All IMAP telemetry and data is down-
linked via NASA’s DSN to the MOC and placed on the IMAP Data Server. Following each
contact, the POC automatically pulls the instrument data and a subset of spacecraft teleme-
try and ancillary data, making it immediately available to both the instrument teams and
the SDC pipeline. The SDC processes Level 0 – Level 3 science data, which includes data
calibration, initial (automated) validation, and preliminary analysis. The processed science
data and ancillary data are available to the instrument teams through the team website and
the CAVA platform.

I-ALiRT data follows a different data path. When IMAP is not in DSN contact, the space-
craft continuously broadcasts space weather data, which is collected by international partner
antenna sites and transmitted directly to the SOC. The SDC is responsible for the near-real-
time (less than 5-minute latency) processing of this continuous stream of I-ALiRT data
immediately upon receipt. Importantly, the SDC also distributes IMAP data to the science
community via a public website and delivers the Level 0 – Level 3 data products, ancillary
data, software, and documentation to the Space Physics Data Facility (SPDF) for long-term
archival.

IMAP Science Data Levels are defined as follows. Level 0 data are binary CCSDS pack-
ets containing unprocessed data with communications artifacts removed. Level 1A data are
fully decommutated but uncalibrated full resolution, time-referenced raw data and extracted
housekeeping telemetry. Level 1B data have engineering and initial instrument-level science
calibrations applied and are annotated with ancillary information (e.g., ephemeris, attitude,
etc.). Level 2 data have been processed into physical units by combining calibration, ancil-
lary, and other data. These represent the lowest level of research-grade scientific data and are
at the same temporal and/or spatial resolution as the Level 1 data. Finally, Level 3 data have
been resampled spatially or temporally and may have been combined with measurements
from other instruments to produce a merged data set (e.g., pitch angles and combined ENA
maps).

The SDC carries out our science data processing and distribution (Fig. 44). Once the
POC pulls files from the MOC data server, they are immediately available to the SDC data
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Fig. 43 IMAP science data flow

pipeline, which processes the Level 0 into Level 1 data products. Higher-level data products
are automatically processed as soon as all necessary inputs are available to the processing
pipeline. This processing includes data calibration, validation and preliminary analysis.

The SOC also includes a real-time data processing pipeline consisting of three parts:
1) pre-processing software to extract the data during DSN tracks, 2) software to execute
algorithms provided by the instrument teams to generate data products, and 3) software to
publish the products to the IMAP Science Gateway.

The SDC has a cloud-based architecture deployed in Amazon Web Services (AWS), and
maintains version-controlled software to ensure that changes in the processing pipeline and
associated data products are tracked and transparent to scientific users. If any changes in the
processing system generate different data values for the same time period, the version of that
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Fig. 44 IMAP science data
processing and distribution flow

data product is incremented and a new DOI registered. This includes changes to software or
calibration data that affect science data and/or version changes for an upstream data product.
For clarity and consistency, version numbers are included in data product file names.

The SDC maintains an active archive of all IMAP data levels and provides direct access
to the IMAP Science Team and broader science community. The SPDF is the long-term data
archive for IMAP data and will make IMAP data available through their Coordinated Data
Analysis Web (CDAWeb) site. All IMAP data products follow the current Common Data
Format (CDF) standards to ensure consistency across missions. The SDC dedicates signif-
icant attention to following these standards to ensure each data file contains the necessary
information for knowledgeable data analysis, ideally using IMAP SDC or CAVA plotting
tools.

The SDC also maintains the IMAP Project Science Office Calibration and Measurement
Algorithms Document (CMAD, see Supplementary File) and sends the IDEX data to the
Planetary Data System (PDS) for parallel archiving. IMAP is compliant with the NASA He-
liophysics Science Data Management Policy and shares all science, software, and associated
data with the Heliophysics community as quickly as practical.

6.2 CAVA

CAVA, the Combined Analysis, Visualization, and Access tool, is a software tool for the
interactive analysis and visualization of science data from IMAP. To support the sort of
multi-instrument, integrative science that the IMAP mission is designed to do, the IMAP
team developed the comprehensive visualization and analysis tool CAVA in Python, which
is deployed as a desktop application. The result is an interactive tool that leverages the IMAP
datasets to efficiently advance the frontiers of Heliophysics.

The goal of CAVA is to enable the entire IMAP mission team to access, analyze, and
visualize IMAP’s ten instrument datasets without ever needing to write significant code or
directly understand the exact file formats in which the IMAP data is stored. By building a
new tool designed specifically for the IMAP mission, this also provides the opportunity to
focus on user experience and optimize for tool usability, performance, and maintainability.
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Fig. 45 CAVA example showing the display of heritage IBEX dataset maps from 2015 to 2018. Time series
at the bottom shows the average intensity in the manually selected region (brighter pixels in the maps) over
time

Prior multi-instrument missions have typically launched without comprehensive visual-
ization tools to analyze the scientific data collected. For those missions, analyzing multiple
instrument datasets required significant familiarity with individual instrument data files and
associated instrument-specific formatting of relevant data products, as well as the expertise
to develop very specific and individualized analysis codes. That process also typically re-
quired directly interacting with experts from separate teams that designed the instruments
and made the data products. Such a setup provided a highly specific and non-standardized
avenue for anyone on the mission (or outside) to attempt to synthesize multiple instrument
datasets for a more integrated picture of the observations.

Some missions have made important progress to unlock their data for the team and pro-
vided access to analysis tools that are more generically designed for heliophysics data. How-
ever, to date, the mission-wide software packages require either a significant level of detailed
input from the user to direct the software to a specific mission dataset or require a minimum
level of terminal-based coding on the user end to create visualizations.

When the CAVA tool is opened, users are immediately able to interact with IMAP data.
Through a small number of selections, users decide if they want to visualize time-series
data or map data and determine which datasets to view. All visualizations are interactive, in
that the users can dynamically zoom and modify color bars by a series of clicks. Figure 45
shows an example of CAVA visualizing four years of IBEX maps, the heritage dataset used
to prepare CAVA to visualize IMAP maps. In addition to visualizing data, CAVA provides
advanced analysis capabilities. For example, in Fig. 45, a region toward the heliospheric
nose has been manually drawn (lighter highlighted areas) and a time series of the average
intensity has been extracted, shown in the bottom panel. As shown here and previously
published, the heliosphere experienced a strong jump in ENA production due to a solar wind
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pressure pulse reaching the outer heliosphere (McComas et al. 2018a). Previously, extracting
time series from ENA map data has been a challenging and manually coded procedure. With
CAVA, a user simply draws a region in the map and requests CAVA to extract a time-series
from this. In this way, CAVA will unlock functionality to the entire IMAP team, which was
previously reserved only for highly proficient software developers.

To develop CAVA, the CAVA software team practices Agile software development (Beck
et al. 2001). The Agile methodology prescribes how software projects are managed, exe-
cuted, and delivered. Key philosophies of Agile software development include user-driven
designs, iterative software design, iterative development and release, and transparency in
project planning. Under the umbrella of Agile principles, the CAVA software development
team favors informal and immediate communication over the detailed and specific work
products required by many traditional design methods. This approach allows the team to
cope with change by delivering software early and often and by absorbing feedback into the
development culture and ultimately into the code.

Usability and functionality are key to the success and adoption of software applications.
The CAVA software team employs user research and observation to identify user needs prior
to releasing the software, thus maximizing the utility of the software. Traditional software
design and development follows a linear timeline, where the software is not released to
users until the majority of features have been completed. The risk in that approach is that
significant resources are invested before users can validate and provide feedback on the
utility and usability of the software. The CAVA software development team instead employs
an iterative approach where features are released and tested with users on a weekly basis.
This enables the team to change features quickly to meet the evolving needs of users.

In the three years preceding IMAP launch, the CAVA software development team regu-
larly met with IMAP science team members and tested the current versions of the software
with these team members in very specific goal-oriented scenarios. By asking team members
to attempt to use CAVA to perform relevant scientific analyses and observing where they
had difficulties with CAVA, the software team could continuously incorporate user feedback
to provide user experiences tuned to IMAP science needs. CAVA has already been used to
make publication-quality figures for IBEX map data (McComas et al. 2024). By continu-
ously refining the tool based on real scientific user feedback and using relevant heritage
datasets, CAVA is immediately ready to produce publication quality scientific analyses at
IMAP’s launch.

6.3 I-ALiRT

IMAP’s I-ALiRT system provides critical real-time space weather data (Lee et al. 2025).
These include continuing ACE-like observations, as well as new real-time observations for
testing new space weather forecasting techniques. As shown in Table 15, I-ALiRT provides
ACE-like IMF, SW ions, suprathermal ions, and energetic protons space weather data prod-
ucts. For the magnetic field and all of the ion measurements, the cadence is significantly
faster than on ACE. This is important because higher-cadence data provides more precise
timing of space weather phenomena and helps to identify and eliminate erroneous samples.
This latter improvement increases the overall reliability of predictions, especially for oper-
ating real-time space weather models that are directly driven by real-time data.

In addition, IMAP provides several completely new I-ALiRT observations, which were
not available in the ACE real-time data. In particular, we provide in real-time both solar wind
and Strahl electron observations and high-energy electron rates from large solar events that
arrive well before the damaging protons and ions, allowing for a completely new advance
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Table 15 IMAP I-ALiRT real-time space weather data compared to ACE

Product IMAP source ACE RTSW cadence IMAP I-ALiRT
cadence

Mag Field Vectors and Angles MAG 60 s 4 s

SW Ion Moments SWAPI 64 s 12 s

Suprathermal Ion Intensities CoDICE 5 min 1 min

Energetic Proton Rates HIT 5 min 1 min

Suprathermal Electron Rates and
Bi-Directional Flow Directions

SWE None 1 min

High-Energy Electron Rates HIT None 1 min

SW Charge-State Ratios CoDICE None 4 min

warning capability (Posner 2007). The real-time estimates of solar wind ion charge state ra-
tios for C+6/C+5, O+7/O+6, and Fe charge states, as well as C/O, Mg/O and Fe/O ratios are
provided. In addition, real-time information about the detection of counter-streaming elec-
trons and their time-variability is included in the I-ALiRT space weather data stream. These,
together with IMF and solar wind electron and ion data help enable proper identification of
various solar wind structures, such as CMEs. Finally, we note that the SWFO-L1 rideshare
launched with IMAP is also a space weather observatory. It has significant overlap with
IMAP (solar wind electrons and ions, magnetic field, and some suprathermal particles) and
some unique observations (e.g., a coronagraph), but does not have as high a cadence of ob-
servations for some measurements and is missing some of IMAP’s observations, including
ion charge states and very energetic ions and electrons.

I-ALiRT provide continuous real-time products through two paths. First, between the
times when we are downloading our science data through DSN, IMAP continuously broad-
casts I-ALiRT data, which can be picked up by antennas around the globe, as was done on
prior missions (e.g., Zwickl et al. 1998; Biesecker et al. 2008), and transferred to the SOC.
Alternately, during DSN contacts, the I-ALiRT data is included with the high-rate science
data downlink. At these times, the IMAP MOC passes the I-ALiRT data along to the SOC
in real-time.

Regardless of the path, the IMAP SOC continuously processes the I-ALiRT data and
posts our space weather data products to the world-wide web for space weather users to
retrieve and use. IMAP I-ALiRT products have a latency of no more than five minutes from
the end of when a measurement is received by the SOC until it is available in our posted
operational database. While a maximum five-minute latency is assured for times when IMAP
is in contact through the DSN, IMAP has no control of the latency through NASA’s various
antenna partners, or even if they will collect and forward our I-ALiRT data.

7 Conclusions

IMAP is a remarkable mission of discovery, exploration, and deep scientific understanding,
as well as providing unique and revolutionary real-time Space Weather observations. As a
groundbreaking, fully instrumented space physics observatory, IMAP is the first to measure
in-situ particles and fields at ∼1 au that subsequently interact with the VLISM at the edges
of our heliosphere, and then directly observe their effects in those distant regions through
remote ENA imaging. Through this combination, along with synergistic observations of in-
terstellar dust and the interstellar wind’s helioglow, IMAP is uniquely positioned to resolve
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the critical, coupled science objectives of particle acceleration and their effects on the helio-
sphere’s interaction with the VLISM. . . and so much more.

Management of IMAP is also unique, with a team of outstanding scientists, engineers,
technicians, administrative specialists, and others from 25 institutions, spanning 6 countries
and 12 US states. These institutions include many universities, NASA centers, National
Laboratories, Non-Profits, and Corporations. Most importantly, the IMAP contributors have
come together and worked as a high-performance, and largely “badgeless,” mission team.
Throughout the development phase, work was moved between individuals and institutions
as capabilities somewhere were shifted from somewhere else in the team as needed.

The IMAP team has also focused on giving young team members opportunities to grow
and develop through the course of the mission, and many of our instrument and spacecraft
subsystem leaders have been in those leadership roles for the very first time in this mission.
One of the specific ways we did this was through our innovative Heliophysics Future Leaders
(HFL) program, where we engaged select early career science team members and gave them
additional mentoring along with some specific leadership training to help promote leaders in
Heliophysics for the future. The program was highly successful and ran to completion with
various HFL members becoming current leaders in the mission – not just future ones – as
they were promoted to 1) instrument lead (IMAP-ULTRA) and then was further promoted
to Project Scientist, 2) instrument lead (SWAPI), 3) two instrument deputy leads (IMAP-Lo
and HIT), 4) the lead for the overall CAVA development, and 5) the deputy lead for our
I-ALiRT system.

NASA also selected a Student Collaboration (StC), which was funded through a grant
independent from the IMAP project. The StC can augment the IMAP science return and has
already provided hands-on research experience for students and contributed to expanding
participation and skills of undergraduate students in space science and engineering. This was
achieved through a collaborative hardware program involving three universities that resulted
in students designing, building, assembling, integrating, testing, calibrating and delivering
to NASA for launch “3UCubed,” a 3U-sized CubeSat with student-built instruments. Post-
launch through the NASA CubeSat Launch Initiative, the students participate in joint data
analysis of measurements from IMAP and the CubeSat.

Finally, we have been engaging with the broader Heliophysics community throughout
the development of the mission. We have hosted annual joint IBEX/IMAP Science Team
meetings, which were open to the entire community. We have given numerous talks and
presentations at various meetings, workshops, and conferences throughout development and
have a vibrant Communications program to engage the general public and keep everyone up
to date on our mission work as IMAP goes about Exploring Our Solar Neighborhood and
its Space Weather. Our mission web site is imap.princeton.edu and we regularly push out
information and communications broadly through Facebook.com/IMAPMission and Insta-
gram@IMAPSpaceMission... please Like, Follow, and Share us!

This paper is the citable reference for the overall IMAP mission, as well as the CMAD
(Supplementary File), which will continue to evolve throughout the mission.

Appendix: IMAP Terminology and Acronym List

Note on Terminology There is significant confusion about and multiple definitions/names
for various regions of the outer heliosphere and local interstellar medium. In this paper,
throughout the rest of the IMAP collection of papers, and generally for IMAP science going
forward, we adopt the following definitions (moving from farthest outside inward):

http://imap.princeton.edu
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Interstellar Medium (ISM): the interstellar space surrounding the Sun nearby stars,
including complex internal structure with regions of different physical conditions, including
interstellar clouds, Local Bubbles, cold clouds, etc.

Local Interstellar Medium (LISM): the more local portion of the ISM, through which
the Sun moves, but beyond any influence of the heliosphere.

Very Local Interstellar Medium (VLISM): the region of interstellar medium just
around and influenced by the heliosphere (∼1000 au). This region typically defines outer
boundary conditions for modeling. (Note: older terminology sometimes called this the
“outer heliosheath” – we do not use that terminology).

Heliosheath: region between termination shock and heliopause. (Note: older terminol-
ogy sometimes called this the “inner heliosheath” – we do not use that terminology).

Acronyms

ACE Advanced Composition Explorer
ACR Anomalous cosmic ray
ACS Attitude control system
AO Announcement of Opportunity
APD Avalanche Photodiode
C&DH/CDH Command and data handling
CAVA Combined Analysis, Visualization, and Access
CDAWeb Coordinated Data Analysis Web
CDF Common Data Format
CEM Channel Electron Multiplier
CFDP CCSDS File Delivery Protocol
cFE Core Flight Executive
CIR Corotating interaction region
CMAD Calibration and Measurement Algorithms Document
CMEs Coronal Mass Ejections
CoDICE Combined Dual Ion Composition Experiment
COIN Coincidence
CSA Charge Sensitive Amplifier
CSCI Computer Software Configuration Item
DE Direct Event
DOI Digital Object Identifier
DOY Day of Year
DPU Digital processing unit
DSN Deep Space Network
Ebox Electronics box
ENA Energetic neutral atom
EP Energetic Particle
ESA Electrostatic Analyzer
FEE Front-end electronics
FOR Field of regard
FOV Field-of-view
FSW Flight Software
FWHM Full Width at Half Maximum
G Geometric factor
GCR Galactic cosmic ray
GDF Globally distributed flux
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GLOWS Ly-a Helioglow Imager
GMIRs Global merged interaction regions
GSFC Goddard Space Flight Center
HFL Heliophysics Future Leaders
HiRes Hi-Resolution Mode
HIT High Energy Telescope Instrument
HiThr Hi-Throughput Mode
HSO Heliophysics Systems Observatory
HV High voltage
HVPS High Voltage Power Supply
I-ALiRT IMAP Active Link for Real-Time
IBEX Interstellar Boundary Explorer
ICE IMAP Common Electronics
ICU Instrument controller board
IDEX Interstellar Dust Experiment
IDP Interplanetary dust
IDPU Instrument Data Processing Unit
IMAP Interstellar Mapping and Acceleration Probe
IMF Interplanetary Magnetic Field
INCA Ion and Neutral Camera
ISD Interstellar dust
ISM Interstellar Medium
ISN Interstellar neutral
JHUAPL Johns Hopkins University Applied Physics Lab
LANL Los Alamos National Laboratory
LASP Laboratory for Atmospheric and Space Physics
LET Low-Energy Telescope
LGA Low gain antenna
LISM Local interstellar medium
LOI Lissajous Orbit Insertion
LVPS Low Voltage Power Supply
MAG Magnetic Field Instrument
MCP Microchannel plate imager
MGA Medium gain antenna
MHD Magnetohydrodynamic
MOC Mission Operations Center
NOAA National Oceanic and Atmospheric Administration
PB Processor Board
PCEM Primary channel electron multiplier
PDS Planetary Data System
PHASICs Pulse Height Analyzer ASICS
PMT Photomultiplier
POC Payload Operations Center
PPM Pivot Platform Mechanism
PSP Parker Solar Probe
PUI Pickup ion
RPA Retarding potential analyzer
RPM Revolutions Per Minute
SBC Single board computer
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SC or S/C Spacecraft
SCEM Secondary channel electron multiplier
SCIF Spacecraft interface card
SDC Science Data Center
SEP Solar energetic particles
SH Sensor Head
SMOL Science and Mission Operations Lead
SOC Science Operations Center
SPDF Space Physics Data Facility
SPI Serial peripheral interface
SSC Swedish Space Corporation
SSD Solid-state detector
SSPA Solid-state power amplifier
ST Suprathermal
STEREO Solar Terrestrial Relations Observatory
STP Solar Terrestrial Probes
SUDA Surface Dust Analyzer
SW Solar Wind
SWAP Solar Wind Around Pluto Instrument
SWAPI Solar Wind and Pickup Ion Instrument
SWE Solar Wind Electron (or used to reference the SWE Instrument)
SWFO-L1 NOAA’s Space Weather Follow mission to L1
T&M Theory and Modeling
TCM Trajectory correction maneuver
TOF Time-of-Flight
TS Termination Shock
TTI Transfer trajectory insertion
UART Universal asynchronous receiver/transmitter
VA Variable aperture
VDF Velocity distribution function
VLISM Very local interstellar medium

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1007/s11214-025-01224-z.
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Zambrzycka-Kościelnicka, T. Zawistowski, S. Zehner, D. Zhang, E. Zirnstein.

Of course, it is impossible to generate such a list, without missing a least a few important names – for
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