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the NASA Interstellar Mapping and
Acceleration Probe (IMAP) Mission:
Objectives, Instrumentation, and
Contributions to Heliophysics

1. Introduction: The Heliosphere as a Global System
and a Scientific Frontier

1.1 The Heliosphere as Our Cosmic Shield and the Domain of
Heliophysics

The heliosphere is a vast, dynamic region of space that serves as the Sun's domain, acting as
a crucial cosmic shield for our solar system. This immense "bubble" is created and inflated by
the continuous, outward-streaming solar wind, a flow of charged particles—primarily protons
and electrons—that escapes the Sun's outer atmosphere at high speeds." As the solar wind
travels outward, it pushes back against the local interstellar medium (LISM), the matter that
exists in the space between stars.® This interaction creates a protective barrier that shields
the planets, including Earth, from the majority of harmful galactic cosmic radiation (GCRs)
that permeates the galaxy.” The study of this intricate system, from the Sun to the outermost
boundaries of its influence, defines the field of heliophysics.®

The heliosphere is characterized by several key boundary layers, each representing a
fundamental transition in the cosmic environment. The termination shock is the first of these,
where the supersonic solar wind slows abruptly as it begins to press against the interstellar
medium.® Beyond this shock lies the heliosheath, a turbulent region where the solar wind
continues to travel outward at a slower speed. The outermost boundary of the entire



heliosphere is the heliopause, the point where the solar wind's pressure is finally balanced by
the pressure of the interstellar medium and its magnetic fields.® Understanding the precise
physical processes that occur at and beyond these boundaries is a central goal of
contemporary heliophysics.

1.2 A Historical Trajectory of Heliophysics Exploration: From Voyager
to IBEX

The theoretical framework for understanding the interaction between the solar wind and the
interstellar medium has been a subject of interest for decades, with foundational work by
early pioneers such as L. Davis, E. Parker, and W. I. Axford providing the initial models.®
However, progress was constrained by a lack of observational data from the distant
boundaries of the heliosphere. The situation began to change with the launch of the twin

Voyager spacecraft in the late 1970s. Originally designed for planetary flybys, the longevity of
these missions allowed them to venture beyond the outer planets and provide the first-ever
in-situ measurements from the far reaches of the solar system.?

The Voyager missions provided revolutionary, direct evidence of the heliosphere's boundaries,
with Voyager 1 crossing the termination shock in 2004 and the heliopause in 2012, entering
interstellar space for the first time.® The data from these spacecraft challenged previous
assumptions, revealing that the heliosheath was a turbulent, "foamy" zone filled with
magnetic bubbles rather than a smooth, uniform region.” The

Voyager data also suggested that the heliosphere's shape is irregular and not a perfect
sphere, with asymmetric boundaries.” Despite these monumental achievements, the

Voyager missions were limited by their nature as single-point explorers. They provided
invaluable data at the specific locations they traversed, but they could not offer a global,
comprehensive view of the entire heliospheric boundary or how it interacts with the local
interstellar medium across the sky.

The next critical advancement in heliophysics came with the launch of the Interstellar
Boundary Explorer (IBEX) mission in 2008. IBEX provided the first-ever all-sky maps of the
heliosphere's interaction with the LISM by remotely sensing energetic neutral atoms (ENAs).?
ENAs are particles that have been neutralized by charge-exchange interactions at the
heliosphere's distant boundaries.’ Because they are uncharged, they are not deflected by
magnetic fields and travel in straight lines across billions of miles, acting as an "echo" of the
distant heliosphere that can be measured by instruments near Earth." This technique allowed



IBEX to create a global picture of the heliosphere's outer layers, a capability that single-point
missions like

Voyager could not achieve.’

2. The Scientific Rationale for IMAP: Addressing the
Great Unknowns of the Heliosphere

2.1 The Enigma of the IBEX Ribbon: A Central Unresolved Question

The IBEX mission was immensely successful in its primary objective of mapping the
heliosphere's boundary, but its data revealed a completely unexpected and puzzling feature: a
narrow, circular band of enhanced ENA emissions known as the "ribbon".”” This "enigmatic"
structure was not predicted by any of the pre-mission models, and its discovery immediately
raised profound questions about the fundamental physics governing the heliosphere and its
interaction with the local interstellar medium.® Since its discovery, over a dozen competing
theories have been proposed to explain its origin, making it a central point of contention and a
primary driver for subsequent heliophysics research.’

2.2 Competing Models for the Ribbon's Origin and Associated
Debates

The origin of the IBEX ribbon remains one of the most significant unresolved issues in
heliophysics, with multiple hypotheses vying to explain the phenomenon. The primary debate
is whether the ribbon is an effect of the heliosphere's interaction with the interstellar medium
or a phenomenon originating from the interstellar medium itself.

The Spatial Retention Theory



The leading hypothesis is the spatial retention theory, which suggests that the ribbon is a
region where particles, originally from the solar wind, become trapped due to intense waves
and vibrations in the local galactic magnetic field.' The process begins with solar wind
particles that have exited the heliosphere and become neutral atoms. Once in the interstellar
medium, they can be re-ionized, causing them to begin gyrating around the local magnetic
field lines." The theory proposes that in a specific region, these gyrating ions are temporarily
"retained" or trapped by waves in the magnetic field. A second charge-exchange collision at a
specific gyrophase then creates a new ENA that travels inward toward the Sun, where it can
be detected by spacecraft like IBEX."

The work of researchers such as N. Schwadron and E. Zirnstein is central to this model."

Studies by Zirnstein et al. (2016) found that the spatial retention model "reproduces the
observed ribbon radius over energy and time almost perfectly"."” However, even with its
strengths, the model is not without its limitations. For instance, it "requires modification to
increase the flux of ENAs observed at 1 AU," indicating that the full picture is not yet
complete.”

The "Cloud-Cloud Boundary" Hypothesis

An alternative explanation proposes that the ribbon is not a heliospheric interaction effect but
rather a purely geometric "optical illusion" created at the boundary between two different
interstellar gas clouds."® This hypothesis, put forth by researchers like S. Grzedzielski, posits
that the Sun is currently located near the edge of a cooler "Local Cloud" and is moving toward
a much hotter "Local Bubble" created by ancient supernovae.'® According to this theory, the
ENAs are created when high-energy protons from the hot Local Bubble steal electrons from
neutral atoms in the cooler cloud. The geometry of the observer's line of sight through this
boundary creates the illusion of a ribbon.' This theory challenges the prevailing view by
suggesting the ribbon is not an effect of the solar wind's interaction at all, but a distant,
external phenomenon.

2.3 Identified Gaps in the Literature and the Case for IMAP

The competing theories for the IBEX ribbon and other heliospheric phenomena highlight a
critical gap in the existing literature. The Voyager missions provided invaluable in-situ data but
only at a single point in space and time, making it impossible to extrapolate a global picture.’



The

IBEX mission provided a global view but with limited resolution and sensitivity, and without the
benefit of simultaneous, high-fidelity in-situ data to correlate cause (solar wind conditions)
with effect (ENA emission).® This inability to definitively test the competing models, such as
the time-lag predictions of the spatial retention theory ", created an urgent need for a new
mission.

The scientific community recognized the necessity for an observatory that could combine the
strengths of its predecessors while overcoming their limitations. The design and scientific
objectives of the Interstellar Mapping and Acceleration Probe (IMAP) mission are a direct
response to this need. The mission was conceived to provide ENA measurements with "30
times more sensitive and at higher resolution than ever before" * while simultaneously
collecting comprehensive, in-situ data on the solar wind and energetic particles. This
synergistic design is not merely an incremental step; it is a fundamental shift in methodology,
intended to resolve the contradictions and ambiguities posed by the IBEX ribbon and other
major questions in heliophysics.”® The very existence of IMAP is a testament to the scientific
process of using observation to refine hypotheses and then designing new instrumentation to
provide the data required for resolution.

3. The Interstellar Mapping and Acceleration Probe
(IMAP) Mission

3.1 Mission Objectives and Scientific Goals

The Interstellar Mapping and Acceleration Probe (IMAP) is a heliophysics mission designed to
address two of the most significant and coupled topics in the field: the acceleration of
energetic particles and the interaction of the solar wind with the local interstellar medium.”
The mission's overarching goals are to uncover the fundamental physics at scales both tiny
and immense, to improve forecasting of solar wind disturbances and particle radiation
hazards, to chart our nearby galactic neighborhood, and to help determine the basic cosmic
building materials of the universe.'



3.2 Mission Architecture and Timeline

IMAP is a Sun-tracking, spin-stabilized spacecraft led by Princeton University's D. McComas,
with Johns Hopkins Applied Physics Laboratory (APL) managing the mission development and
spacecraft construction.” The mission is a collaborative effort involving an international team
of over 25 partner institutions.? Scheduled to launch no earlier than September 23, 2025, on a
SpaceX Falcon 9 rocket, the spacecraft will travel for several months to reach its final
destination: an approximately 10° x 5° Lissajous orbit around the Sun-Earth L1 Lagrange point,
located approximately 1.5 million km from Earth.'® The planned mission duration is three years,
with all expendables designed for a lifetime of more than five years.™

The selection of the L1 Lagrange point for IMAP's orbit is a crucial strategic decision with a
dual purpose. Its location between the Sun and Earth, positioned upstream in the solar wind
flow, provides a continuous, unobstructed view of the distant heliosphere, which is critical for
the mission's remote-sensing objectives.’ This vantage point allows IMAP to constantly
monitor the "echo" of the outer boundary via ENAs. Simultaneously, the L1 point is the ideal
location for a space weather early warning system." From this position, IMAP can provide up to
a half-hour's warning of harmful radiation and solar wind disturbances headed for Earth,
allowing for much better predictions and warnings to safeguard satellites, astronauts, and
ground-based technology.' This dual function demonstrates a pragmatic and highly effective
approach to mission design, combining high-level scientific inquiry with direct, practical
benefits.

4. IMAP's Comprehensive Instrumentation and
Measurement Capabilities

4.1 A Synergistic Suite of Ten Instruments

To achieve its ambitious scientific goals, IMAP is equipped with a comprehensive suite of ten
instruments designed to provide a "complete and synergistic set of observations".” These
instruments work in concert to simultaneously measure in-situ conditions at L1 and remotely
sense the physical processes occurring at the outer heliosphere." The payload is grouped
into three main categories: remote sensing ENA imagers, in-situ charged particle and field



detectors, and complementary instruments.’®

4.2 Remote Sensing Instruments: The ENA Imagers

IMAP's primary remote-sensing capability is provided by three energetic neutral atom (ENA)
imagers: IMAP-Lo, IMAP-Hi, and IMAP-Ultra.”® These instruments are designed with a direct
heritage from the IBEX mission, but they incorporate key modifications for a "substantially
improved resolution, spectral range, and collection power"."” IMAP-Lo is a low-energy ENA
imager that provides energy-resolved measurements of interstellar neutral atoms (H, He, O,
Ne) that penetrate the heliosphere.”® IMAP-Lo is mounted on a pivot platform, allowing it to
adjust its field-of-view to track these atoms throughout most of the year.” IMAP-Hi consists of
two medium-energy ENA imagers, while IMAP-Ultra, developed at Johns Hopkins APL,
focuses on the high-energy range.’

The ability of these instruments to measure ENAs with unprecedented fidelity is central to the
mission's strategy for resolving the IBEX ribbon enigma. The ENA measurements are not
merely for creating prettier maps. They act as a sophisticated diagnostic tool, or an "echo," of
the distant physical processes. By creating high-resolution global maps of ENA
concentrations and their evolution over time and across multiple energy bands "', IMAP will be
able to directly compare these remote observations with simultaneous, real-time in-situ data
from the solar wind and magnetic field. This correlation of cause and effect will provide a
robust method for testing the competing ribbon models, particularly the time-lag predictions
of the spatial retention theory. The mission's instrumentation is specifically engineered to
provide the high-quality data necessary for a definitive, data-driven conclusion to this
long-standing debate.

4.3 In-Situ Instruments: Charged Particle and Field Detectors

The in-situ instruments provide the direct measurements of the local space environment that
are essential for contextualizing the ENA maps.

e Solar Wind Electron (SWE): This instrument maps the three-dimensional distributions of
solar wind electrons, providing critical information about the fundamental properties of
the solar wind flow."

e Solar Wind and Pickup lon (SWAPI): SWAPI measures ions from the solar wind and
“pickup ions," which are particles from beyond the solar system that have been ionized



and become entrained in the solar wind flow.™

Compact Dual lon Composition Experiment (CoDICE): CoDICE measures the
composition and distributions of suprathermal ions and pickup ions. This data is vital for
understanding the particle injection and acceleration processes in the inner
heliosphere.™

High-Energy lon Telescope (HIT): HIT is designed to study high-energy ions, which are
a key component of the energetic particle population that poses a threat to space
technology and astronauts.™

Magnetometer (MAG): The magnetometer, developed at Imperial College London,
measures the interplanetary magnetic field. This is crucial for studying the waves and
turbulence that can scatter charged particles and influence their acceleration and
transport.®

4.4 Complementary Instruments: Dust and UV Observers

IMAP's payload is further enhanced by two complementary instruments that provide
additional context for the mission's findings.

Interstellar Dust Experiment (IDEX): IDEX will make direct measurements of cosmic
dust particles originating from outside our solar system.' The composition of this dust
acts as a "fingerprint" of its galactic origins, providing new insight into the "celestial
building materials of the universe".’

GLObal Solar Wind Structure (GLOWS): GLOWS is a Lyman-alpha photometer that
measures the ultraviolet glow from interstellar hydrogen and helium.”® This data helps to
investigate the evolving structure of the solar wind and its interaction with the interstellar

medium.®

The following table summarizes the key capabilities of the IMAP instrument suite.

Instrument Name Measurement Type Primary Purpose Lead

Institution/Country

IMAP-Lo Low-energy ENA Maps low-energy University of New

Imager interstellar neutral Hampshire, USA %
atoms (H, He, O,
Ne)




IMAP-Hi Medium-energy Maps Los Alamos
ENA Imager medium-energy National
ENAs from the Laboratory, USA %
outer heliosphere
IMAP-Ultra High-energy ENA Maps high-energy Johns Hopkins APL,
Imager ENAs from the USA?
edge of the solar
system
SWE Solar Wind Maps solar wind Los Alamos
Spectrometer electrons in 3D National
Laboratory, USA #
SWAPI lon Spectrometer Measures solar Princeton
wind and pickup University, USA %
ions
CoDICE lon Composition Analyzes Southwest
Experiment suprathermal and Research Institute,
pickup ions USA %
HIT High-Energy lon Studies California Institute
Telescope high-energy ions of
Technology/NASA
GSFC, USA ™
MAG Magnetometer Measures the Imperial College
interplanetary London, UK ®
magnetic field
IDEX Cosmic Dust Makes direct University of
Detector measurements of Colorado, Boulder,
interstellar dust USA™"
GLOWS Lyman-alpha Measures Space Research
Photometer ultraviolet glow Centre, Polish

from interstellar
hydrogen and
helium

Academy of
Sciences, Poland %2




5. Anticipated Contributions and Future Research
Directions

5.1 Advancing Fundamental Heliophysics

IMAP is poised to make revolutionary contributions to our understanding of the heliosphere.
Its superior data resolution, sensitivity, and synergistic instrument suite will provide definitive
answers to foundational questions about the composition and properties of the local
interstellar medium and the global structure of the heliosphere.® By providing simultaneous
ENA maps and in-situ solar wind data, the mission will finally enable a robust, data-driven
resolution of the IBEX ribbon's origin. The ability to directly correlate solar wind variations with
changes in ENA emission from the distant boundary will allow scientists to rigorously test and
either validate or falsify the competing hypotheses.” This is the central, "killer application" of
the mission.

5.2 Contributions to Energetic Particle Acceleration

Beyond mapping the heliosphere's boundaries, IMAP will significantly advance our
understanding of how charged particles are energized to high energies throughout the
heliosphere." The in-situ instruments, particularly CoDICE and HIT, will provide an
unprecedented look at the "seed population” of particles and the acceleration processes that
transform them into dangerous solar energetic particles (SEPs) and anomalous cosmic rays
(ACRs).” This research is critical for understanding the fundamental physics of particle
acceleration in plasma environments across the cosmos.

5.3 Improving Space Weather Forecasting

IMAP is not only a scientific research mission but also a crucial operational asset for space



weather forecasting. Its strategic location at the L1 Lagrange point allows it to provide a
continuous, reliable, real-time data stream of solar wind and energetic particle conditions.’
This enhanced data stream will provide forecasters with critical information well before solar
disturbances reach Earth, allowing for "much better predictions and warnings of increases in
damaging particles from the Sun"." These improved forecasts have tangible benefits, including
protecting orbiting satellites, safeguarding astronauts on future deep-space missions, and
mitigating the risks of power-line disruptions and other impacts on ground-based

infrastructure.*

5.4 Gaps in Future Literature and Suggested Research

While IMAP is designed to fill many of the most significant gaps in current heliospheric
literature, new data will inevitably raise new questions. The mission's planned 3- to 5-year
duration will provide a detailed snapshot of the heliosphere's evolution over a portion of a
solar cycle, but it may not be long enough to capture the full 11-year cycle.” Future research
will therefore need to focus on analyzing how the heliosphere and its boundaries evolve over
longer timescales. Another area of future inquiry will involve the precise interaction of
large-scale, transient solar events, such as Coronal Mass Ejections (CMEs), with the outer
heliosphere. While IMAP will observe these events at L1, their effect on the heliopause billions
of miles away will require detailed modeling and potentially future missions. The IDEX and
GLOWS instruments will also likely provide data on interstellar dust and glow that raises new
questions about the properties of the local interstellar medium itself. This may prompt future
missions to directly sample or remotely image these properties with even greater precision,
moving beyond the heliosphere to explore the galactic neighborhood directly.

6. Conclusion

The Interstellar Mapping and Acceleration Probe (IMAP) mission represents the culmination of
a half-century of heliophysics exploration. It builds upon the foundational theories and
single-point measurements of the Voyager missions and the global, yet limited, maps of IBEX.
IMAP's unique combination of high-fidelity, synergistic instruments, including its advanced
ENA imagers and in-situ detectors, is specifically engineered to resolve long-standing
debates, such as the origin of the IBEX ribbon. By providing an unprecedented “celestial
cartography" of our solar system's place in the galaxy, IMAP will revolutionize our
understanding of how our Sun shapes its cosmic environment.' The mission will not only
provide definitive answers to foundational questions about the physics of our local cosmic



neighborhood but will also serve as a crucial operational asset for space weather forecasting,
demonstrating a pragmatic blend of fundamental research and practical application.
Ultimately, IMAP is poised to serve as both a monument to past exploration and a foundational
guide for humanity's future journey beyond the heliosphere.
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