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Abstract. After the exciting in-situ observations of the termination shock and the entry of the Voyager 1 spacecraft in
the heliosheath, there is a growing awareness of the significance of the physics of the outer heliosphere. Its understanding helps to clarify the structure of our immediate interstellar
neighbourhood, contributes to the clarification of fundamental astrophysical processes like the acceleration of charged
particles at a steller wind termination shock, and also sheds
light on the question to what extent interstellar-terrestrial relations are important for the environment of and on the Earth.
Consequently, there are new seriously discussed suggestions
for sending a modern spacecraft into the heliosheath and beyond. One of those candidates is the Interstellar Heliopause
Probe (IHP) that has been studied in a Technology Reference
Study by ESA/ESTEC. Here, we discuss the science objectives and expected scientific performance of this mission.
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1 Introduction
After the first period of concept formulation regarding the
large-scale structure of the solar cavity (Davis, 1955), nowadays called heliosphere according to a suggestion by Dessler
(1967), a period of numerical modelling began in the late
1970’s (Baranov et al., 1979) and is being continued since
then, see the review by Zank (1999) and the book by Florinski et al. (2004a). The resulting ‘heliospheric’ paradigm
claims that the heliosphere is a plasma bubble formed by
the interaction of the solar wind with the local interstellar
medium (LISM). It has a basic drop-like shape resulting from
the relative motion of the Sun and the LISM as sketched
in Fig. 1.
This paradigm has been corroborated by the direct or indirect observations:
(1) Most excitingly is the recent discovery of the solar wind
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Fig. 1. A sketch of the structure of the heliopsheric interface (in the
restframe of the Sun) and the trajectories of the Voyager spacecraft
and the Interstellar Heliopause Explorer (IHP). The interface consists of three discontinuities, namely the termination shock where
the solar wind is slowed from supersonic to subsonic speed, the
heliopause separating the solar and the interstellar plasma, and the
bow shock where the interstellar plasma possibly undergoes a transition to subsonic speed. In addition, there exists a hydrogen wall,
i.e. a pile-up of neutral hydrogen between the heliopause and the
bow shock as a consequence of its charge-exchange coupling to the
interstellar plasma flow that is disturbed by the obstacle heliosphere
(sketch adopted from Astronomy (2005)).

termination shock by Voyager 1 at 94 AU, see Burlaga et al.
(2005), Decker et al. (2005), Gurnett and Kurth (2005), and
Stone et al. (2005).
(2) Radio measurements with the two Voyager spacecraft
(Gurnett et al., 2003; Kurth and Gurnett, 2003) can be
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interpreted as signatures from the interaction of a global
merged interaction region (GMIR) with the heliopause
Mitchell et al. (2004).
(3) There is overwhelming evidence from the analysis of interstellar absorption lines for the existence of a hydrogen wall
ahead of the heliosphere (Linsky and Wood, 1996; Wood et
al., 2004). Such hydrogen walls have been detected for other
stars as well (Izmodenov et al., 1999; Wood et al., 2004).
(4) Some information about the local interstellar magnetic
field appears to be available from measurements of starlight
polarization and energetic particles, see Frisch (2003) and
Gloeckler et al. (1997), respectively.
During recent years the study of the heliosphere as such
has been extended towards its treatment as an astrosphere being embedded in a changing galactic environment. There is
growing evidence that, in particular, cosmic rays are likely
to play a role for the long-term conditions of the Earth’s
environment and on Earth itself (Shaviv, 2003; Shaviv and
Veizer, 2003), and that the heliosphere serves to some extent
as a protecting shield against the interstellar environment as
reviewed by Scherer et al. (2002).
Parallel to the development of the theory of the heliosphere
and its direct interstellar neighborhood, the LISM, space missions have shed light on many aspects of this paradigm that
has emerged over the years. In addition to the measurement
of the solar wind, the solar radiation back-scattered from
neutral atoms, the direct detection of neutral atoms as well
as so-called interstellar pick-up ions, especially the observations of cosmic rays have contributed to our present understanding, see the reviews by Fichtner (2001), Heber (2001),
and Fichtner (2005).
Crucial for the further understanding is a direct in-situ observation of the heliospheric interface that can be defined
as the region between the supersonically expanding solar
wind and the (probably) supersonically streaming local interstellar medium (Fahr, 2000; Alexashov and Izmodenov,
2005). It consists of the inner heliosheath between the heliospheric shock terminating the supersonic expansion of the
solar wind, the heliopause separating the solar and the interstellar plasma, and the outer heliosheath extending from
the heliopause to the bow shock marking the transition of the
interstellar plasma flow from supersonic to subsonic speed.
The bow shocks of other stars have been detected (Brown
and Bomans, 2005).
The only hope for an in-situ observation of the heliospheric interface in near future is based on the two Voyager
spacecraft launched in the 1970’s. With a power supply lasting for perhaps another 15 years these deep space probes will
serve to explore the interface up to heliospheric distances of
about 130–140 AU. This means that it is unclear whether or
not they will observe the heliopause (named as such by Bhatnagar and Fahr (1972)) for which the distance estimates vary
between about 110 and 160 AU (Gurnett et al., 2003; Webber
and Lockwood, 2004). In order to explore the structure and
properties of the heliospheric interface it is, however, necAstrophys. Space Sci. Trans., 2, 33–43, 2006
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essary to get in-situ observations from the heliopause and
the region beyond. Therefore, a ’Heliopause Explorer’ mission (Leipold et al., 2003), now called Interstellar Heliopause
Probe (IHP, see Falkner (2005), Lyngvi et al. (2005a) and
Lyngvi et al. (2005b)), can represent the next step in the exploration of the outer boundaries of the heliosphere.

2

The scientific objectives of IHP

2.1

The basic questions

An in-situ exploration of the heliopause and the heliospheric
interface will allow us to answer a number of basic scientific
questions that arose during the last 40 years of heliospheric
research:
• What are the characteristics of the solar wind termination shock and the heliopause, where are these structures located and how do their characteristics and locations change with time?
• How does the solar wind termination shock act as an
astrophysical accelerator of (anomalous) cosmic rays?
• How does the heliosphere shield the Earth from galactic
cosmic rays and the interstellar neutral gas?
• What is the state and composition of the local interstellar medium beyond the heliopause?
In view of the recently revived interest in the so-called ‘Pioneer Anomaly’ (Anderson et al., 2002) a fifth question could
be added:
• Is the ‘Pioneer Anomaly’ real and is Newton’s law of
gravitation to be modified?
As there is another mission being discussed in the context
of this question (Nieto et al., 2005), we do not address it
further here, but note that an extension of the scientific payload discussed below would allow to add a test of the Pioneer
Anomaly to the scientific objectives.
Because all mentioned particle components, i.e. anomalous and galactic cosmic rays (ACRs, GCRs) and the interstellar gas are interacting with the heliospheric interface
(Florinski et al., 2004b; Langner and Potgieter, 2005; Scherer
and Ferreira, 2005) and are likely to influence the Earth’s
environment their understanding is of fundamental interest
(Scherer et al., 2002). This interest manifests itself in the
recent development of models that try to incorporate the kinetic cosmic ray transport into a dynamical description of
the heliosphere, see, e.g. Florinski et al. (2003), Ferreira et
al. (2004) or Scherer et al. (2004). Simulation examples are
shown in Fig. 2.
www.astrophys-space-sci-trans.net/2/33/2006/
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Fig. 2. The heliospheric proton density and speed as resulting from simulations with an (a) anisotropic and (b) isotropic solar wind, i.e. for
solar minimum and maximum, respectively (Ferreira et al., 2004). The arrow sketches the trajectory of IHP and the box in the right panel
indicates the region of interest for IHP. Note that the speed is always positive despite the colour scale extending to negative values.

2.2

The discovery region

The two simulations depicted in Fig. 2 are for solar minimum
(left) and solar maximum (right) activity. The trajectory of
IHP is at low heliographic latitudes, for which the resulting
difference in heliospheric structure is expected to be of minor
importance. Therefore, in what follows we limit the discussion to low latitudes as indicated by the box in the right panel,
see also Fig. 4.
Despite the good progress that has been achieved with corresponding model simulations in the recent years, the applicability of their results remains limited due to the demanding
computations. Further progress will benefit from better observational constraints.
Thus, in view of our limited knowledge of the heliospheric interface, the IHP will be a discovery mission that
will provide valuable input to already existing models and
will, thus, contribute tremendously to answer the questions
formulated above.
2.3

Relation to other missions

The IHP is related to the only other seriously persued mission idea to explore the outer heliosphere and the LISM bewww.astrophys-space-sci-trans.net/2/33/2006/

yond the heliopause in-situ, i.e. the NASA Interstellar Probe
(Mewaldt and Liewer, 2001; Liewer et al., 2001), in the sense
that IHP represents a moderately less ambitious but, at this
stage, more realistic approach. More importantly, IHP is related to the Interstellar Boundary Explorer (IBEX, McComas
et al. (2004)) that will map the outer heliosphere, in particular the heliosheath between the termination shock and the
heliopause, by remote imaging of energetic neutral atoms
(ENAs). The global heliospheric images, i.e. all-sky ENA
flux maps resulting from remote observations with IBEX (for
an example see Sternal et al. (2005)) and the in-situ measurements with IHP will be supplementary to each other.

3

The scientific payload of IHP

The above science objectives for an IHP mission determine
a “strawman” instrument payload. Several technology developments especially in the miniaturization of the electronics
and regarding modern light-weight materials are needed to
enable the IHP to reach its goals. In order to fulfil the science objectives the following minimum instrumentation with
challenging measurement requirements has to be considered:
Astrophys. Space Sci. Trans., 2, 33–43, 2006
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Fig. 3. A sketch of the IHP Science Payload accomodation on the
spacecraft, showing the magnetometer and the IPWE wire boom
(see Table 1) and the Highly Integrated Payload Suite (HIPS).

(1) A plasma analyzer needs to be able to map the solar
wind plasma up to the termination shock, follow its thermalization in the region beyond and detect the transition
from solar to interstellar plasma at the heliopause. Simultaneously, the instrumentation has to determine the
composition and velocity distribution of the interstellar
plasma.
(2) The purpose of a magnetometer is to map out the magnetic fields at the outer reaches of the heliosphere. The
lowest magnetic field strengths are expected to be encountered just inside the termination shock and can be
estimated to be of the order of 0.01 nT. In order to
clearly resolve the direction of such a weak field it is
necessary to have a magnetometer that is sensitive in
each component down to 0.001 nT.
(3) An investigation of plasma and radio waves should have
the following three high priority objectives. First, monitor the low-frequency heliospheric radio emissions.
Second, survey plasma waves in the outer heliosphere
and ISM beyond the heliopause. Third, provide an accurate, independent determination of the plasma density.

H. Fichtner et al.: Science with IHP

Fig. 4. Discovery region of the IHP as compared to those of the Voyager 1 and 2 spacecraft (IHP artwork by Indira Heber-Novkinić).

The primary instruments, along with their masses and
power consumption are listed in Table 1.
In order to match the challenging requirements of accomodating payload on a small spacecraft, the approach of
a Highly Integrated Payload Suite (HIPS) is used. With
HIPS the payload is integrated as much as possible, sharing
common functionalities like data processing, power supply,
thermal and environmental control between the instruments.
Maximum sharing of structures, optical benches, baffles and
optics within physical limits is envisaged. This high integration of the instruments also allows for significant reduction
of harness. Details about the technical aspects of the payload and its accomodation on the spacecraft (see Fig. 3) can
be found in Lyngvi et al. (2005a) and Lyngvi et al. (2005b).
Also the other more technical or spacecraft engineering matters such as the propulsion of the IHP for which a solar sail is
discussed, the sail configuration, the trajectory and its implication for the thermal environment of IHP, are discussed elsewhere, see, e.g. Leipold et al. (2003), Leipold et al. (2005),
and van den Berg et al. (2005).
4

(4) An energetic particle detector consisting of an ion and
an electron sensor will serve to study suprathermal pickup ions (PUIs), ACRs as well as GCRs, and to search
for low energy cosmic ray electrons, which might be
accelerated in the heliospheric interface. The ion sensor
should cover the critical energy range above the plasma
regime, where PUIs are accelerated out of the bulk distribution. The important objectives of the ion sensor are
(i) the injection of PUIs at the termination shock and
their acceleration into ACRs, (ii) the suprathermal extension of the heated solar wind and PUI distributions
into the heliosheath, and (iii) the search for the low end
of GCRs beyond the heliosphere.
Astrophys. Space Sci. Trans., 2, 33–43, 2006

4.1

The scientific performance of IHP
General performance

The success of the IHP mission will depend on the long-term
performance of the scientific payload as described above.
The major challenge consists in the measurement of the tenuous plasma environment including the magnetic field and
plasma waves for at least 20 years so that IHP reaches heliocentric distances greater than 150–200 AU. The region to be
explored by IHP is schematically shown in Fig. 4 along with
those explored by the two Voyager missions.
As mentioned above Voyager 1 has encountered the solar wind termination shock on 16 December 2004, and Voywww.astrophys-space-sci-trans.net/2/33/2006/
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Table 1. The scientific payload of IHP.
Measurement objective

Instrument

Mass
[kg]

Power
[W]

Solar Wind
Plasma and Radio Waves
Magnetic Field
Neutral Atoms
Energetic Particles
Interstellar Dust
UV-Emission
Solar Monitor

Plasma Analyzer (IPA)
Plasma Wave and Radio Experiment (IPWE)
Magnetometer (IMAG)
Neutral Atom Detector Imager (INCADI)
Energetic Particle Detector (IEPD)
Dust Analyzer (IDA)
UV-Photometer (IUVP)
Solar Activity Monitoring

2.0
4.5
3.7
0.5
1.8
1.0
0.3
0.6

1.3
4.0
3.4
1.8
1.2
1.0
0.3
3.0

Structures and Central Payload Power Supply

3.0

-

Margin 20%

3.5

3.2

20.9

19.2

Total

1 AU

Outer Heliosphere (< 130 AU)
solar wind protons
electrons
composition
suprathermal protons (> 30keV)

IHP

electrons (> 20keV)
ion composition (> 200keV)
Exploration
cosmic ray ions (3−500MeV/nucleon)
electrons (1−100MeV)
Region
isotopes
magnetic field
plasma waves
neutrals / dust

Fig. 6. The available measurements beyond 1 AU and the extensions to be made with IHP up to 200 AU.

Fig. 5. The outer heliospheric network of spacecraft (adopted from
Heber and Burger (1999)).

ager 2 can be expected to do so in 2007 or 2008, see Kiraly
(2005). Given the nominal life-time of the power generator onboard, the Voyager spacecraft might not reach the heliopause, however. Although Voyager 1 will penetrate further
into the heliosheath than Voyager 2, the information from
the former spacecraft is limited because of a non-functional
plasma instrument. IHP will extend the Voyager measurements in various ways. First, due to its different heliographic
latitude it will explore the heliosheath near the ecliptic as
sketched in Fig. 4.
Second, IHP will cross the heliosheath and be the first
www.astrophys-space-sci-trans.net/2/33/2006/

spacecraft to explore the heliopause and the boundary region towards the undisturbed local interstellar medium. IHP
will, therefore, be an important cornerstone within the outer
heliospheric network of spacecraft whose trajectories are
schematically shown in Fig. 5.
Third, IHP will not only extend and improve the measurements made with the Voyager 1 and 2 spacecraft, but also
observe the outer heliosphere at a different time. This will
naturally enable us to get insight into the time dependence of
the structure of the heliosphere.
4.2

Specific performance of the scientific payload

The instruments of the scientific payload are designed to
measure in-situ the key quantities determining the structure
and dynamics of the heliosphere as, for example, the solar
Astrophys. Space Sci. Trans., 2, 33–43, 2006
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Fig. 7. Radial profiles of protons (left) and neutral hydrogen (right) in the upwind (solid), the crosswind (dotted), and the downwind (dashed)
direction (Fahr et al., 2000). The vertical dashed lines indicate the main discovery region of IHP.

wind and interstellar plasma including the magnetic fields,
the suprathermal and high-energy particles, as well as the
neutral gas. Fig. 6 displays a schematic overview of available measurements close to the Earth and in the outer heliosphere including those to be made with the Voyagers out to
about 130 AU.
While in the inner heliosphere a fleet of sophisticated
spacecraft provides the listed quantitites in great detail, the
existing measurements in the outer heliosphere are limited to
certain particle species and energy ranges. Furthermore, the
scientific payload of IHP is, unlike that of Voyager 1 and 2,
designed to measure low magnetic field strengths, the composition, and complete energy range of suprathermal particles. This allows to answer the above-listed questions defining the IHP science objectives.
4.2.1

standing of the physics of the heliosphere that is gained from
model simulations (see, e.g. Fig. 7) with in-situ data.
While the Voyager spacecraft provide certain direct information about the plasma environment in the outer heliosphere, none is available regarding the neutral gas, and none
will be available beyond about 130–140 AU, which is the distance range where the power supply onboard the Voyagers
will become insufficient. The region around the heliopause is
expected to be characteristically structured due to the charge
exchange of interstellar neutral atoms with the solar wind, as
displayed in the right panel of Fig. 7. The most prominent
feature is the hydrogen wall (Baranov, 2002) located directly
beyond the heliopause. Depending on the actual heliocentric distances of the heliopause (Gurnett et al., 2003; Webber
and Lockwood, 2004) and the hydrogen wall, IHP will also
explore the nature of the latter.

Thermal particle populations
4.2.2

For the first time not only the solar wind protons but also
the solar wind electrons will be measured in the outer heliosphere, and the subsonic solar wind plasma will be observed
up to the location of the heliopause. With IHP the first measurements of the (bow-shocked) interstellar plasma will be
possible. This will enable us to confront our present underAstrophys. Space Sci. Trans., 2, 33–43, 2006

Suprathermal particle populations

Simultaneously, IHP will measure the spatial distribution and
energy spectra of suprathermal particles as well as cosmic
rays. Of special interest are the pick-up ions (PUIs), because they are directly originating from interstellar neutral
atoms, influence the solar wind dynamics by mass and mowww.astrophys-space-sci-trans.net/2/33/2006/
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Fig. 8. Radial profiles of the energy density of pick-up protons
(top) and anomalous cosmic rays (bottom) in the upwind (solid),
the crosswind (dotted), and the downwind (dashed) direction (Fahr
et al., 2000).

mentum loading in the outer heliosphere, and they represent
the seed population of anomalous cosmic rays (ACRs). Their
computed energy densities, given as functions of heliocentric
distance in Fig. 8, can be compared directly with IHP data.
By extending the Voyager 1 and 2 measurements of energetic ions to intermediate energies (few keV) IHP will clarify the processes of pre-acceleration in the turbulent expanding solar wind and of the diffusive acceleration at the solar
wind termination shock. Voyager observations as compared
to model computations are shown in Fig. 9.
The upper curve in that figure is the model result for the
proton spectrum at the termination shock and covers the
whole range from solar wind to cosmic ray energies. Obviously, IHP measurements will tremendously enlarge the
observed energy range towards lower energies and will thus
provide crucial information. The Voyager observations were
taken several tens of AU away from the source and are, therefore, subject to propagation effects. The computed lower
curves in Fig. 9 show the modulation due to the turbulence
in the magnetized solar wind. IHP supplements the particle observations with measurements of the rather weak magnetic fields (> 0.01 nT) in the outer heliosphere and is, thus,
of prime importance regarding our knowledge about waveparticle interactions.
4.2.3

Local interstellar spectra

Present theory, modelling, and analyses of observations of
galactic cosmic rays (Langner et al., 2001; Heber, 2004;
Mewaldt et al., 2004; Potgieter and Langner, 2004) allow for
www.astrophys-space-sci-trans.net/2/33/2006/
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Fig. 9. Differential intensity in particles/(m2 s sr MeV) of suprathermal particles pick-up ions, PUI; multiply reflected ions, MRI) together with that of ACRs. The symbols are Voyager observations of
modulated ACR spectra (le Roux et al., 2000). The vertical dashed
lines indicate the ion energy range that will become accessible via
the plasma instrument of IHP.

a wide range of intensities of the interstellar spectra at low
energies (see Fig. 10) that cannot be further narrowed without in-situ observations in the outer heliosphere. Also in this
context, IHP will provide substantial information. It will be
the first spacecraft to measure their unmodulated local interstellar energy spectra. Whether the latter are identical to the
‘true’ interstellar spectra upstream of the bow shock depends
on the unknown nature of plasma turbulence between the heliopause and the bow shock, which IHP will measure as well.

4.2.4

Plasma and radio waves

Electron plasma oscillations are indicative for the upstream
region of the termination shock as has been discussed by
Gurnett and Kurth (2005) for Voyager 1’s encounter with
the shock on 16 December 2004. IHP will clarify whether
such oscillations exist also near the heliopause and the bow
shock, as one should expect from in analogy to planetary bow
shocks. IHP should also locate the actual source region of
the kHz-radio emission supposedly in the vicinity of the heliopause, for a review see Czechowski (2004).
These observations will help to understand the question of the stability of the heliopause as discussed, e.g.
by Baranov et al. (1992), Liewer et al. (1996), Wang and
Belcher (1999), Ruderman (2000), Opher at al. (2003), and
Florinski et al. (2005).
Astrophys. Space Sci. Trans., 2, 33–43, 2006
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Fig. 10. Computed local interstellar spectra of protons and electrons
(Heber, 2001).

Fig. 12. The statistical distribution of the observed magnetic field
strength (upper panel) in the heliosheath and (lower panel) in the
upstream solar wind, see Burlaga et al. (2005).

Fig. 11. 48 second-averaged magnetic field strength B (nT) before
and after the termination shock crossing of Voyager 1 and measurements of daily averaged higher frequency fluctuations up to 0.25 Hz
over 16 min intervals (SD16 min ), see Burlaga et al. (2005).

4.2.5

Magnetic field

Very interesting will be the measurements of the magnetic
field in the heliosheath and beyond. The first Voyager results show, as expected, a compression of the field by a facAstrophys. Space Sci. Trans., 2, 33–43, 2006

tor of about three (Burlaga et al., 2005), see the upper panel
of Fig. 11.
Interestingly, however, no sector boundaries were observed in the heliosheath during the first few months after the
shock encounter, giving support to the idea of a low convection speed of the order of the spacecraft speed of ca. 17 km/s
(Decker et al., 2005). Further evidence for a significantly altered magnetic field in the downstream region comes from its
fluctuations, which are much stronger in the heliosheath, see
lower panel of Fig. 11. Finally, also the statistical distribution of field magnitude changed from lognormal (upstream)
to gaussian (heliosheath), see Fig. 12.
All of these measurements will be repeated with higher
precission with the IHP magnetometer that will be, in contrast to those on the Voyagers, designed to measure such
weak magnetic fields. In addition, IHP will measure the
magnetic field beyond the heliopause whose strength, turbulence state and exact orientation are unknown. Thereby it
can provide important constraints for the magnetohydrodynamic modelling of the heliosphere that began with the work
by Fujimoto and Matsuda (1991). The subsequent work is
reviewed in Zank (1999), and nearly all contemporary modwww.astrophys-space-sci-trans.net/2/33/2006/
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elling efforts are contained in Florinski et al. (2004a). An
example for younger ideas is the possible reconnection of
the heliospheric and interstellar magnetic field as described
in Nickeler and Fahr (2005).
4.2.6

Dust and ultraviolet radiation, solar monitoring

IHP measurements of dust beyond 20 AU will show what
the contribution of Kuiper-belt objects to the dust population is (e.g. Moro-Martín and Malhotra (2002)) and,
upon approaching the heliopause, will reveal to what
extent heliospheric magnetic fields can hinder dust particles to penetrate into the inner heliosphere, see e.g.
Czechowski and Mann (2003).
The observations of ultraviolet radiation with IHP will
supplement the in-situ measurements and allow to derive information about regions far away from the spacecraft as has
been done for the Voyager mission (Murthy et al., 1999). The
combination of all data will lead to an approximation to the
global structure of the heliosphere.
Finally, there is an instrument for the monitoring of solar activity.

5 Conclusions
The Interstellar Heliopause Probe (IHP) will fundamentally
contribute to our understanding of heliospheric physics and
astrophysics. In particular, by answering the questions formulated above it will reveal the structure of the heliosphere
as an example of an astrosphere, it will clarify the significance and efficiency of astrophysical acceleration processes,
it will probe the cosmic ray modulation in the heliosheath and
contribute to the understanding of interstellar-terrestrial relations, it will identify the state and compositon of the local
interstellar medium as a representative of the general interstellar medium. Obviously, as these topics are of interest to
solar physics, plasma physics and astrophysics, IHP will be
a true interdisciplinary discovery mission.
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