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Executive Summary

Accurate measurements of the geomagnetic field is one of the very few ways by which we can

probe the properties of the Earth’s interior, especially concerning dynamic processes in the core
and mantle. In addition, the geomagnetic field and its interaction with the solar wind play an
important role in forming the external environment of the Earth in a way that also affects at-
mospheric processes related to climate and weather.

The magnetic field measured at or near the surface of the Earth is the superposition of the con-
tributions from a wealth of sources: the fluid core, the magnetisation of rocks in the Earth's
crust, electric currents flowing in the ionosphere and magnetosphere, and currents induced in
the Earth by the time-variations of the field. The benefit and the challengeswfathe mission

are related to the sophisticated separation of these various sources, and the accurate determina-
tion of the spatial and temporal structure of them all. The currently planned geomagnetic satel-
lite missions, @rsted, SAC-C and CHAMP, will not be able to accomplish this with sufficient
accuracy. Mainly because they all are single satellite missions, which introduces a significant
time-space ambiguity in the determination of the dynamic behaviour of the sources. Multi-point
measurements, likevarm, are required for this. Furthermore, the duration of these missions is
not sufficient to investigate secular variation and solar cycle effects. A mission extending into
the next solar minimum is needed for this.

The swarm concept consists of a constellation of six satellites in two different polar orbits.

Each satellite will provide high-precision and high-resolution measurements of the vector mag-
netic field. In combination, they provide the necessary observations for the global high-

precision survey of the geomagnetic field that is needed to model all sources of the geomagnetic
field.

The mission will provide a new model of the near-Earth magnetic field every 2-4 weeks. This
will enable, for the first time, the investigation of the global dynamics of the fluid core. It also
will provide details of the induced currents that will give new insight into the conductivity
structure of the mantle and thereby help to study subduction zones connected to geodynamic
mantle processes. Combined with previous single satellite missions it will provide accurate
models of the contribution from external sources that cover a full solar cycle. This, in turn, en-
ables re-analyses of data from previous satellites at lower altitudes to obtain, for example,
much improved models of the lithospheric anomaly field.

In addition to its crucial contribution to Solid Earth Science the mission will provide significant
improvements to geomagnetic field models that will have practical implications in many differ-
ent areas such as Space Weather and radiation hazards and the understanding of atmospheric
processes related to climate and weather.
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1. Introduction

This proposal uses the scientific and technical knowledge gained from geomagnetic high-

precision missions like Magsat, @rsted, SAC-C/MMP, Champ, and others as the starting point
for a new and exciting mission to investigate hitherto hidden features of the geomagnetic field,
especially concerning its dynamics. In recognition of the need for global, continuous, and long

term high-precision magnetic field measurements we propose for a multi-satellite mission to be
operated into the next solar minimum.

This mission facilitates the analysis of the spatial structure of the time evolution of Earth’s
magnetic field at large scalelengths (of several thousands of km) as well as at intermediate
scalelengths (hundreds of km) and timescales between seconds and years. The combined analy-
sis of the data obtained with the proposed set of satellites will drastically enhance the signal-to-
noise ratio in the extraction of the various sources of the field, enabling a unique separation
hereof. The multi redundancy inherent in the mission will help secure a long mission lifetime

of at least one satellite, answering the need for long-term, order of solar cycle, monitoring of the
geomagnetic field.

Component Objectives Relation to Earth Explorer Programme
e Map the core flow

e Determine core dynamics
¢ Investigate jerks: their time-space structure | Theme 1, Earth Interior

and recurrence «  "origin, evolution, and compo-
e Understand core-mantle coupling and its sition of core, mantle, and crust
implication for Earth rotation and their rolesin determining
the internal dynamics of the

e Perform 3D tomography of mantle con-
Mantle and ductivity

Crust «  Determine remnant and induced magneti-
sation of the lithosphere

«  Determine the position and devel opment of
the radiation belts and their near-Earth ef-
fects

Earth"

* Investigate the time-space structure of the | Theme 2 Physical Climate

magnetospheric and ionospheric sources .\ . I
on all time scales . understand the internal variability of

Earth’s _ . . the various components of the climate
Sl © Monitor the global magnetospheric activity system ... study past and present

and the energy input into the upper simos- changes in the global environment"
phere (Joule heating)

*  Study the modulation of the cosmic ray
flux and its effect on tropospheric conduc-
tivity and associated processes related to
weather and climate

Tabel 1.1 Main science objectives and their relevance to the Earth Observation Programme
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The main scientific objectives of the mission are listed in Table 1.1 together with the themes of
the Earth Observation programme to which they will contribute.

We propose that micro, or even nano, satellite technology is used to build a number (e.g. six) of
p-satellites combined with “Puppets” each carryiegtor magnetometer, scalar magnetometer,
star imager and GPS receiver. The satellites will measure the vector components of the mag-
netic field with a sampling rate of 100 Hz and accuracy better than 0.4 nT. They will fly in two
circular polar orbits of varying local time orientations. Initial altitudes of the orbits will be as
low as possible considering a target lifetime of 5 years. For the technical implementation de-
scribed here 700 km has been adopted.

2. Scientific Justification

2.1 Science Case

2.1.1 Scientific Motivation

Magnetic fields play an important role in many of the physical processes throughout the Uni-
verse. In particular, the Earth has a large and complicated magnetic field, the major part of
which is produced by a self-sustaining dynamo operating in the fluid outer core. This core field
and, in particular, its time changes, known as secular variation, are among the very few means
that are available to us fprobing the properties of the outer core. The secular variation

directly reflects théluid flow in the outermost core and provides a unique experimental con-
straint ongeodynamo theory.

What we measure at or near the surface of the Earth, however, is the superposition of the core
field and fields caused by magnetisation of rocks in the Earth's crust, by electric currents flow-
ing in the ionosphere and magnetosphere and by currents induced in the Earth by these
time-varying external fields. The benefit and the challenge cdwaem mission is related to

the sophisticated separation of these various sources which each have their specific characteris-
tics in terms of spatial and time variations. In this respect thersitaen may be regarded as

a remote sensing mission.

Although field changes of internal as well as external origins occur at all time scales, a common
practice in separating them relies on their different time behaviour. Only the part of the core
field that varies on time scales longer than, say, one year is observable at the Earth’s surface,
shorter fluctuations being heavily attenuated due to the non-vanishing conductivity of the man-
tle. Hence variations with time scales longer than 4 years are usually attributed to internal field
variations (the field due to magnetisation in the lithosphere is assumed to be time-independent),
whereas those with periods shorter than 1 year are attributed to external field contributions.
However, interesting features occur at time scales where both external and internal sources
contribute Jerks are sudden changes in the secular variation, which occur within 1 to 2 years.
The spatial characteristics of jerks are still not well known, since no jerk could be observed
using the global covering data from a satellite. Recent studies indicate that they may have a
recurrence of about 10 years, which complicates their separation from the 11-year solar cycle
variation of external origin. The study of jerks sets constraints on the electrical conductivity of
the lowermost mantle, which is of crucial importance, for example, for studies of the electro-
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External Contributions

Storms and substorms - Magnetosphere/lonosphere interaction
Wind systems in the upper atmosphere - ionospheric dynamo

Sferics - lightening, global electric circuit
Gravity waves - troposphere/thermosphere interaction

Direct signal Seasonal and Solar cycle variation
interannual variations

Upper Atmosphere

seconds days weeks WEEES decades centuries

Fast Term Medium Term Long Term
Time-scales

Figure 2.1 The objective of swarmisto separate the various sources and processes that
contribute to the geomagnetic field at different time-scales

magnetic cor e-mantle coupling and the variationsin the length of day. Oscillations of the
Earth’s core on time scales of months are another hot topic under discussion.

A serious limitation for the investigation of internal processes at time-scales of months to years
are geomagnetic variations of external origin since they contribute on time scales up to that of
the 11 year solar cycle. Thisall clearly demonstrates the need for a comprehensive understand-
ing of external and internal processes.

Although geomagnetic variations of external origin contribute as “noise” when determining
models of the core and crustal field, they also serve as a “signal” to probe the conductivity of
the mantle. To perforfBD tomography of mantle conductivity requires good knowledge of

the time-space structure of the geomagnetic field from simultaneous measurements over differ-
ent regions of the Earth, which thearm satellites will provide.

Furthermore, the magnetic field is not only an issue related to scientific research regarding its
origin in the core and the evolution of our planet Earth. The magnetic field is of primary im-
portance for thexternal environment of the Earth. It acts as a shield against high-energy par-
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ticles from the Sun and from outer Space. It controlsthe radiation belts, and a so the trgjecto-
ries of incoming cosmic-ray particles. For example, the South Atlantic Anomaly of low
magnetic field intensity has a significant effect on the distribution of the energetic particlesin
the near-Earth part of the radiation belts. The movement of regions of low magnetic intensity
and hence high radiation, such as the South Atlantic anomaly, is adirect consequence of the
secular variation of the geomagnetic field. These high radiation environments cause radiation
damage to spacecraft and enhanced radiation exposure to humans in space. Recent instrument
failures on some low-earth-orbiting spacecraft suggest that the South Atlantic anomaly has
shifted to the Northwest. Continuous spacecraft monitoring of the magnetic field at low Earth
orbit, and the derivation of field models, plays an important role in predicting radiation hazards
within the space environment.

A controversial topic in atmospheric science is the possible effect of electric field and charges

in the atmosphere. It has been proposed that ionisation by high-energy particles that penetrate

deep into the atmosphere may affect the optical transparency by changing aerosol chemistry or

by affecting cloud formation processes. It has recently been found that the Earth’s cloud cover
observed by satellites is strongly correlated with the flux of high-energy cosmic radiation. The
geographical distribution of this flux is controlled by the Earth’s magnetic field and studies of
the possible effects arlimate and weather need accurate global information about the main
field and how it behaves with time. The magnetic field also controlg éingport of energy

and momentum from the solar wind to the Earth including near-Earth effects likaduced
surgesin long power linesand, more generally, th@osition of the auroral zone.

In summary, few other measurements, if any, of a single physical parameter may be used for
such a variety of studies related to the Earth, its formation, its dynamic and its environment,
stretching all the way to the ultimate source of life on Earth, namely the Sun.

Current Status of Geomagnetic Modelling

Until now, only one high-precision satellite mission has flown namely the U.S. Magsat mission
almost 20 years ago. The main-field models derived using data from short-term geomagnetic
missions like Magsat provide us with a snapshot of the geomagnetic field at a particular time
instant. Because there has been no comparable satellite geomagnetic survey since Magsat, the
guality of available main-field information and models has declined over the past fifteen years.
We have had to rely very largely on data from the network of magnetic observatories to help us
describe and attempt to predict the secular variation and this data set has a notoriously patchy
distribution over the surface of the Earth. In regions remote from magnetic observatories the
uncertainties in current field models are unacceptably high for many uses to which the models
are put (they can reach 1 degree or more in the field direction and several hundred nT in field
strength). The upcoming @rsted, SAC-C, and CHAMP missions will greatly improve on the
situation. They will not, however, be sufficient in duration and accuracy.

Progress

Recent progress in modelling the Earth’s magnetic field indicates that the limiting factor in the

accuracy of present geomagnetic models is the dynamic behaviour of the external current con-
figuration. Single satellite missions are not able to describe this. Models derived with data from
single satellite missions can therefore be obtained with accuracy no better than a few nT, which
is much more than the accuracy of the current magnetometers (better than 0.4 nT). Hence, sin-
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gle satellite missions are not able to take advantage of the enormous improvement in instru-
mentation, which has been achieved during the last years. Multiple satellite missions measuring
simultaneously over different regions of the Earth offer the only way to take full advantage of
this new generation of instruments. It enables a monitoring of the time-variability of the geo-
magnetic field, which is a great advancement from the extrapolations based on statistics and on
ground observations at selected sites that is used now. At the same time this monitoring has
important space weather applications.

Furthermore, the large number of satellites of the swarm mission means an enormous enhance-

ment of the global coverage. Svarmwill be able to provide an accurate model of the near-Earth
magnetic field that isincluding both the internal and external sources, as frequently as every 2-4

weeks. In comparison, a good statistics model is expected every 3 months for the @rsted, SAC-
C and CHAMP missions. Frequent high accuracy models with an improved description of the
external contribution over a 5 year period provides an unprecedented tool to examine the faster
features of the internal field changes with a good separation of the seasonal and solar activity
effects.

Another limitation concerns the requirement for long term measurements. The current planned
missions hopefully will provide continual measurements for 5 years starting /@8, in

addition to the improved model capabilities, will stand a very good chance to continue this be-
yond 2007 hence getting close to th# solar cycle coverage that is needed to properly distin-
guish the solar activity and secular variation effects. It will provide for the firstsatetite

data during a solar

200 | . .
nominal late solar cycle minimum. Launch in 2002-

<1 2003 would be perfect in
terms of providing sufficient
overlap with the CHAMP

180 |

160 |

Fao | mission to use the better
x capabilities of thewarm
| mission to calibrate the
§1OO I previous satellite-based

models, in this way greatly
enhancing the usefulness of
the former satellite data and

80 |

60 | swarm ) .
securing the consistency
between the outcome of the
1998 2000 2002 2004 2006 2008 2010 201 two missions.

2.1.2 Science Objectives, Earth Interior

Data from theswarm mission will provide models of the near-Earth magnetic field of much
increased accuracy compared to single satellite missions. This will facilitate investigation of
hitherto undetected features of the Earth’s interior, especially concerning processes in the core
and the mantle.

Core Dynamics (Core Flow, Earth Rotation and Core-Mantle Coupling)

Large electric currents are driven in the core by a self-sustaining dynamo process: fluid flowing
across magnetic lines of force of the field generates electromagnetic forces, which drive electric
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currents, which maintain the magnetic field. On time scales shorter than about a century the
core may be considered as a perfect conductor. The main consequence is that the magnetic field
appears as frozen in the material in the core. Thus, the fluid flow in the core produces the ad-
vection of the lines of force of the magnetic field. Consequently, temporal variations of the
main geomagnetic field observed at the surface of the Earth, namely secular variation, directly
reflect the fluid flow in the outermost layer of the core®. This can only be recovered from ob-
servations of the magnetic field and its secular variation and may then be used to infer the
kinematics of the flow in the bulk of the core. Hence, secular variation provides a unique ex-
perimental constraint on dynamo theory and the geodynamo mechanism.

The Earth’srotation presents irregularities with different time scales: fluctuations of the
length of day (I.0.d.) with time constants from a few days to afew decades are superimposed on
aquasi-linear increasing trend. The low frequency variation has to be attributed mainly to the
exchange of angular momentum between the mantle and the core; no other angular momentum
sink is big enough to account for it. Although the coupling mechanism between the core and
the mantle has been addressed for forty years thisis still atimely and controversial question?. It
is of fundamental importance for understanding the decadal variations of the length of the
day and, to alesser extent, the motion of the pole (e.g., the Chandler wobble). At the same
time, the very mechanism of the core-mantle coupling is not yet definitely elucidated: isthe
torque coupling the mantle and the core electromagnetic, topographic, or both? The discussion
of electromagnetic coupling raises the question of electrical conductivity in the mantle, whereas
topographic coupling raises the question of core-mantle boundary topography, a subject to
which seismologists have recently devoted much work. To tackle this problem, one needs an
accurate determination of the flow of the fluid in the core for which geomagnetic studies are the
only source.

Two strategies can be used to extract secular-variation information from the swarm data sets. In
the first alternative subsets of the data, each spanning the shortest time sufficient to give a good
global data distribution, are selected. The six satellites of swarmwill be able to obtain the nec-
essary amount of global datain a much shorter time than single satellite missions can. Each
subset is analysed to give a series of "snapshot” main-field models. The time dependence of the
individual coefficients of this series of field models then gives information on secular variation
and on long-term variation of external origin, especially concerning seasonal and solar cycle
variations. In the second technique, this time dependence is included in the model (for instance
by means of spline functionsin time), and data spanning months or years are used.

From that part of the models, which describes the core field, fluid flow patterns will be derived
and used to study how the core and mantle are coupled. In particular, an attempt will be made to
ascertain which of the two most likely mechanisms, electromagnetic or topographic coupling, is
dominant or whether both are important. Correlation of computed momentum transfer with
changesin length of day will also be investigated.

! Bloxham, J. and A. Jackson, Fluid flow near the surface of Earth’s outeRewr&eophys., 29, 97-120, 1991

2Holme, R., Electromagnetic core-mantle coupling — I. Explaining decadal changes in the lengtiGebplays.
J. Int.,132, 167-180, 1998
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Jerks: Abrupt Changes in the Earth’s Magnetic Field

Although the secular variation usually represents smooth time changes of the main field, epi-
sodes of much more abrupt change have occurred in the past. These are known as impulses or
jerks. There have been four, or possibly six, such events this century, irregularly spaced in time.
They appear to be discontinuities in the second time derivative of the field (the secular accel-
eration), although new methods of analysis® promise to refine this statement.

There has been some discussion on the global character of jerks. The availability of well-
distributed global datafrom swarm will enable a more definitive answer to be given to this
guestion. By performing spherical harmonic analyses at intervals during ajerk it will be possi-
ble to separate the parts of internal and external origin, and to study the possible recurrence of
about 10 years found by some investigators®.

A typical jerk occurs rapidly and the conducting mantle alters the amplitude and frequency
content of what is observed at the Earth’s surface and from satellite altitudes by acting as a sort
of filter. It is possible to apply mantle filter theory to the sparsely distributed data that are cur-
rently available from the network of magnetic observatories but, as with all global phenomena,
itisfar better to have a data set that is as uniform and dense as possible in its coverage of the
Earth. A combination of ground-based observatory data plus data from swarmis an approach to
thisideal situation and the improvement in our knowledge of the time scales involved will help
to refine our estimates of the electrical conductivity of the lower mantle.

The availability of high accuracy main-field and secular-variation models on a more-or-less
continuous basis from early 1999 (the launch of @rsted) until about 2010 will have far- reach-
ing implications for studies of the interior of the Earth. We might reasonably expect a jerk to
occur sometime during this interval.

A careful search will be made to detect any jerks that may occur during the lifetime of the sat-
ellite. If any are found, satellite and ground-based data will be analysed to discover when the
jerk happened and what the dominant time scales of the process were. Attempts will be made,
using recently developed techniques such as wavelet transform analysis, to elucidate the precise
nature of any jerks, for example whether they represent a discontinuity in the second time de-
rivative of the geomagnetic field or something more complex. The global nature of the satellite
data set should help to decide definitively whether jerks are a local or a global phenomenon.

The problem of whether jerks originate within the Earth or above its surface will also be stud-
ied. If it is verified that the source is internal, and therefore most probably in the outer core, the
implications for lower mantle electrical conductivity will be investigated.

Reducing the Noise from External Sources

For studies of the Earth's core, it is essential that the field models used be contaminated as little
as possible by fields originating in the Earth's crust or in the upper atmosphere. The separation
problem is further complicated by the fact that, as seen from a satellite, the ionospheric field,
whose sources are located at 110 kilometres altitude, behaves as an "internal" field. However,

3 Alexandrescu, M., D. Gibert, G. Hulot, J.-L. Le Mouél, and G. Saracco, Worldwide wavelet analysis of geomag-
netic jerksJ. Geophys. Res., 101, 21,975-21,994, 1996

4 De Michelis, P., L. Cafarella, and A. Meloni, Worldwide character of the 1991 geomagnet®gephys. Res.
Lett., 25, 377-380, 1998

10
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external field contributions are — in contrast to the crustal field — highly time variable, which
can be used to extract the core- and crustal field.

Recent investigations have shown that field models may be contaminated by external contribu-
tions more than hitherto expecte@hey have also demonstrated the great advantage of model-
ling Earth’s main field and its secular variation simultaneously with ionospheric and magneto-
spheric contributions by means of a joint inversion of ground-based and satellite magnetic
measurementsThis goes beyond the usual division in “internal field science” and “external

field science” and opens a potential for very fruitful exchange between scientists of the two
subdisciplines (cf. Section 2.1.3).

3D Tomography of the Upper Mantle

Electromagnetic induction in the heterogeneous mantle by external sources allows determining
the distribution of the electrical conductivity. This parameter is temperature driven and very
sensitive to small changes in the fluids content and partial melting in the mantle and, to a less
extent, to changes in mineralogy.

There are two ways of determining the conductivity of the mantle. It can be probed "from be-
low" using signals originating in the core and observed at the surface. This method requires a
precise determination of the field during rapid and isolated events such as geomagnetic jerks as
well as some-priori assumptions about the kinematics of fluid motion at the top of the core.
Mantle conductivity can also be probed "from the top" by the analysis of natural geomagnetic
variations at various frequencies. This method requires a good knowledge of the space-time
dependence of the magnetic field of external origin. If measurements are performed for one 11-
year solar cycle, it will be possible to obtain the conductivity of the middle and lower mantle
without making prior assumptions.

It has been shown that it is possible to extract the external field and its induced counterpart in
satellite data and hence probe the mantle conductivity from 'sgdmejoint analysis of the
transient magnetic field recorded in space and at ground offers a unique opportunity to get a
detailed coverage of electromagnetic transfer functions and hence 3D models of the mantle
electrical conductivity. In addition, these studies will provide better models of the transient ex-
ternal field to be removed from the observations prior to other studies of the core and litho-
sphere.

Studies of the Lithospheric Field

In crustal field studies a first and very important step is the removal of an accurate estimate of
the field from the core since this represents, typically, over 90% of the observed signal at the

surface of the Earth. The crustal signal is an even smaller proportion of the measured values
when satellite data are used, and the need for accurate main-field and external field information

® Engels, U. and N. Olsen, The Influence of External Current Systems on the Expansion Coefficients of the Geo-
magnetic Main Field, in preparation for Geophys. J. Int.

®Langel, R. A., T. J. Sabaka, R. T. Baldwin and J. A. Conrad: The near-Earth magnetic field from magnetospheric
and quiet-day ionospheric sources and how it is modeled, Phys. Earth Planet. Int., 98, 235-267, 1996

Olsen, N., R. A. Langel and T. J. Sabaka: Geomagnetic field models including contributions from quiet-time iono-
spheric and magnetospheric sources (abstract, session 5.11), 8th Scientific Assembly of IAGA, Uppsala, 1997
"Olsen, N. Induction Studies with Satellite Data, Surveys of Geophysics, submitted, 1998
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that will be provided by swarmis even greater. Much of the crustal field contribution is due to
magnetisation of crustal rocks induced by the present-day main field and an accurate knowledge
of the main field is essentia for the correct processing and interpretation of such data.

Knowledge of the crustal field isimportant not only scientifically in its own right, but for the
insights it can give to the exploration geophysicist in the search for mineral and hydrocarbon
deposits. With previous satellite mission an impressive number of results have been obtained
about the magnetisation of the crust and uppermost mantle and its relationship with geodynam-
ics. Still several fundamental questions remain such as:

» theorigin of some of the anomalies that cannot be explained by the induced or remnant
magnetisation of known structures either in the crust or the mantle,

» the systematic mismatch of magnetic anomaly amplitudes between the existing large scale
land and aeromagnetic anomaly maps and the satellite magnetic anomaly maps,

» the absence of information about north-south magnetic anomalies at all wavelength, always
obliterated by the systematic use of polar orbits and along-track filtering of external field ef-
fects,

» more generaly, the bias introduced by the external field and itsinduced part,
» and finally the bias introduced by the insufficient accuracy of main field models.

The relatively high altitude (700 km) of the swarm satellites is a limiting factor for a direct
determination of the small-scale features of the lithospheric field. However, swarm will con-
tribute at least indirectly to crustal field studies through better models of the core field and ex-
ternal field, which enables are-analysis of datafrom previous satellites at lower altitude.

2.1.3 Science Objectives, Earth Environment

The external environment of the Earth is controlled primarily by the Earth’s magnetic field,
which also provides a partial shield against corpuscular radiation from the Sun and from outer
Space. The region where the Earth’'s magnetic field dominates constitutes the region in Space
that is called the magnetosphere. The magnetosphere is the seat of highly complex and time-
varying processes that have a direct effect on the upper atmosphere and on the surface of the
Earth. Among those effects are the polar auroras and the Van Allen radiation belts of energetic
particles encircling the Earth.

Our understanding of the global processes which determine the coupled interactions between
the electromagnetic and corpuscular emissions from the Sun and the neutral and ionised species
in the Earth's environment, and the flow of energy from the Sun to the Earth that results from
these, is still poor. For example, it does not allow prediction of the response of the Earth system
to changes in the solar output. As a consequence, several international research programs have
recently been initiated to improve our knowledge of the solar-terrestrial system. Advances in

the understanding of magnetospheric processes and their generation through the complex inter-
action between the solar wind, the magnetosphere and the atmosphere are conditional on ade-
guate observations of key parameters. The small but highly time varying component of the
measured magnetic field of the Earth that is of external origin constitutes one of the prime pa-
rameters describing the physical conditions in the magnetosphere. This, for example is a key

12
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element of the ESA Cluster mission. The swarm mission would be an extremely important
near-Earth complement to this and other international solar-terrestrial efforts.

Configuration and Dynamics of the External Current Sources

The geomagnetic field lines provide a strong electromagnetic link between the outer regions of

the magnetosphere and the lowest part, the ionosphere. The link is sustained by electric currents

that flow easily along the magnetic field lines because of the highly anisotropy conductivity in

the magnetosphere. The only available means of direct measurements of these currents are in

the form of magnetic field measurements on board low altitude polar orbiting satellites. Meas-

urements from a few such satellites in the past have provided indispensable information that has

made it possible to describe, albeit only in gross terms, this important component of the cou-

pling between the magnetosphere and the ionosphere. The measurements from @rsted, SAC-C,
and CHAMP are expected to lead to major advances on this issue. However, the configuration
of the field-aligned currents is complex and highly dyn&niibe problem of separating spatial

and temporal structures which is inherent to single satellite missions means that they will not be
able to address this important aspect of the problemswéren mission, in contrast, is specifi-

cally aimed at this. It will provide, for the first time ever, multi-point observations of the field-
aligned current system from space to match the multi-point measurements of various upper at-
mosphere parameters made by the extensive networks of ground stations which have come into
operation over the last couple of years. Particularly, the networks at polar latitudes, such as the
net of HF-radars of the SuperDARN projectave been very successful in providing new in-

sight into the complex solar-terrestrial coupling and its dynamicsswWéren mission would

provide exactly what is needed to supplement this and advance the progress further.

The long operational lifetime of the mission will provide an unprecedented database for statisti-
cal analyses of the distribution of the external magnetic field as a function of local time, season,
and conditions in the solar wind. Together with the data from the preceding missions, @rsted,
SAC-C, and CHAMP, chances are very good for full solar cycle coverage to be obtained. An
empirical model of the magnetospheric response to given average solar wind conditions is an
important tool not only for improvement of the models of the internal field as discussed in the
previous section. It is also an important tool to test theoretical models describing the interaction
between the solar wind and the magnetosphere.

Global Geomagnetic I ndex, Geomagnetic Monitoring of Space Weather

Adverse conditions in the space environment can cause disruption of satellite operations, com-
munications, navigation, and electric power distribution grids, leading to serious economic
losses. This is known as space weather. Various global and local geomagnetic indices based on
ground magnetic measurements have proven useful for the specification, monitoring, and pre-
diction of space weather conditions. One important indicator of space weather storm conditions
is the position and strength of electrical currents in the auroral zones. While difficult to obtain
from ground a direct measure of this is provided twice (north and south polar region) in each 90
minutes orbit by each of the six spacecraft ofsha m mission. The potential of this for space

8 T. Moretto and E. Friis-Christensen, Ground observations of dayside small-scale dynamic features, in Results of
the |ASTP Program, Advances in Space Research, 20, 863-872, 1997

°R.A. Greenwald et al., A global view of high-latitude convection, Space Science Review, 7, 763-796, 1995
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weather monitoring and forecasting is obvious, and so too is the potential for the derivation of
other global geomagnetic indices based on swarm measurements and the use of them for testing
and refinement of the ground based proxies. The possibilities of using geomagnetic satellite
missions for these purposes, of course, are completely unexplored.

Modelling of the Geomagnetic Field and Radiation Damage in Space

Radiation damage to spacecraft and radiation exposure to humans in space is a matter of in-

creasing concern. For low earth orbit spacecraft, such as Hubble, Topex, @rsted and others in
the 100-1000 km altitude range damage has frequently occurred and will continue, for example,
over the South Atlantic Anomaly, which is an area of particularly low geomagnetic field
strength between South America and South Africa. The low magnetic field allows particles
from the radiation belts around the Earth to penetrate into the upper atmosphere and create in-
tense radiation. The South Atlantic Anomaly is an important example of a region where the
magnetic field cannot be monitored well with ground stations. Recent instrument failures on
some low earth orbiting spacecraft have suggested that the South Atlantic Anomaly has shifted
to the Northwest, but with no new models based on satellite data for almost 20 years it is not
know whether this shift is real. Accurate and timely geomagnetic field models clearly play a
pivotal role in space operatidfigs do good estimates of the rate and form of change of the

field to know what to expect in the planning for the coming yearsswhian mission will

continue the efforts of the geomagnetic missions already planned to provide improved models
and predictions of the identification of the problem regions, their position, strength and evolu-
tion during the period when, amongst other, the operation of the International Space Station
makes this issue highly relevant.

Modulation of the Cosmic Ray Flux

A potential source of climate variations is the varying cosmic ray flux that in the atmosphere
creates ionisation changes, which affect microphysical processes, such as the nucleation and
growth of ice particles in high-level clouds. Both the continuous flux of Galactic Cosmic Rays
that is characterised by very high energies and the Solar Cosmic Rays of typically lower ener-
gies that are associated with solar eruptions contribute to the particle fluxes impinging on the
Earth atmosphere. The flux distribution, in particular for the lower energy part, is highly de-
pendent on the strength and form of the geomagnetic field. Consequently, detailed models of
the geomagnetic field and its evolution will be an important factor in the discussion of anthro-
pogenic impact versus internal variability of the Earth climate system.

Furthermore, thewarm mission is believed to advance our understanding of how the solar

wind and magnetosphere interact, and how this is reflected in the fluctuations of the geomag-
netic field on a global scale. This will greatly improve the possibilities to deduce solar wind
conditions back in time, as far as 130 years, on the basis of geomagnetic fluctuations at ground
magnetic observatories. During the past ~ 120 years, Earth’s surface temperature is correlated
with both decadal averages and solar cycle minimum values of the geomagsietiex. The

0E JDaly, J. Lemaire, D. Heynderickx, and D.J. Rodgers, Problems with Models of the Radiation Belts, |EEE:
Transactions on Nuclear Science, 43, 403-415, 1996

1 EW. Cliver, V. Boriakoff, and J. Feynman, Solar variability and climate change: Geomagnetic aa index and
global surface temperature, Geophys. Res. Lett, 25, 1035-1038, 1998
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modulating effect on the cosmic ray flux of the solar wind magnetic field has been proposed as
the key to explain the reported correlation between solar variability and climate changes'.

2.1.4 Relevance to the Objectives of the Earth Explorer Program

The swarm mission would contribute to the Earth Explorer program mainly within the two
themes, Earth Interior and Physical Climate, as summarised in Table 1.1.

Earth Interior

Accurate models of the magnetic field from the Earth’s core and its evolution provide one of the
few meansto gain insight into the properties of the outer core, in particular concerning its dy-
namics. Similarly, investigations of the geomagnetic field variations can be used to perform 3D
tomography of mantle conductivity describing properties of the mantle. All topics which are
central to the Earth Interior theme.

The gravity field is another source of information and is the objective of the "Gravity Field and
Steady State Ocean Circulation" candidate of the "Earth Explorer Core Mission” program. The
swarm mission would be an important supplement to this mission.

Physical Climate

The physical climate is the result of a number of complex processes involving the atmosphere,
the oceans, and the land surface. Many of these processes are poorly understood. The potential
danger of the enhanced greenhouse effect caused by human activity is broadly recognised but
the size of the problem is only poorly determined, mainly because the effects on climate are
imbedded in natural climatic changes that have existed through all times and which we do not
fully understand.

Many of the past climatic changes have been reported to be well correlated with changesin
solar activity. Such changes may be due to changesin solar luminosity, in the UV spectral
bands, or, as has recently been suggested, by changes in the cosmic ray flux penetrating deep
into the atmosphere. These particles create ionisation and may thereby affect cloud condensa-
tion processes that are crucial for the radiation balance.

The geomagnetic field and its interaction with the solar wind play an important role in forming
the external environment of the Earth. The magnetic field controls the radiation belts and the
trajectories of incoming cosmic-ray particles. The swarm mission is aimed at advancing our
understanding of these processes and their effect on the upper atmosphere and the surface of the
Earth. Thisal constitute a variable background, the importance of which must be understood if
oneisto fully benefit from the missions concerned with changes of the Earth climate. As such

it lies at the heart of the objectives of the Physical Climate theme that concerns the under-
standing of the variability of the various components of the climate system.

2.2 Science Interest

The large and widespread scientific interest for the swarm mission is documented in two ways.
The team of co-investigators of the @rsted project counts 50 groups from 14 countries both in
Europe and overseas, the collaboration of which will continue in the SAC-C and CHAMP proj-

2 E. Friis-Christensen and H. Svensmark, What do we really know about the Sun-climate connection?, Advances
in Space Research, 20, 913-921, 1997
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ects. Many of these groups and some additional ones have united in the large team of co-

investigators, which put forward this proposal. It seems clear that the swarm mission would

consolidate the European lead in geomagnetic mapping missions, which the @rsted, SAC-C and
CHAMP missions demonstrate, for the next decade.

2.2.1 The swarm Science Team

The team of co-investigators on the proposal includes 14 groups from 7 European countries.
That this has been possible in the very short time available for the preparation demonstrates the
great interest in the idea behisslarm and the potential for this team to be enlarged even fur-

ther. The team will constitute a core science team under the leadership of the project office at
DSRI for which it will be an important source of support already during the phase A/B of the
project. Interest in thewarm mission has also been voiced from research institutions in the US.
Letters of support from NASA, Goddard Space Flight Center and NOAA, are included in An-
nex C together with those of other institutions and agencies internationally.

2.2.2 Interdisciplinary Gain

A unique feature of the @rsted science team is that it joins scientists from the internal and ex-
ternal communities. Already, through the preparing science meetings of the @rsted project both
sides have benefited from this interaction. The multi-point aspestvafm and its dedicated
objective to investigate the external current sources will further strengthen this cross-field col-
laboration.

2.2.3 Relation to Other Programmes

The mission will act as a geomagnetic contribution to the upcoming "International Decade of
Geopotential Research" as proposed by the International Association of Geomagnetism and
Aeronomy (IAGA), the International Association of Geodesy (IAG) and the International Asso-
ciation of Seismology and Physics of the Earth’s Interior (IASPEI).

Looking beyond the objectives of the Earth Explorer programmesyidren mission will serve
as an important near-Earth component of the International Solar Terrestrial Physics programme,
including the ESA Cluster-1l mission.

2.3 The Ampere Mission

In 1997, several French geomagnetic research ingtitutions (UBO, IPGP, CETP and CEA) pro-

posed the Ampere project to CNES in the framework of a call for opportunities for microsatel-
lites as secondary payload of Ariane 5. Originally, the Ampére project consisted of two micro-
satellites with scalar magnetometers and turbo-rogue GPS, launched at the same time into orbits
with different altitudes.

The objective is to use the gradient information determined from the magnetic measurements of
both satellites to infer the vector components of the magnetic field. The sciences objectives are
to study both internal (core field, secular variation, lithospheric field, induction) and external
phenomena (variability of the dynamics of the magnetosphere, magnetosphere/ionosphere cou-
pling, and space weather).

Originally several scenarios for the Ampere mission have been proposed, one of which has the
satellites in a low altitude (300-400 km) and low inclination (45-50 deg) orbit, which for in-
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stance enables to study of the absence of N-S going magnetic anomalies found in present maps
of the crustal field.

In the framework of the swarm mission, the scientific team of the Ampére project proposes an
evolution of the Ampére concept toward a complementary mission to theslvasic concept:

We propose to use the flight spavearm satellite as the low inclination (< 50 degree) low al-
titude (< 400 km) orbit Ampére implementation. In such a situation, the scientific objective of
Ampeére will be completely fulfilled and the science possibilities obtfam project will be
enhanced accordingly. The flight spare (sevestlaym satellite should be launched separately
as part of the ASAP/Ariane 5 launch opportunities (available several times a year), after suc-
cessful completion of the initial commissioning phase ofiveem mission.

3. General Mission Characteristics

3.1 Scientific and Technical Requirements

In general terms, the requirement to the mission set by the scientific objectives is for the vector
components of the geomagnetic field to be measured globally, continually and very accurately.

3.1.1 High-Precision Vector Magnetic Field Measurements

The absolute accuracy of the magnetic field measurements should be better than 0.4 nT. The
major limitation for the accuracy of the vector measurements is the accuracy of the attitude de-
termination. The omni-directional star tracker and the "puppet" construction, which secures a
common frame of reference for the magnetometer sensor and the attitude determination, pro-
vide the solution for this. The high accuracy requirement furthermore sets tight limits on the
magnetic disturbance level, from the satellite system, that can be tolerated at the sensor. This
demands that the sensor be displaced a considerable distance from the satellite, 10 m or more
depending on the magnetic cleanliness of the satellite. Finally, an accuracy of 0.4 nT for the
magnetic field measurements translates into an additional requirement for the position determi-
nation to be better than 15 m. The latter is easily obtained with current GPS receivers.

3.1.2 The Constellation Concept

The science goals rely on the possibility to obtain multi-point
measurements of the near-Earth magnetic field. A variety of
different distributions of the measurements are needed. Tw
satellites in each of two different polar orbits (2+2) are the
minimal realization of a constellation providing this.

Adding a third satellite in each of the orbits, however, wi
serve to secure a long operational lifetime of the minimu
constellation (redundancy of instrumentation) while being
able to relax costly requirements of reliability and durabil
on the spacecraft design in terms of redundancy at equip-
ment and system level and electronic parts quality. In addi-
tion, the observations of the two extra satellites in themselve
constitute a valuable extension of the constellation possibilities.
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The requirement of global coverage concerns both geographic and local time coverage. Thisis
met by launching the six satellites (3+3) into two near-polar circular orbits, asillustrated in the
figure, with dlightly different inclinations resulting in different orbit drift rates (w;, wy), the ex-
act values of which are not important. The satellites in each orbit will, of course, drift apart
slowly providing the multitude of distributions that the scientific investigations require. Six
satellites in two polar orbits will provide a very good coverage of the Earth surface, as needed,
in less than one day.

3.1.3 Orbit Altitude and Mission Lifetime

Altitude of the orbitsis subject to two counteracting constraints. Resolution of the smallest
scale structures of the geomagnetic field requests the atitude as low as possible. On the other
hand, investigation of secular and solar cycle variation effects requests alifetime of at least 5
years. Re-entry time and system lifetime of the satellites depend on the exact design of the
spacecraft and cable-boom length as well as on solar activity. With the current knowledge
700 km seems a safe option for the injection atitude.

3.1.4 The Ampeére Mission

As proposed in section 2.3 the French Ampere project can be implemented as an enlargement
of theswarm mission. This requires the flight spare (sevestgrm satellite to be launched
separately, and after successful completion of the initial commissioning phasewirtime

mission, into a low altitude (below 400 km), low inclination (<)5@rbit.

3.1.5 Launch Time

Launch in December 2002 is optimal for several reasons. It will malsavénen mission a di-

rect continuation of the German CHAMP mission to be launched late 1999 with sufficient

overlap for an intercalibration of the two missions to be performed. Together also with the @r-
sted and SAC-C mission, chances are very good that satellite measurements of the geomagnetic
field can be obtained for a full solar cycle. At the same timesvtaem mission, contrary to all
previous geomagnetic missions, will be a solar minimum mission.

3.1.6 Summary of Orbital Parameters

A feasible implementation of ttevarm constellation , c.f. the description of launch possibili-
ties in section 4.4, could have the following parameters:

- 2 different orbits, both at 700 km altitude
- One orbit is at 82inclination (v, = -1.C°/day), i.e. covers all local times in 3 months
- Other orbit at 88° inclinatiorug = -0.2/day), i.e. covers all local times in 6 months

- Three satellites are launced into each orbit with a difference in velocity of approximately
10 m/s

3.2 Relation to Other Missions

The swarm mission should be seen as a natural extension of the three missions, @rsted, SAC-C,
and CHAMP, planned to be launched within the next year, all of which will provide high-
precision measurements of the near-Earth geomagnetic field. It is aimed directly at overcoming
the inherent limitations of single satellite missions and will greatly improve their results. The
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improved understanding and modeling capabilities of the near-Earth magnetic field to result
from the swarm mission will enhance the value of data also from these missions preceding it.
The swarm mission will extend this geomagnetic effort to cover afull solar cycle, and provide
the first ever solar minimum geomagnetic mission, c.f. Figure 2.1

In several ways, the swarm mission can be seen to supplement the missions chosen as candi-
dates for the "core missions' of the Earth Explorer element of the Earth Observation pro-
gramme. Accurate measurements of the geomagnetic field provide one of the few meansto gain
insight into the properties of the outer core and mantle. The gravity field is another source of
information and is the objective of the "Gravity Field and Steady State Ocean Circulation”
mission. The geomagnetic field and its interaction with the solar wind play an important role in
forming the external environment of the Earth. It constitutes a variable background, the impor-
tance of which must be understood if one isto fully benefit from the missions concerned with
changes of the Earth climate.

Looking beyond the objectives of the Earth Explorer programme, the swarm mission will serve
as an important near-Earth component of the International Solar Terrestrial Physics pro-
gramme®3, including the ESA Cluster-11 mission.

B3 URL: http://www-istp.gsfc.nasa.gov
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4. Technical Concept

4.1 Science Payload Concept

The basic concept is to obtain high quality measurements of Earth’s magnetic field by use of
instrumentation with the capability of ultra low noise, high stability and ultra linear in-orbit
measurements of this magnetic field vector and of the vector direction relative to the inertial
stellar coordinates. This is achieved by placing a combination of the critical sensors, “The Pup-
pet”, at the end of a boom, deployed (at least) 10 m from the host satellite. Thereby most local
magnetic field perturbations from the main spacecraft instrumentation and structure are elimi-
nated. Power will be supplied via thin cables in the boom, and a digital/analogue link between
the Puppet and the host satellite will carry all data transfer to the main spacecraft telemetry. Part
of the instrumentation is contained in the Puppet and another part is placed in the host satellite
Puppet Support Unit (PSU) including the digital/analogue link to the Puppet.

The boom relieves the main satellite body and instrumentation from cost driving magnetic
cleanliness requirements, and no need for an expensive and time consuming spacecratft level
magnetic cleanliness and calibration program exists. Magnetic calibration and inter calibration
with the stellar sensors will be necessary at the Puppet-level only and will be the responsibility
of the science instrumentation teams.

4.1.1 Science Payload Elements

The science payload consists of three instruments supported by timing and orbital position from
the Global Positioning System receiver (GPS):

» Compact Spherical Coil vector feedback magnetometer (CSC).
» Advanced Stellar Compass system (ASC).
» Overhauser Scalar Magnetometer (OSM).

The CSC measures the magnetic field vector 100 times per second with a magnitude resolution
better than 0.1 nT and an angular resolution better than 0.5 arc sec relative to the magnetic sen-
sor axes.

The ASC measures the orientation of the magnetometer sensor axes relative to the fix star co-
ordinates once per second with a resolution better than 0.5 arc sec.

The OSM measures the scalar magnitude of the magnetic field with an absolute accuracy better
than 0.2 nT and at a rate of up to 3 measurement per sec.

The OSM sensor is fastened to the boom 2-3 m from the Puppet and is supported by an elec-
tronics unit in the main satellite via a 2 mm overall diameter twisted pair/twisted shielded pair
in the boom. Alternatively, the basic OSM front-end electronics can be included in the Puppet,
and the scalar data is transferred to the main satellite Puppet Support Unit (PSU) via the digi-
tal/analogue link. The OSM sensor cabling will then run only over the distance to the Puppet.

The CSC sensor and the three camera heads of the ASC are integrated in the Puppet structure,
Fig. 4.1. The Puppet also carries the digital/analogue transceiver for communication to a
matching transceiver system in the main satellite Puppet Support Unit (PSU), and a power
regulator unit connected via a 1 mm diameter twisted shielded wire pair to the satellite PSU.
The ASC camera head units contain the CCD support electronics in digital link contact with the
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ASC computer in the main satellite, and the CSC sensor is supported by the analogue link to the
CSC support electronics in the main satellite PSU.

4.1.1.1 Compact Spherical Coil Vector Feedback Magnetometer

The fluxgate principle chosen for the vector

magnetometer gives high stability and low noise
measurements of the Earth’s magnetic field vector
components. The fluxgate is the workhorse of space
magnetometry in simple and reliable instruments, and the
NASA Magsat 1979-80 mission established the
benchmark for almost the following two decades of space
mapping magnetometry. The long development leading to
the Danish @rsted CSC vector fluxgate magnetometer Figure4.1
draws heavily from this heritage.

The Compact Spherical Coil (CSC) for vector magnetic field feedback is a tri-axial approxima-
tion to the spherical geometry offering the smallest external dimensions for the largest internal
homogeneous field volume. Fig. 4.2 shows the CSC sensor @rsted model, and Fig. 4.3 presents
a cut view of the sensor.

All three fluxgates are placed in the common vector null field inside the homogeneous volume

of the spherical coil. Each fluxgate element acts as a null field indicator and controls the feed-
back current of the corresponding spherical coil. The coil current is an exact measure of the
corresponding external magnetic field component. The vector nulling of the field over the large
homogeneous volume makes the magnetic axes dependent only on the CSC axes, and not at all

cccccc

Figure 4.2 f L Figure4.3

on small positional and angular changes of the fluxgate ring cores.
The development highlights (see the CSC block diagram in Fig. 4.4) can be summarised as:
- Compact Spherical Coil (CSC) Vector Feedback
- Stress-Annealed Amorphous Magnetic Metal Ring Core Fluxgates
- Short-circuited Fluxgate Element Output Current Detection
- All-Even Harmonics Output Signal Detection
- Digital Magnetic Field Signal Detection and Feedback Control
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The CSC sensor is placed in the puppet, and the interface electronicsis placed in the host satel-
lite as part of the Puppet support and interface unit (PSU). The Puppet part weighs 340 g (sen-
sor) and 225 g (cabling and connections). This part consumes 200 m\W and is supported inside
the Puppet structure. The satellite part weighs 1000 g including a portion of the PSU box and
consumes 1800 mW. Total CSC magnetometer power consumption is 2000 mW, not including
the digital link power.

DC/DC converterd—Power —
Boom cable

Feedback: 3 twisted shielded

pairs
} { Detector: Sotaminrsst ed shiel ded A/D converter, Telemetry
: DSP detector and «——TN—>
T ture: twsted
enper at :;ier wiste DIA converter computer

CSC sensor

v

Excitation: twisted shiel ded Excitation

pai drive Figure 4.4 CSC Block Diagram

4.1.1.2 Overhauser Effect Proton Precession Absolute Scalar Magnetometer

The absolute scalar magnitude of the Earth’s magnetic field is measured most precisely by a
proton precession magnetometer based on Nuclear Magnetic Resonance (NMR). The proton
NMR frequency in the Earth’s field (roughly 50 000 nT) is 2.13 kHz. It is determined by the
gyromagnetic ratio for the proton, which is one of the fundamental constants of nature used to
define the Ampére and the Tesla in th¥.S|

NMR in the Earth’s field is observed by placing a small sample (spherical, 25 mm OD) of pro-
ton rich liquid inside an Aluminium wire pickup coil in the field. The measurement requires an
enhancement of the sample proton magnetic polarisation, which, in the classical instruments, is
obtained by sending a strong DC-current through the pickup coil, thereby creating a sample
polarising magnetic field of about 15 mT for 500 msec. Immediately after switch-off of the po-
larisation, a 2 kHz decayingV-signal is observed for about one secdnd

The OSM sensor may be operated up to three times per second giving a decaying 2 kHz signal
burst, which is digitised at16 bit resolution at a rate of 10 kHz. The sampling rate is under tight
control and related to the absolute frequency standard provided by the GPS timing signal. A
block diagram of the instrument is shown in Fig 4.5.

The spectral analysis algorithm provides a resolution below 10 pT, and the overall instrument
absolute field accuracy is better than 0.2 nT at 3 samples per second. For in-flight calibration
purposes the sampling rate needs only be one sample per several minutes. A calibration will

14 Cohen, E.R. and B.N. Taylor, The 1986 Adjustment of the Fundamental Physical Constants,
Rev. Modern Phys., 59, 1121-1148, 1987

> primdahl, F., Scalar Magnetometers for Space ApplicationBfaff, Borovsky and Young

(eds.), Measurement Techniques in Space Plasmas, F&ddphysical Monographs, 103, 85-

99, American Geophysical Union, Washington, DC, 1998
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take one to two days, and needs only be repeated at intervals of several weeks, depending on the
in-flight stability of the CSC-magnetometer.

The OSM sensor is fixed to the boom 2-3 m inward from the Puppet. The OSM electronics unit
may be placed in the host satellite, which requires the sensor cabling to be included in the
boom. The cabling consists of one shielded twisted pair and one twisted pair of about 2 mm
overall diameter. Alternatively, the front-end basic sensor support electronics may be included
in the Puppet, and the OSM sensor cabling then runs between the OSM sensor and the Puppet
only. The Puppet power supply current flowing in the (tightly) twisted pair along the wire boom
is estimated not to present any problem for the measurement accuracy of the OSM sensor.

The weight of the OSM sensor is 500 g, and the OSM el ectronics for Puppet front end accom-
modation weighs 200 g, and the support unit in the satellite weighs 400 g including cables and
connectors. The total electronics unit if placed in the satellite will weigh 500 g, excluding the
cable along the boom (estimated to extra about 15 g/m).

OVH MAGNETOMETER 13/11-98 N
98¢ i) AMP AD || psp M.
L T
7l COL W IGEN
. POWER Figure4.5

SENSOR
If the OSM is placed in the Puppet, then the power consumption is estimated to be 800 mW for

the Puppet part of the OSM. The additional power consumption in the PSU in the satelliteis
estimated to 600 mW. Total power consumption for the OSM is thus estimated to be 1.4 W,
and that will be the power consumed from the satellite bus, if the OSM electronics unit is
placed in the satellite.

4.1.1.3 Advanced Stellar Compass

The ASC has been developed as a fully autonomous star tracker, following all brighter starsin
the cameraField Of View (FOV). Furthermore, the instrument has been optimised towards
supplying the best possible overall attitude accuracy for the spacecraft. This has been achieved
by splitting the instrument into a Camera Head Unit (CHU) and a Data Processing Unit (DPU),
which may be separated by more than 15m.

Because each CHU dissipates 0.35W only, and its massis less than 250g, the CHU may be

placed close to the instrument setting the highest attitude requirements. Furthermore, the ther-

mal dissipation and the thermal radiation through the lens are arranged to ensure full perform-

ance without active thermal control. The DPU might drive asingle CHU at a user selectable

update rate from 0.0625Hz to 4Hz; two CHU'’s from 0.0625 to 2Hz or four CHU'’s from 0.0625
to 1Hz.
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After the CPU receives the digitised image, it analyses the star positions and calculates the at-
titude of the boresight and the rotation about this axis. These coordinates are then transformed
to auser defined spacecraft coordinate system, and are output in the form of quaternions.

In anumber of situations, for example after power cycling, after a SEU, or following aninvalid
image (bright objects etc.), the previous attitude is invalid or missing. In this case an extraim-
age-processing step, initial attitude acquisition, isincluded: The hyper-accurate star positions
are analysed for triplets of nearest and next nearest neighbours. The resulting set of tripletsis
then matched to a pre-flight-compiled version of the star catalogue, the star database, which
contains al conceivable triplets. Based on this match a crude attitude is obtained. This attitude
isthen used as a bias, instead of the previousinvalid attitude, in the consecutive processing.

In order to transform the relativistic attitude to heliocentric attitude, the velocity vector of the
spacecraft relative to the heliocentric system is needed. This vector is obtained via the day of
year and an orbit model. The orbit model needs to be updated at intervals from hours to days
depending on the orbit-perturbing forces (air-drag). Typically, these updates are based on GPS
data. The correction amounts to maximum 26 arcseconds for LEO.

The ASC is a highly autonomous instrument that can handle several anomalies and is not dam-
aged by, even prolonged, direct sunlight exposure.

The Camera Head Units (CHU) each weighs 250 g plus 60 g for the baffle. The 3 CHU’s and
baffles on the Puppet will weigh, in total, 930 g. The total power consumption for the three
CHU's in the Puppet is 1800 mW. The ASC computer in the satellite PSU weighs 900 g and
consumes 7 W.

The ASC provides the full accuracy (0.5 arcsec resolution) at 1 Hz output rate for ujiged.6
rotation rate and up td&ec at 5.5 Hz output rate. The attitude data package contains the qua-

ternion and consists of 32 bytes. The housekeeping information can be sent upon command or
regularly at a given frequency.

4.1.2 Puppet Subsystem Elements

4.1.2.1 Digital/Analogue Link Puppet/Satellite

The ASC needs 30 Mbit/s for the cameras and the OSM needs 200kbits/s. This is from the
Puppet to the satellite. The other way, the ASC needs 10 Mbit/s and the OSM 10 bits/s. The
CSC-sensor needs 7 twisted shielded pairs and 2 twisted pairs. The following resources are
estimated for the Puppet, similar resources will be required in the satellite.

Estimated weight 400 g. Estimated power 500 mW.

4.1.2.2 Puppet Structure
The Puppet mechanical structure (see the sketch in Fig. 4.1) serves several purposes:

- Mechanically Stable Support of the ASC Camera Heads and the CSC Sensor. Optical
bench performance stability is required for maintaining the necessary relative orientation
stability between the CSC magnetic axes and the ASC camera heads’ axes. Composite
materials with the same properties as those of the CHAMP boom optical bench will be
used.

- Support and Housing of the Electronic Circuit Boards. In order to save weight, the Pup-
pet structure will serve as instrumentation printed circuit boards support
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- Mechanica Fixture for the Boom. Environmental Control of the Puppet Instrumentation.
The thermal condition of the Puppet will be passively controlled by balancing the solar
irradiation (input) against the radiated heat (output) for the desired mean temperature
(about -10°C).
Thetotal weight of the Puppet mechanical structure, including fixtures and interface brackets, is
estimated to be 900 g. The construction of the Puppet is amechanical engineering task, and
thus the science experiment teams will need mechanical engineering support for the design,
production and integration of the Puppet, similar to the division of responsibilities for the con-
struction of the @rsted boom Gondola. The thermal modelling of the Puppet similarly requires
an expert team effort.

4.1.2.3 Instrument Calibrations

Instrument level calibrations of the CSC and the OSM magnetometers will be performed at a
magnetic observatory, thereby establishing a directly traceable link to the international Earth’s
magnetic field observatories standard. For the CSC the sensitivities, inter-axes-angles and the
offsets will be determined together with their temperature coefficients. For the OSM magne-
tometer the relation to the international standard and the level of heading errors will be estab-
lished.

The ASC system cameras will be intrinsically calibrated against real stars at an astronomical
observatory having low atmospheric turbulence and excellent astronomical seeing.

At the integrated and fully operational Puppet level, the determination of the interrelation be-
tween the ASC camera coordinate systems and the CSC orthogonalized magnetic coordinate
system will be performed at a high quality astronomical observatory, where a temporary stan-
dard magnetic observatory will be established. This was done at the Table Mountain Observa-
tory of NASA’s JPL for the @rsted, CHAMP and SAC-C satellite. Owing to the large distance
between the host satellite body and the Puppet combination, no magnetic coil facility calibra-
tion at satellite level is required. The magnetic calibrations and the ASC-CSC intercalibrations
will be the responsibility of the science instrumentation teams.

4.1.3 Critical Requirements

The magnetometers are proposed to be removed at least 10 m from the main satellite. Allocat-
ing (for the sake of the argument) maximum 1 nT magnetic signature from the satellite, this
would allow for about 10 Afimagnetic dipole moment in the spacecraft. This should be com-
pared to the allocation for the @rsted satellite of 1*/and the actually obtained 0.25 Am

The CSC magnetometer and the ASC camera system are omnidirectional, which means that no
specific attitude is required for th@varm. The ASC performs at full specifications at 1 Hz

output rate up to O%Gsec rotation rate. At 5.5 Hz output rate the rotation rate may be up to

6°/sec at occasionally degraded accuracy, because the shorter integration time will detect fewer
stars.

During in-flight calibrations the OSM sensor null axis should be directed at an angle of more
than 10 away from the Earth’s field vector for more than 80% of the measurements. This is
estimated to be a very relaxed requirement, and it is the same requirement as for Magsat or for
SAC-C.
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4.1.4 Science Requirements and Implementation

Based on the current level of scientific knowledge of the Earth’'s geomagnetic field and the ca-
pabilities of modern science magnetometry instrumentation, and considering the development
in digital processing, the science requirements forsilia m mission is stated as:

Resolution: 0.1 nT in each vector component

Absolute accuracy 0.2 nT in scalar magnitude

Absolute attitude 0.5 Arc seconds

The instrument complex errors will consist of the intrinsic instrument noise and errors:
CsC < 0.5 nT absolute, < 0.1 nT noise per vector component

OSM < 0.2 nT absolute in the scalar value

ASC 0.5 Arc sec resolution corresponding to 0.12 nT in 50 000 nT

1.2 Arc sec absolute corresponding to < 0.3 nT in 50 000 nT
The Puppet instrumentation perturbation on the OSM sensor is negligible (distance > 2 m). The
perturbation on the CSC sensor is estimated to be < 0.5 nT static and < 0.1 nT dynamic based
on the experience with the @rsted and the SAC-C Puppets. The static perturbation will be com-
pensated for in the in-flight calibration.

4.1.4.1 Mass and Power Budgets

Puppet Mass Power
Structure 900 g -

CSC Sensor 3409 200 mw
CSC cable and connector 230 g -

ASC Camera Units 930 g 1800 mw
OSM Front End Electronics 200 g 800 mW
Digital Link 400 g 500 mW
Electronic Power Unit 400 g 500 mW
Total 3400 g 3800 mw
Boom Mounted Sensor

OSM Sensor 5009 -

Main Satellite Puppet Support Unit

CSC Support Electronics 1000 g 1800 mwW
ASC Computer 900 g 700 mW
OSM Support Electronics 400 g 600 mwW
Digital Link 400 g 500 mW
Total 2700 g 3600 mwW
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4.1.5 Instruments Heritage and Development Basis

The fluxgate magnetometer has along flight heritage based on many successful sounding rocket
launches, and it is scheduled for launch on the Swedish Astrid-2 satellite on December 10,

1998. The CSC-magnetometer is onboard the Danish @rsted satellite scheduled to be launched
in January 1999; and second generation instruments are in the delivery phase for the German
CHAMP mission and the Argentine/US SAC-C mission. Bearm the vector magnetometer

will be based on the combined Astrid-2/CHAMP experience.

The ASC elements were developed for the @rsted mission, and are ready for launch. Prior to
@rsted the system was successively flown onboard the “Thunderstorm” NASA sounding rocket
mission and on “TeamSat” on the Ariane 502 launch. The system is also ready for flight on-
board the Astrid-2 satellite and further, similar systems are under delivery for CHAMP and
SAC-C.

A total of 6 Danish proton magnetometers have performed successfully onboard Danish and
NASA research sounding rocket payloads. The scalar magnetometer development continued at
the Technical University of Denmark as a graduation project in 1990, and the development of
the electron spin resonance polarisation technique, using the Overhauser effect, became the
subject for a Ph.D. project, successfully concluded in 1994. Since 1995 the group has been
funded for the development of a satellite instrument, all the critical elements have been tested
and the operation verified, resulting in a working laboratory model

4.1.6 Technology Challenges and Critical Issues

The mechanical design and construction of the Puppet structure is recognised as a task for an
expert group in composite materials. The challenge is similar to the task of building the

CHAMP boom optical bench part, and Dornier in Friedrichshafen, Germany has successfully
completed that. Based on the experience from the very successful magnetic cleanliness program
for the @rsted satellite, the science instrumentation teams will be responsible for keeping the
magnetic budget within the specifications for the Puppet.

4.2 Platform Concept

The Astrid-2 platform, like the experimental forerunner Astrid-1 which was successfully
launched and operated 1995, is developed and built by SSC’s Science System division.

Astrid-2 will be launched in the middle of
December this year. Astrid is a spin-stabilised,
sun-pointing satellite and has the weight of 30

kg. The scientific goals are to explore electric

and magnetic fields in the upper ionosphere, and
to measure neutral and charged particles and elec-
tron density.

The Astrid-2 satellite
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Key figures Astrid-2 swarm
Mass (kg) 30.7 41.2
Dimensions (mm) 950*45*40 (stowed cgn- 600*600*600 (stowed configu-
figuration) ration)
Payload mass (boom incl) (kg) 8.8 7
Solar panel power (W) 70}5 62.5
Payload power (W) 16.2 11
Downlink data rate (kbps) 132 512
Uplink data rate (kbps) 4]8 4|8
Attitude system Spinning Gravity gradient
Altitude (km) 1000 70(
Inclination (degrees) 8B 82, 88 degrees
4.2.1 Swarm Platform Requirements
Item Requirement
Mass 45 kg
Power 33w
Inclination 82, 88 degrees
Altitude 700 km
Down link bit rate 512 kbps
Lifetime 3years
Stabilisation Gravity gradient

4.2.2 Heritage/Development Base
This table lists the modifications needed to the Astrid-2 platform

Astrid 2 swarm

Structure Similar basic construction, with some changesin
dimensions

Separation system Same as Astrid-2

ASU (Astrid System Unit) Same as Astrid-2

RF system The same as Astrid except for adjustments for
using the GSOC ground station

Power The same design as Astrid 2. Another location of
solar panels and preferably more capacity in the
battery.

Thermal New thermal analysis of the system has to be done.

ACS (spinning and sun-pointing, with
spin- and precession coil as actuators)

Same as Astrid —2. The sun-sensor has to be al
justed to a non-spinning satellite.

The two coils could be used during the acquisiti
phase.
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4.2.4 Mass Budget, Power Budget, Link Budget

Item Mass (kg) swarm M ass budget

Astrid system unit 4.25

Mass memory 0.5

™ 1.0

RX 0.7

RF harness etc. 04

S-band antennas 0.25

Nutation damper 0.7

Spin and prec. Cail 14

(for the acquisition phase)

Sun-sensor 0.3

Magnetometer 0.1

Harness 05

MLI 0.1

Pyros 0.3

Solar panels 4

Battery 1.8

Structure 5.6

Separation system 10

Boom 3.0

Puppet 4.0

GPS 14

Balancing mass 3.0

20% margin 6.8

Total 412 swarm Power budget
Equipment Power (W) Duty cycle Normal mode (W)
Astrid system unit 35 1 35
DC/DC 1 1 1
TX S-band 33 0.2 6.6
RX 7 0.2 14
Sun-sensor 0.3 1 0.3
Magnetometer 04 1 04
Heater 75 0.5 3.75
GPS 5.0 1 5.0
Puppet 11 1 11
Boom

Total 68.7 32.95
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Link Budget

The swarm S-Band Telecommand/Telemetry (TM/TC) link budgets are shown in the following
table. They are based on the performance figures of the Astrid-2 Communications Unit and the
GSOC 4 m Ground Station in Weilheim (47.88° N, 11.08° E). The budgets include worst case
depolarization losses and realistic assumptions of demodulator performance. The modulation
formats are 4 kbit/s PCM/PM/PSK with 16 kHz subcarrier on the uplink and 512 kbit/s BPSK
modul ation on the downlink. The use of forward error correction coding is not foreseen. The
budgets show good margins to overcome worst case atmospheric losses down to 5° elevation.

Clear sky propagation conditiors

Par ameter Uplink Dowrlink
Carrier frequency: fu =2.109 fd =2.290
Bit rate Bu=4 Bd =512
Probability of frame loss (design point): Pfu=1.0:10 2 Pfd =1.0:10 °
Demodulator implementation margin: Mis =2.0 Mie=1.0
Transmitter power (At SSPA output): Pte =13.0

Transmitter power (At RF-connector): Pts =75

TX antenna depointing loss: Adu =1.0

TX antennagain: # Gte=37.2 Gts=-2.2
TX antenna diameter: De=40

Transmitter EIRP: # EIRPe=48.4 EIRPOs=3.6
Free space propagation loss at horizon:; LpOu =168.7 LpOd =169.4
Worst case propagation |osses due to

rain, ionospheric scintillation, multipath etc.: Alu=2.0 Ald =2.0
RX antenna depointing loss: Add =1.0
RX antennagain: # Grs=-2.2 Gre=379
RX antenna diameter: De=40
System figure of merit, G/T: GTe=120
Target values of Eb/No: EbtNOu = 13 EbtNOd =12
Subcarrier frequency: fscu =16

Subcarrier modulation index: Ocu=12

Margin at horizon: MhOu =19.6 MhOd =1.7
Margin at 5 deg elevation: Mh5u =21.3 Mh5d =3.4
Margin at 10 deg elevation: Mh10u =23.0 Mh10d =5.1
Margin at zenith: Mhzu =37.7 Mhzd =19.8
Minimum margin required due to propagation losses: Alu =2.0 Ald =20

GHz
kbit/s

dB

dBW
dBW

dB
dBi
dBW
dB

dB

dB
dBi

dB/K
dB

kHz
rad

dB
dB
dB
dB

dB

o Conceptually, 3 dB worst case depolarization losses have been associated with the ground station.
# The satellite antanna gain and EIRP are given in the direction of the horizon corresponding to
squint angle s0. Earth station parameters are given at boresight.
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4.2.5 Technical Implementation
Structure

The basic satellite structure consists of two platforms, made of Aluminium honeycomb, con-
nected by four beams. The size of the bottom platforms will be close to 550 * 550 mm and the
top platform will have the size of 400 * 400 mm.

The separation system (used in Astrid-1 and Astrid-2) is based on the release of athree-point
hook assembly. The height of the separation system is 61 mm. On the satellite side there are
only three small hooks, which is easy to accommodate.

The System Unit

All essential platform electronics are located inside one single box called the System Unit,
which has the following constituents: power regulators and distribution electronics; on-board
computer; telemetry encoder; telecommand decoder; housekeeping data signal conditioner;
pyro firing electronics; and attitude determination computer. The grounding system uses asin-
gle point ground (SPG) concept whereby currents are prevented from flowing in the structure.
Separate grounds are required for power and signal returns. All external electrical units have
dedicated DC/DC converters.

Power

The satellite is powered by eight solar panels; four body mounted panels and, possibly, four
deployable panels, depending on the height of the final design. The four deployable solar panels
will be deployed as soon as possible after separation from the launcher, to ensure enough power
for the system. There will also be solar cells on the backside of the deployable solar panels to
be able to have power during theinitial phase.

There will be one solar string on each panel and to charge the batteries there are additional
strings. These can also be used to power the main bus when charging is terminated. Each solar
array string is connected to the main bus via a series regul ator.

The onboard battery will be of the space-proven Nickel-Cadmium type
TM/TC

The antennas on the swarm satellite will be located in the same way ason Astrid-2, i. e. one
transmitting and one receiving antenna on the top side and on the bottom side of the satellite.
Since swarmwill be gravity gradient stabilised (Astrid-2 is spinning and is pointing towards
the sun) and therefore always pointing towards nadir, the link budget will be better compared to
Astrid 2. Thisis mostly due to the fact that the antennas have higher gain in the angles towards
the earth. The receiver and the transmitter are connected to their antennas via coaxial switches.

ACS

There will be one sun-sensor and one magnetometer onboard, which will be used for attitude
determination of the satellite. Attitude control, except for the gravity gradient boom, is not re-
quired, but it isimportant to know which side of the satellite is facing the earth. The most criti-
cal part of the mission is the deployment of the boom. It isimportant that the drift rates of the
satellite are as low as possible. The spin coil and the precession coil could be used if the spin
rates of the satellite, after separation from the launcher, are high.
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4.3 Satellite Mechanisms
The mechanisms onboard the swarm satellite can be divided into two groups:

- mechanisms, necessary for attachment, release and the deployment of the puppet and the
Overhauser Scalar Magnetometer (OSM) to distances of 10 m and 8 m, respectively,
from the satellite

- mechanisms for the separation of the satellite from the launcher

In the following the possible approaches for these mechanisms will be described, their heritage
and development base and their associated technological challenges.

4.3.1 Deployable Boom
The deployable boom has to fulfil the following requirements:

- fixation of the puppet and the OSM during launch and initial acquisition of the S/C
- release and deployment of the puppet and the OSM to 10m and 8m distance, respec-
tively, from the mother S/IC
- gravity gradient stabilisation of the whole S/C
- harnessfor providing the puppet’s payload and the OSM with electrical power and data
transfer
For realisation of these major functional two different options are considered:

- adoption of a modified @rsted boom
- flexible cable boom (upwindable)

4.3.1.1 Modification of the @rsted Boom

The boom was developed especially for the @rsted magnetometer mission. Therefore it fulfils
the magnetic cleanliness requirements. It is divided into two sections. The section nearest the
satellite body is 6 m long and holds a package of instruments which interfaces to the outer sec-
tion of the boom which is 2 m long and holds a second instruments package at the end. The
design principle of the boom is illustrated in Fig. 4.6. The boom has three longerons, which are
uninterrupted in the length of the boom section. To support the legs, spacers are placed at inter-
vals throughout the boom. Cross-wires are mounted to stiffen the boom when fully deployed.

Longerons and spacers are manufactured by Polycarbonate and Glass. The outside diameter of
the mast is 170 millimetres and the weight is 55 grams per meter. During launch the boom is
retracted in a canister which is 300 millimetres long. The boom is folded into a canister like a
coil spring. Consequently, the Boom is loaded with its own spring force. To control the exten-
sion of the Boom a servomotor acts as a brake. The extension rate of the boom is one meter per
minute. The boom is a space-qualified design. Fosilaem mission the design has to be

modified to an overall length of 10m. Additional modifications for the accommodation of the
boom onboard the Astrid satellite bus may also be needed.

Figure 4.6: Design principle of the @rsted Boom
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4.3.1.2 Upwindable Boom

As an alternative to the @rsted boom another present development can be used for the deploy-
ment of the magnetometers. At DLR in Germany CFRP booms have recently been developed,
which combine high stiffness with high strength and low density. They can be stored into a
small volume during launch. Such a boom consists of two laminated 3-ply sheets, which are
bonded at the edges to form a tubular shape. For storage they are pressed flat around a central
hub. To deploy the boom a step motor uncoiling the boom from the hub rotates the hub. Once
free of the deployment mechanism the boom resumes its original tubular shape with high buck-
ling strength.

A present boom design for the Solar Sail project has a cross section of about 180x100mm and a
mass lower than 100g/m. For application indlvarm project it is necessary to realise a cross
section smaller than 50x50 mm to reduce the aerodynamic drag of the boom. The mass would
then be reduced accordingly.

The boom would consist of the following parts: CFRP-boom; hub; hub-drive (step motor);
structure for hub with housing; release mechanism for the puppet on the structure; harness for
power and data transmission. The envelope of the proposed boom concept would be
300200200 mm. The expected mass is 3 kg. Presently development models exist for the up-
windable boom.

Both of the proposed concepts have their advantages and disadvantages. The feasibility of both
concepts has to be studied in more detail during phase A and the favoured design will be se-
lected.

4.3.2 Satellite Dispenser

The mission requires the simultaneous launch of six satellites with one launcher and a dedi-
cated separation of each of the six satellites from the upper stage according to the mission sce-
nario.

The satellite will be stored on a structure, which acts . "
as an interface between the launcher and the satellites. it o
The actual design of this structure depends of the room i
available under the fairing and on the launch loads.
The structure is equipped with six separation systems- .
one for each satellite- which will hold the satellites = Y g X =
during launch. ded, +3
It is intended to use the microsatellite separation sys- « » """ =TT w T
tem developed by Swedish Space Corporation (c.f. - Ei 47

i . - : . gure4.
Figure 4.7). In this case the satellite is equipped with
four small hooks, which are held firmly to the bottom support plate (which is bolted to the dis-
penser structure) by grappling hooks. The grappling hooks are held by a single tensioned steel
cable, which forms a square between the four hook positions. The cable is pretensioned by a
spring. At separation the cable is cut by a pyro cutter, the grappling hooks then fold back, leav-
ing the satellite hooks free. The four separation springs accelerate the satellite to about 0.7 m/s.
The mechanical I/F to the dispenser structure consists of a square aluminium plate fixed with

four M6 bolts. The electrical I/F is a 4-pin connector to the separation pyro.
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4.4 Launch Opportunities

The Rockot launcher that is now being marketed by Eurockot GmbH, Bremen is selected as the
optimum launcher in cost and performance view for the swarm Mission. It fully satisfies the
mission requirements as discussed in the following chapters.

4.4.1 Rockot Launch Vehicle Description

Rockot is an adaptation of the highly reliable SS-19 ICBM. This SS-19 provides the first two
Rockot stages and has a flight record of 140 successes out of 143 launches. The complete
Rockot system has been flight proven three times with a 100 % success rate. In addition to the
test flight series, all components have undergone an extensive ground qualification test pro-
gram.

The third stage, Breeze that provides the orbital capability of the launcher is newly manufac-
tured and has successfully demonstrated its capabilitiesin space. This upper stage containsamodern
control / guidance system which controls al three stages. 12 x 16 N attitude control engines control
the pitch, roll and yaw of the Breeze vehicle. 4 x 400 N verniers, which are located at the base
of the Breeze, are for ullage control and orbital manoeuvres. The main engine has a total vac-
uum thrust of 20 kN and can be restarted up to eight times. All engines use UDMH / N,O, sys-
tem as propellant.

Rockot “s launch site, Plesetsk Cosmodrome is an inland launch site located about 200 km south of the
port city of Archangel in northern Russia at geographical coordinates 62.7°N and 40.3°E. The location
of populated areas dictates the allowable launch azimuths and drop zones available from this launch
site and hence influences the payload performance of the Rockot vehicle into the chosen orbits. A di-
rect ascent trajectory to the requested 82° is available with a launch azimuth of 18°. The total payload
performance to the orbits with 82° inclination are listed below:

82° Orbit Altitude 600 km 700 km 800 km

Rockot Performance 1520 kg 1480 kg 1440 kg

For adetailed description of Rockot and its capabilities, reference is given to ,User's Guide for
Commercial Launch Services using Rockot Launch System*, Rev. 2, May 1998. It can be re-
guested from Eurockot Launch Services GmbH, P.O. Box 28 61 46, D 28361 Bremen, Fax: +49
421 539 6500, e-Maikurockot@ri.dasa.de
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4.4.2 Launch Concept ’ 2260 >
Accommodation |

Asshownin Fig. 4.8 six swarm satellites

each of the dimension (600x600x1090 mm3)
can easily be accommodated within the SWARM L | SWARM 5
available dynamic payload envelope of
Rockot in one plane. Unobstructed cylindri-
cal segment of the fairing has extensive
height to allow increase of the satellite 2420
height for any change in the design of the ‘ L
boom mechanism. —3=

The satellites will be deployed using the SSC
separation system qualified for ,ASTRID"
satellites. The attachment holes of this sys-
tem will be adapted to the attachment hole
pattern of the Breeze by using an intermedi-

{ SWARM6 [i] SWARM 3 |

SWARM 2 SWARM 4

' Reoon‘

ate plate. Figure. 4.8 Arrangement of six swarm
Mass Budget: satellites in one plane on Rockot

6 Satellites each 45 kg, including 6 x 3.8 kg

mass reserve and separation system 270 kg

Intermediate plate (base adapter) 80 kg

Payload System Total 350 kg

Add-on batteries 200 kg

Propellant for plane change maximum 6° 600 kg

Total performance requested 1150 kg

versus 1440 kg available to the highest orbit under discussion fanidren mission.
Flight Sequence

A nominal flight sequence of tHeockot to a 700 km orbit at 63° inclination is shown in Figs.

4.9. Almost the same sequence will be applicable fostlaem Launch with the exception of

the launch azimuth. For an 82° inclination an azimuth of 18° is necessary and viable from Ple-
setsk. Having injected the Breeze with payload in the circularised final orbit at 82° inclination
the separation manoeuvre as illustrated in Fig. 4.10 will start:

Step 1: Yaw (pitch is also considerable) Breeze about 12.5° with ACS thrusters, 40 s
Step 2: Releaseswarm 1 with a velocity of 0.3 m/s at an angle of 26.5° (proposal)

Step 3: Stabilise Breeze and hold to avoid contamination, 60 s

Step 4: Reorient Breeze into velocity vector, 45 s

Step 5: Ignition of 4 x 400 N vernier thruster for delta v of 10 m/s, 20 s

Step 6 to 10: Repeat steps 1 to 5 in respective manner to sepaaate? and 3

Step 11: Prepare Breeze for plane change, approx. 100 s

Step 12: Reignite main engines at the next node for plane change of 6°, approx. 300 sec.
Step 13: Complete plane change at the next node crossing, approx. 300 sec.
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Step 14 to 23: Repeat Steps 1 to 10 to deploy swarm 4 to swarm 6.

All values given in this sequence are rough estimates and require detailed ballistic calculations.
The most critical issue during the separation manoeuvre is the change of the centre of gravity
after release of each satellite. The projected mass of the satellites, however, is small so that the
maximum displacement stays within the allowable range of 30 mm. Due to available mass mar-
gins, no other shortcomings are expected for the launch and deployment the swarm satellites as
reguested.

1[s
3E
2][s
Spacecraft - < Spacecraft
Separation 7 . Separation Arrangement and
Velocity 0.3 m/s‘/ 265 Velocity 0.3 m/s release order of
P the satellites
! 5 .//'1 125 y 12,5° N
—— ‘) 12,5°
T
~. ~
S 26,5°
~
T=40s T=60s T=45s T=40s T=60s
Turn to Payload Release Spacecraft Reorient | T=20s Turn to Payload Release Spacecraft
Separation Number 1 Breeze into Impulse Delta V=10 m/sec Separation Number 2
Direction and Stabilize Breeze Velocity Vector Direction and Stabilize Breeze

Spacecraft
Separation

\ Velocity 0.3 m/s ‘\

0 % \\\‘ O rs
~————— — e e A | e -
g ~—_ 5° - a \ F —
L e
- T=40s T=60s T=100s
eeeeee T=20s Turn to Payload Release Spacecraft Reorient Start

Breeze into " Impulse Delta V=10 m/sec Separation Number 3 Breeze for Plane Change
Velocity Vector Direction and Stabilize Breeze Plane Change Manoeuvre

Figure4.9 Swarm separation manoeuvre in the first orbit of 82° inclination

4.5 Reliability

In principle, there will be no redundancy on equipment level or on subsystem level. Thiswill
reduce the cost of the satellites. The redundancy will be on satellite level. The six satellites will
be placed in two different orbits, 82° and 88° inclination, with three vehiclesin each orbit.
Reliability analyses have to be performed to confirm the ability to meet the requirement of three
years lifetime for two satellites in each orbit. One other requirement is that one satellite, in total,
shall be alive after 5 years. At Swedish Space Corporation, usually Relex is used as the tool for
these calculations.

4.6 Ground Segment Implementation

4.6.1 Mission Operations System Overview

The ground segment for control of the six swarmsatellites consists of one ground station for
up- and downlink (TT&C) and a satellite control centre. The ground station and a supporting
ground station network during Launch and Early Orbit Phase and for contingencies shall build
the interface to the space segment. The satellite control centre at the German Space Operations
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Centre in Oberpfaffenhofen shall have close contact to the Mission Control Centre (GFZ),
which is the interface to the scientific community.

4.6.2 Ground Station(s)

........................... A A

N S
External Ground: 1 S-Band
Station Network : . Uplink
é IPCM/PSK

Space Segment

SWARM-2| | SWARM-4|

| SWARM-6 |

|SWARM-1 | SWARM-3 |SWARM-5

o TT&C
Switching Voice
Center Twolines

S-Band
Downlink: [
BPSK

Twolines

Germany

Satellite Control Center (SCC)
at DLR/GSOC Oberpfaffenhofen

i Operations
| Requests

Timeline
Science Telemetry
Reception Reports |

|

Conduction of a Radio-Frequency Compatibility Test

Telemetry Reception
Command Transmission

Short Term Archiving of Raw Telemetry Data

Generation of a Reception Report

4.6.3 Satellite Control Centre
The Satellite Control Centreislocated at Oberpfaffenhofen near Munich. To make use of the
standardised software systems of the German Space Operations Centre, the ESA Packet Stan-
dards for telemetry and command shall apply for the onboard data handling system (CHAMP
heritage).
The main tasks of the satellite control centre are:

Extracting and distribution of science telemetry (level-0)
Processing and display of housekeeping telemetry for satellite health monitoring

Receiving of operations requests for the scientific instruments and generation of an onboard
timeline and a derived sequence of events.

Beside the supporting net-
work it is assumed that only
one ground station is utilised
as routine uplink/downlink
station. In order to take ad-
vantage of existing systems
and to consider CHAMP
heritage, the characteristics
of the on-board communica-
tions system shall be:

e downlink channel in S
Band with BPSK modu-
lation and a maximum
bit rate of 1 Mbps

» uplink channel in S-band
with PCM/PM/PSK
modulation and a bit rate
of 4 kbps

The ground station shall ful-
fil the following require-
ments:
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» Generation of commands and subsequent uplink

* Operationa orbit determination and prediction

* Preparation of areports (telemetry reception, satellite status)
* Fallureanalysis at contingencies and remedy operations
The Satellite Control Centrewill utilisethe subsystems:
* Level-0 Data (Science Data) Processing Subsystem

» Housekeeping Telemetry Processing Subsystem

o Telemetry Display System

* Timeline and Sequence of Events Subsystem

e Command Generation Subsystem

o DataArchive Subsystem

o DataTransfer Subsystem

* Voice Communications Subsystem

4.7 Mission Operations Concept

4.7.1 Operations Preparation Phase

The tasks for the operations preparations phase are:

» Conduction of an RF Compatibility Test

* Population of telemetry and command data bases

» Generation of a procedure data base

* Preparation of a Flight Handbook

» Acceptance Testing of the ground segment subsystems
» Conduction of operations training sessions

» Simulating specific mission phases

* Rehearsals

4.7.2 Launch and Early Operations

The six swarm satellites shall be launched in late 2002. Three satellites shall be injected into

82° inclination orbit with different drifts and the other three into an 88° inclined orbit. Both
orbits shall have an altitude of 700 km.

For the initial link acquisition a supporting ground station network has to be utilised. The re-
guirements on the ground station network characteristics depend on the launch vehicle, the
communication system, the attitude control, and the onboard activities to be performed after
launch. The duration of the launch and early orbit phase is approx.10 days.

4.7.3 Commissioning Phase

After the Launch and Early Orbit Phase (LEOP) the scientific instrumentation shall be switched
on and calibrated during the commissioning phase. The phase will last about 1-2 months.
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4.7.4 Routine Phase

The satellite shall be operated at least 5 years. The maximum time in view above 5° elevation
over a ground station is 11.6 minutes. The orbit period will be 98.77 minutes. Each satellite will
have 14.6 revolutions around the Earth per day.

Each satellite will have at least four
contacts per day above 5°degree
elevation. In order to avoid conflicts

Facilty-WHM-To-Satelite-Sw-1, Satelite-S0-2, Satelite-20-3, Satelite-SWW-4, Satellte-SwW-5, Satelite-SVW-6:

WHM-To-SW-6 - Times L | | | O | N | B[ |
WHM-Ta- S5 - Times 1 | | Y | R | B | I

WMTo-Swee - Times} 11 I W W 0] in situations where more than one
WHM-To-Sw3-Times I 0 00 00 10 1 0 satellite is crossing a ground station
P s T 1 1 T T T I visibility zone at a time, the simple
WHM-To-Sw-1 - Timest (L I 00 00 :
. strategy shall be to have a downlink
1Jan 1997 00000000 3Jan 1997 1200:0000 6 Jan 1997 00:00:00.00 to each satellite once every 36 hours.

Time (UTCG)

The advantage is that only one

ground station is necessary for that support in every constellation of the satellites. Once every
week an uplink contact shall be established. Shortly after orbit injection all six satellites will be
in the visibility zone of one ground station.

From the constraints for the downlink the requirements for the onboard data handling can be
derived:

The onboard mass memory shall be capable to store the data of 48 hours (including operational
margin). The bit rate of the downlink shall be sufficient to dump the complete buffer in less

than 10 minutes (i.e. in one contact).

4.8 Science Operation and Archiving
The implementation of data pre-processing, archiving, and distribution femgne mission

will adopt the philosophy developed for the @rsted, SAC-C, and CHAMP missions and will
build on the systems and facilities that already exist for these missions.

4.8.1 Science Operation

The purpose of thevarm mission is continual global monitoring of the geomagnetic field. The
satellites and their orbit constellation have been designed to operate with a unique degree of
autonomy to fulfil this. No dedicated science campaigns or other operations are involved in the
mission.

4.8.2 Swarm Information System and Data Centre

The data centre and archiving facility for the CHAMP mission placed at GFZ, Potsdam is pro-
posed to be used as the base for the retrieval and archiving of the raw (zeroth level) data from
the scientific instruments and housekeeping information. This will secure an efficient interface
to theswarm ground station proposed to be at GSOC at very low cost (because already existing
for CHAMP).

4.8.3 Swarm Science Data Centre

The requirement of very high precision for the data necessitates qualified post-processing, for
example, related to the verification of current instrument calibration parameters, which must be
performed in close collaboration with the science team. It is proposed that these tasks be taken
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care of by a science data centre placed at DSRI which will be developed based on the experi-
ences from the @rsted and SAC-C misstans

In comparison to the single satellite missions, utilisation ofwaem data poses additional

demands related to the multi-point aspect of the mission. For example, visualisation tools and
clever search algorithms based on the combined database for all spacecraft must be developed
to facilitate the use of the distributed measurements. This also will be the task of the science
data centre already during phase A/B of the project. Some thought has been given to this prob-
lem in the context of magnetospheric cluster missicersd will also apply here.

4.8.4 Data Policy

The data rights faswarm will follow the ESA rules (ESA/C(89)93). All scientific data will

remain the proprietary of the investigator team for a period of up to 6 months. After this period,
the data (in calibrated and reduced form) will be made freely accessible to the scientific com-
munity. However, data that ESA considers useful for its communications and public relations
effort will be made available immediately.

4.9 Model Philosophy

To reduce cost and schedule a critical re-examination of the classic build and test philosophy
should be performed. The classic philosophy of building and testing Breadboard Model - Engi-
neering Model - Qualification Model and Flight Model provides units with minimum risk and

is well proven over many years and programs. However, experience gained with prior pro-
grams, including @rsted and the Swedish Freja and Astrid satellites, show that considerable
reduction in cost and improvements in schedule can be achieved by restructuring the overall test
approach at the subsystem and satellite levels.

Six Flight Models and one complete Flight Spare Model ofdlvarm satellites should be
built. Furthermore, enough spare subsystems should be available in case of minor failures on
the flight equipment.

Like for the above-mentioned missions the fisatarm satellites should be built and tested as a
protoflight satellite. This means, that one complete satellite unit shall be fully assembled and
tested for flight. This protoflight satellite unit shall be tested in accordance with the Environ-
mental System Test Specification, consistent with the launch vehicle protoflight test require-
ments. The satellite shall be tested to qualification levels for acceptance time. The subsequent
six swarm satellites should be tested to acceptance levels only.

The various satellite models, which are essential for the success of the project, are described in
the following.

RF Modd: This mechanical mock-up aims at defining all the outer dimensions in order to
simulate the antenna environment. The mock-up consists of a satellite structure with aluminium
side walls, and shall be used to measure the antenna radiation pattern using a radio anechoic
chamber.

18 Description of the @rsted Science Data Centre at URL: http://www.dmi.dk/projects/oersted/SDC/

' G. Paschmann, P.W. Daly (Eds.), Analysis Methods for Multi-SpacecraftIBat&cientific Report, SR-001,
ESA Publications Division, 1998
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Wiring Harness M ock-up: This mechanical mock-up aims at having a satellite structure with
all basic dimensions close to the final sizes. The structure shall be complete with cardboard
mock-ups of electronic boxes with the correct connector placements. This mock-up shall be
used to define and route the wiring harness. It should be noted that this model is very important
and that this exercise will likely impose several minor or major changes to the final detailed
design.

Modal Survey Test Model: Thisisastructural model to facilitate static finite element load
analysis coupled with amodal survey test. The test results are then used for correlating the fi-
nite element analysis. The final dynamic model is then integrated into the launch vehicle dy-
namic model and a coupled load analysis can then be performed if required to verify the struc-
tural stability of both the satellite and the launch vehicle structures.

The modal test unit consists of the mechanical structure mounted with all subsystem units or
dummy masses of the subsystem units. The important thing is that the hardware is close to be-
ing "flight like". |.e. that the structural and mechanical behaviour is close to the flight equip-
ment. The model shall be used to measure the natural frequencies and modes of the satellite.
This exercise can aso impose some design changes to the satellite structure if it turns out that
the natural frequencies are too low and must be raised to prevent coupling between the satellite
and the launch vehicle structures.

Protoflight Model, Flight Model and Flight Spare Model: It is suggested to adopt a pro-
toflight approach to the swarm satellite development, i.e. use a protoflight model satellite with
verification by environmental testing. This means, that one complete satellite unit isfully as-
sembled and tested. Care shall be taken not to overtest the protoflight unit, and thus risk inad-
vertent stress’damage to the flight hardware, which would then require costly refurbishment and
retest.

The succeeding 5 FM satellites and 1 Flight spare unit should be built and tested to acceptance
level.

Satellite Simulator: This can be partially assembled during satellite integration using a combi-
nation of engineering models and flight spare models. This unit can be assembled to a point
where it will function as a satellite simulator for troubleshooting during ground testing and in-
orbit operations. The quality of this simulator will depend on the amount of flight spares avail-
able after integration. Where hardware is not available, simple software simulators shall be de-
veloped to act as the subsystem.

Flight Spare Equipment: Each subsystem consists of one or more individual equipment
boxeg/items, which in general are built/procured and delivered separately for satellite integra-
tion and testing. Whenever feasible, one extra unit should be built/procured of each flight
equipment item thus providing one extraflight spar e unit. The units shall be made using flight
grade parts, materials and processes. Non-critical flight equipment can use the approach of
having all parts and materials available but not assembled, i.e. resources will be saved by not
assembling and testing specific hardware. In case of amajor failure in one of these subsystems
the possibility is still there to quickly produce aflight spare if deemed necessary.
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4.9.1 Integration and Test Approach

The verification program for the satellites will cover all needed activities to assure that the de-
sign fulfils al specified requirements under all specified operational and environmental condi-
tions. The successful completion of the verification program shall lead to qualification of the
design (when required) and the acceptance of the spacecraft flight models.

The Bench Test Model (BTM) is used for tests on unit, subsystem or system level, without
working on the satellite itself. It is an electrical model of the spacecraft, i.e. a configuration of
unit and subsystem models that represents an electrical model of the S/C. The purpose of the
model isto be able to start the electrical tests of the satellite equipment as early as possible. Its
configuration evolves as the items mature. It is built up by EMs, QMs, PFMs, FMs, spares or
simulators.

The Electrical Ground Support Equipment, EGSE, controls the model. The EGSE supplies
power to the BTM model and provides means of communication with the BTM model. The
EGSE isalso used for al ground-based tests of the satellite.

Thetests carried out on the BTM model can roughly be divided into electrical tests, communi-
cation tests and functional tests.

The purpose of the electrical testsisto verify the electrical interface and behaviour of the satel-
lite equipment when connected to other equipment of the satellite. The communication tests
include verification of the communication of the different equipment with the satellite system
unit, and with other units when applicable. The functional tests provide means to verify proper
functioning of the different equipment. When all equipment are acceptance tested successfully
inthe BTM, the integration of the satellite can start. During integration of the subsystems, dif-
ferent types of testswill be performed:

Limited Electrical Performance Test (LEPT). Thistest will be done on the satellite every time
the satellite is powered.

Health Electrical Performance Test (HEPT). Thistest will be done after transportation or after
environmental tests.

Comprehensive Electrical Performance Test (CEPT). Thistest will test all that can be tested.
This test will be done two to three times during the test and verification phase.

The manufacturing of the swarm system units will be performed in a matrix organisation, i.e.
one person is responsible for two units at each one time, and follows these units through the
different phases. Other personnel are responsible for the different parts of the production line
process.

The manufacturing of the satellite platforms will be performed in the same manner.

One person will be allocated full-time for configuration management.

5. Mission Elements and Associated Costs

5.1 General

Reuse of experiencein the form of a core team, which has experience from former magne-
tometry missions, and a base of mature technology isimportant to keep alow level of financial
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risk. This may be the nucleus for an integrated team with reduced project overhead, and a
strong focus of maintaining the scientific value of the mission. The development lifecycle may
still be kept in the usual A/B/C/D/E phases. However, each phase shall be kept very focussed
on the primary objective. Due to the short time schedule and reuse of existing technology two
combined phases are proposed Phase A/B and Phase C/D/E.

Phase A/B. Would review scientific requirements based on experience from previous magne-
tometry missions, evaluate the existing instruments and subsystems, examine possible secon-
dary mission objectives and recommend a concept and a preferred selection of instruments and
subsystems. Further this phase will consolidate the design and integration concept for reusable
parts. Also the end-to-end aspects of the mission will be examined to ensure that the science
data processing and distribution concept isin place. A core team representing satellite, instru-
ment and science center should do this phase of the mission. Phase A/B is proposed to start
primo April 1999 and is expected to be completed by the end of December 1999 (8 months du-
ration)

Phase C/D/E .Will construct the system, both space and ground segment within an integrated
team. Because of the high degree of reuse, focus will be on interface control between the vari-
ous subsystems. Further focus will be put on efficiency in operations, where the large experi-
ence combined in the team allow alarge degree of automation on mission/satellite manage-
ment. Also reuse of pre-launch facilities may be considered during LEOP and early on-orbit
operations (EGSE may be reused as simulator facility). The phase C/D is proposed to start in
February 2000 and ends in December 2002 (22 months duration).

5.2 Finance

5.2.1 Assumptions
Following Table 5.1 indicates the possible suppliers of the mission elements.

5.2.2 Cost and Required Funding Profile

The overall cost breakdown and funding profile is shown in table 5-2. It includes all expenses
pertinent to the swarm project except scientific work, which is funded individually by the par-
ticipating institutions. The major cost elements are: System Engineering and AIT/AIV Activi-

ties, Instruments, Platform and Mission Operations. The estimated figures are based on solid

heritage from the @rsted, Astrid and Champ programmes and thus have a high level of confi-
dence. The estimated total of 70.3 MEUR ensures a margin of approximately12% to the ulti-
mate financial ceiling of 80 MEUR available for a full realisation of an Earth Explorer Oppor-
tunity mission. Considering the large responsibility of the Lead Investigator to ESA and to the
participating institutions this seems a reasonable margin to allow for possible uncertanties in
the circumstances that may still exist at this preliminary stage. The funding profile assumes a
launch in Dec. 2002 using a Eurockot launcher.
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Assumed
Mission element I mplementation Funding
Source

Lead Investigator and Project Office Danish Space Research Institute ESA
Science preparation | Scientific definition Danish Space Research Institute, ESA

studies GeoForschungsZentrum Potsdam,

Campaigns Not Applicable -
System engineering and assembly integration Swedish Space Corporation ESA
and test
Space segment Instrument(s) Danish Technical University, ESA

Danish Space Research Institute
Platform Swedish Space Corporation, ESA
RST in Rostock, Germany (boom),

Launcher Eurockot, Germany ESA
Ground segment Command and acqui- German Space Operation Center ESA
facilities sition stations

Operations centre German Space Operation Center ESA

Processing and ar- Champ Science Data Center, ESA

chiving GeoForschungsZentrum Potsdam,
Mission control and | Mission Control German Space Operation Center ESA
data exploitation

Data utilization Danish Space Research Institute ESA

Table 5-1: Mission elements and activities: implementation and funding source assumptions

Cost Cost Cost
estimate estimate estimate T otal cost
M ission element 1999-2000 2001-2002 2003- estimate
MEUR MEUR MEUR MEUR
Lead Investigator and
Project Office 0,50 0,50 0,50 1,50
Scientific definition
Science preparation studies 1,00 1,00 0,00 2,00
Campaigns 0,00 0,00 0,00 0,00
System Engineering and
AIT/AIV 1,50 3,50 0,00 5,00
Space Segment Instruments 4,50 3,20 0,80 8,50
Platform 10,00 13,00 0,00 23,00
L auncher 0,00 12,10 0,00 12,10
Operations centre incl.
command & data
Ground segment facilities |acquisition 2,40 3,60 8,20 14,20
Processing and archiving 0,20 0,80 1,00
Mission control and data
exploitation Mission control 0,20 0,80 1,00
Data utilization 0,40 1,60 2,00
Total 19,90 37,70 12,70 70,30

Table 5-2: Overall Cost Breakdown and Funding Profile
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6.0 Implementation

6.1 Project Organisation

Organizationally the structure shown below is proposed which emphasizes coordination be-
tween the satellite implementation and the science teams as well as the international participa
tion through subsystem/instrument responsibility.

Documentation Electrical Power Subsystem
Contracts Structure Subsystem

Mass Budget Thermal Control Subsystem
Power Budget Data Handling Subsystem
Magnetic Budget Communication Subsystem
Cost Budget Attitude Control Subsystem

Consultants
CSC Magnetometers (IAU-DTU)
Scalar Magnetometers (IAU-DTU)
Star Imager (IAU-DTU)

The consortium consists of three main components. The Lead Investigator and the associated
Project Office at the Danish Space Research Institute, DSRI, will be the official point of contact
to ESA. Magjor project responsibilities are delegated to two partners, namely Swedish Space
Corporation, SSC, who is proposed to be the Prime Contracter on the satellite platform, and
GeoForschungsZentrum Potsdam, GFZ, who will take care of the launch team and the ground
segment including mission operations and archiving. The science payload and analysis will be
coordinated from DSRI.

This structure is proposed in order to take maximum advantage of past experience by these

three groups who have performed similar tasks in previous missions, @rsted and SAC-C,
Astrid-1 and -2, and the CHAMP mission, respectively.

6.2 Management Approach

This section describes the management and development approactsfarthenission. The
discussions have been based on the experiences from the @rsted project, the Swedish Freja mis-
sion and on the Astrid missions, but the ambition level has been atiaftedESA environ-

ment rather than the normal small satellite approanfgineering approaches, brief design
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guidelines, documentation level, number of necessary development models etc. are included in
the following discussion.

6.2.1 Engineering Approach and Methodology

The diverse industry participation of projects of the swarm nature makes it important that the
overall design, fabrication and testing process is based on existing and proven industrial and
cost effective approaches whenever feasible. A strong science participation is also essential to
the overall design and mission planning process frequently involving the trade-off of conflicting
requirements and constraints.

The experience in developing the @rsted satellite has shown that the design of a small low-cost
satellite platform relies strongly upon teamwork. One way of assuring this is to create a small
core team, collocated at the prime contractor premises to ease the intercommunication. The core
system team could as a ground rule be formed by using one participant from each major sub-
system combined with a small system engineering team and AlV team provided by the prime
contractor.

During the complete design period each core team member should be able to participate on a
dedicated full-time basis without conflicting demands from tasks unrelated to the development.
Each team member should be directly responsible for one or more key technical task(s) or ele-
ments and should be fully cognizant for the quality of the product, including the interfaces with
other elements and timely delivery.

In addition, experience shows that each team member should participate in the overall system
design effort and thus develop a deep understanding of the satellite platform as a whole. This
overview knowledge is essential to ensure surfacing of interface problems and possible misun-
derstandings early in the project before they become difficult and costly to solve. It is important
therefore that problems are verbalized and/or documented as soon as they arise, so they can
quickly be discussed and resolved. Tenacity shall be expected of everybody working on devel-
oping the platform. The challenge will always be to ensure that unanticipated factors are dealt
with quickly and that back up plans are initiated as soon as possible.

Due to the many complex design issues that the engineering and science teams have to consider
and to reduce the development time, there is a need to focus on concurrent engineering rather
than of a sequential life-flow.

Minimum review requirements fawarm can be met by introducing an approach where the

first formal satellite system design review incorporates all the satellite subsystems. This should
then be followed later by a formal satellite system critical design review (CDR) which is not the
detailed classic CDR of larger satellite projects, but a review which confirms the selected over-
all final design of the satellite including the interfaces. This approach will encourage concurrent
engineering contrary to the usual CDR approach, where each individual subsystem have their
own CDR's. The usual individual CDR approach leads to many design reviews where it is nec-
essary to document and review design methodology and to provide a means for discussion of
the satellite and subsystem basic designs at each meeting. Further, the approach introduces
waiting time between the design and manufacturing groups. These issues will be minimized by
following the above suggested approach. Further, the common system design review forces the
interaction and communication between the various subsystem groups, which is essential for a
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small satellite project. In the swarm case where six small satellites are to be built only one CDR
should be held during the mission design phase.

6.2.2 Design Guidelines

Thefollowing brief list of design guidelines and policies summarizes the selected design ap-
proach intended to keep the swarm project within cost and on schedule.

» Keep design simple. Use off-the-shelf state of the art equipment and traditional and known
design solutions, rather than having to embark on expensive and time consuming analysis or
developmental testing to prove a new design.

* Avoid multiple design margins. For example, the mass and power estimates provided by
each subsystem reflect best estimates, allowing all the margin to be maintained at the proj-
ect level.

» Usethe best components available within cost and schedule. Use space-qualified hi-rel
parts when readily available. Otherwise, use mil-spec parts, or high-grade high-volumein-
dustrial parts with 1000 hours burn-in and a dependable production history. Derating of
parts should be in accordance with [pss-01-301].

» Test the hardware design and interfaces whenever possible, provided that the test is quick,
easy, and dirt-cheap. However, the test must be executed with care to avoid running the
wrong test. To explain why bad test results have to be discarded can be very time consum-
ing and costly.

» Theinterfaces for the central on-board computer - especially the on-board data handling bus
- shall be baselined as early as possible. The use of rapid prototyping of selected electrical,
mechanical, and data communication interfaces - inclusive up- and down-link protocols
should be emphasized. Pc compatible plug-in cards and software drivers simulating the on-
board computer interface shall be developed and provided to al engineering teams building
subsystems to be interfaced to the on-board data handling bus.

»  Communicate frequently with the other team members/colleagues. Ask questions and dis-
cuss issues/solutions openly and often. Cross-fertilization creates surprising new idess.

» Standardization of systems, using "off-the-shelf" systems or subsystems that can be incorpo-
rated into a spacecraft design, adding significant capability at little incremental cost.

» Utilization of the latest technology, especially electronics and new materials for the struc-
tures, enabling a spacecraft to achieve a high capability to mass ratio.

» Design with satellite autonomy as a key feature, to reduce the cost of ground support, and
the utilization of valuable labor resources, and to minimize ground-to-space contact and
command-and-control complexity

» Use cost effective systems which still meet mission goals and graceful degradation instead
of full systems redundancy.

* Resist the escalation of requirements which will drive the satellite design to ever increasing
levels of complexity and sophistication, forcing the mass, power and cost of an (intended)
small system to that of a heavy, complex and expensive satellite.
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» Approach the development from a system perspective, viewing the satellite mission as a
whole, maintaining a balance of requirements among segments of the system, the system
cost, launch into orbit, on-orbit operations and required information gathering and transmis-
sion.

* Flight hardware/software elements are not considered delivered by their respective organi-
zations until fully integrated and tested on the satellite.

Adhere to local quality assurance (PA) standards and procedures as much as possible, to
ensure familiarity and prevent retraining of PA personnel.

» Use common software for satellite ground testing and control center operation, as much as
feasible, by using the same software platform/database and co-location of the involved
software and operation engineers.

6.2.3 Documentation

Asaground rule, documentation shall be kept to a minimum. The documents shall contain all
the formal high level specifications for the swarm Project. The overlap between documents
shall be minimized to the extent feasible, keeping in mind that some level of duplication is nec-
essary for clarity.

High-level specificationsinitially developed during Phase A/B should be contained in a Project
Document Book, and distributed to everybody working on the project. Interface control docu-
ments, one for each subsystem, shall also be developed at a very early stage in the project. All
these key documents must be under strong configuration control. Other important documents
are the overall plansfor integration of the satellite and integration of the ground segment.

Detailed design documents and drawings shall be generated and managed by the organization
responsible for the associated hardware/software. Copies should be placed in a project design
file together with other pertinent technical notes, accessible to al personnel on the project.

The swarm Project Documents should be generated and maintained by the prime contractor,
with support from appropriate members of the swarm design teams, as indicated on a sign-off
sheet in front of each document. Changes/updates to these documents shall require review by
all the signatories.

6.2.4 Parts and Materials Selection

The project shall maintain alist of preferred flight parts and materials including, but not limited
to, [PSS-01-603], throughout the subsystem design and fabrication phase. Thelists serve asa
baseline in the component and material selection process. Use of other components and materi-
als shall bejustified individually, assessing the effect on the overall satellite performance and
reliability. Special tests and/or analysis may be required to justify the use of non-listed parts and
materials. A complete list of all parts and materials within each subsystem is maintained by
each subsystem.

Usually the parts and materials form a significant part of the cost on anormal ESA project. In
order to keep the cost at areasonable level, the selection of materials and parts should be based
on previous experience, ensuring that the parts and materials will survive the thermal, vibration
and radiation environments, which they will be exposed to. The parts and materials used shall
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not necessarily, be formally space qualified, but shall fulfil the outgassing requirements set by
ESA. Other means such as military standards are sufficient to qualify the items.

6.2.5 Procurement Approach

The following preference check list shall be used as a guideline for the external procurement of
flight equipment, ground equipment and services/testing.

Obtain competitive bids from qualified suppliers whenever time allows.

Fixed price and delivery schedule should be the norm. Sometimes a best-effort agreement
for the universitiesis good enough as long as it does not affect any of the critical core re-
quirements.

Minimize/eliminate specia hardware performance and test requirements and buy off-the-
shelf equipment whenever feasible.

Minimize/eliminate special documentation requirements.
Strict adherence to magnetic cleanliness specification.

Limited units (for protoflight and simulator) with option to buy one more (flight spare) if
needed.

Bulk procurement of selected items shall be done, if cost effective.
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Annex A: Scientific Team

DENMARK:

Danish Space Resear ch Institute
Juliane Maries Ve 30
2100 Copenhagen @

Eigil Friis-Christensen (efc@dsri.dkproposer), since November 1997 Director of the Danish
Space Research Institute. Head of the Solar-Terrestrial Physics Division at the Danish Mete-
orological Institute (DMI) 1991-1997. Principal Investigator of the Greenland Magnetometer
Array 1976-1997. In 1992 he was appointed Project Scientist of the first DaniBieS&ie

sted, planned for launch in January 1999. He was leading the Danish research and instrument
teams and established an International Science team consisting of more than 50 research groups
from 14 countries. In addition he is Adjunct Professor in Geophysics at the University of Co-
penhagen. His scientific career includes original work regarding fundamental solar wind-
magnetosphere coupling processes. Eigil Friis-Christensen is author or co-author of more than
110 papers in international journals and monographs. He has presented more than 30 invited
papers at international conferences in addition to a large number of contributed papers. He has
been invited as a visiting scientist at several major research institutions and universities in USA
and Russia. In 1995 he was elected member of the executive committee of the International
Association of Geomagnetism and Aeronomy, IAGA. Appointed member of the International
Steering Committee of the Solar-Terrestrial Energy Program, STEP and S-RAMP established
by the International Council of Scientific Unions (ICSU) and Scientific Committee on Solar-
Terrestrial Physics (SCOSTEP). Eigil Friis-Christensen received the "Director Ib Henriksens"
Research Prize, 1995 and was elected Associate of the Royal Astronomical Society, London, in
1996. He was a member of the ESA Solar System Working Group 1995 to 1997, of ESA’s
Earth Explorer Surface and Geophysics Peer Group, 1996, of ESA’s Explorer Magnetometry
Mission Working Group, 1996, and he joined ESA’s Science Programme Committee, SPC, in
1998.

Therese Moretto (moretto@dsri.dk D.Phil., University of Oxford, 1993. Senior Scientist at

the Danish Space Research Institute, working on magnetospheric and ionospheric current sys-
tems. Co-Investigator on The Danish Geomagnetic Mapping @rsted Mission and on the Swed-
ish Astrid-2 Satellite. International representative on the Geospace Environmental Modeling
steering committee. Author of several papers in refereed journals.

Nils Olsen (nio@dsri.dR, Ph.D. in Physics, Géttingen University, 1991. Senior Scientist
working with geomagnetic field modelling, geomagnetic variations, main field and induction in
the mantle. Project Scientist for the Danish Magnetic Mapping Payload onboard the Argentine-
US SAC-C Earth’s Observation Satellite. Co-Investigator on The Danish Geomagnetic Map-
ping Drsted Mission and on the Swedish Astrid-2 Satellite. Author of a large number of papers
on various geomagnetic topics.

Danish Technical University
Institute of Automation
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Building 327

2800 Lyngby

John L. Jgrgenser(jlj@iau.dtu.dk), John L. Jgrgensen is a professor at the Department of
Automation at the Technical University of Denmark (DTU), where he is head of the Space In-
strumentation Group (SIG) that developed the Advanced Stellar Compass (ASC). He has a MSc
in Engineering and BIBA in business and administration. His main research activities are ro-
bust vision systems, star trackers and vision in space. His research in these areas have resulted
in more than 20 papers during the last 5 years.

Fritz Primdahl (fp@iau.dtu.dk, M.Sc. EE. and Physics, Technical University of Denmark,

1964. Currently Senior Scientist at DSRI and DTU, working with space magnetometry instru-
mentation. Co-Investigator on FREJA and Cluster, PI for the magnetometer on the Danish
Geomagnetic Mapping @rsted Mission, coordinator for the magnetic experiments onboard
Astrid-2 and CHAMP satellites and for the MMP on the SAC-C Mission. Has participated in a
large number of magnetometer experiments on NASA and Scandinavian suborbital sounding
rocket missions, and has published over 60 papers on space plasma physics and magnetometers.

Jose L. Merayo ((mgm@iau.dtu.dkM.Sc. in Applied Physics, University of Oviedo
(Spain),1993. M.Sc. in Physics-Electronics, University Complutense of Madrid (Spain),1991.
Member of the Magnetometer instrumentation team for the @rsted, Astrid-2, CHAMP and
SAC-C Projects. Author or co-author of over 10 publications on magnetic instrumentation,
calibration and modelling.

Department of Geophysics,
Copenhagen University
Juliane Maries Vej 30
2100 Copenhaged

Klaus Mosegaard (klaus@gfy.ku.dk PhD. University of Copenhagen, 1987. Assistant Profes-
sor; Visiting Professor at Institute de Physique du Globe, Paris, 1994. Award for outstanding
research in geophysics from the Royal Danish Academy of Science, 1994. Associate Editor of
Journal of Geophysical Research. Member of the editorial board biverse Problems. Main

research in inverse problems, seismology and geomagnetism. He is author of 25 scientific pa-
pers.

Torben Risbo (tr@gfy.ku.dR, M.Sc. Physics, Niels Bohr Institute, Copenhagen University,

1963. Assistant Professor working with calibration methods and models of Earth’s main field.
Proposed the Danish @rsted Geomagnetic Field Mapping Mission in 1990. He developed new
calibration methods which, were applied to the @rsted, Astrid-2 and CHAMP satellite missions,
and to a large number of sounding rocket Earth’s field investigation projects.

Danish Meteorological I nstitute

Lyngbyvej 100

2100 Copenhagen @

Torsten Neubert (neubert@dmi.dkPh.D., University of Copenhagen, 1981. Has spent 10 years
at Stanford University and University of Michigan, as Co-l and program manager on several
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sounding rocket and space shuttle missions for the exploration of basic plasma physical proc-

esses in the ionosphere and magnetosphere. Is Project Scientist on the @rsted satellite mission
and Head of the Solar Terrestrial Physics Division at DMI. He is the author of more than 50
refereed publications. Head of Solar-Terrestrial Physics Division, Danish Meteorological Insti-
tute.

Peter Stauning, (pst@dmi.dlk, Senior Research Scientist at the Solar-Terrestrial Physics Divi-
sion at DMI. Scientist at the lonosphere Laboratory of the Danish Technical University 1963-
82. Research scientist at the Geophysical Division at DMI 1982-92. Scientific coordinator at the
Solar-Terrestrial Physics Division at DMI 1992-present.PI for the @rsted high-energy particle
experiment and PI for the external field research at DMI related to @rsted and SAC-C. Peter
Stauning is responsible for the DMI array of riometers and imaging riometers, and interim re-
sponsible scientist for the DMI magnetometer array. He has published over 50 scientific papers
in refereed journals and scientific books, around 100 scientific, technical or proceedings re-
ports, and has given over 100 presentations at international conferences. He is national chair-
man for COSPAR, member of the EISCAT scientific advisory committee, and co-chair of

IAGA working group IID.

GERMANY:

GeoForschungsZentrum Potsdam
Telegrafenberg
14473 Potsdam

Hermann Luhr, (hluehr@gfz-potsdam.de), Senior Scientist at the GeoForschungsZentrum

Potsdam and Professor at the Technical University of Braunschweig. Presently responsible for

the Payload and Mission Operation task within the CHAMP Project Team (German geoscience
satellite) and leader of the magnetometry science group of the CHAMP project. Co-Investigator

in the magnetic field teams of several national and international spacemissions (Freja, Equator-

S, Qrsted and Cluster). Principle Investigator of the magnetic field experiment on the lon Re-
lease Module part of the AMPTE satellite mission. Main research interest: magnetospheric and
ionospheric current systems, main field modelling.

Volker Haak, (vhaak@gfz-potsdam.jiélead of the section “Electromagnetic Deep Sounding

and Geomagnetic Fields" of the GeoForschungsZentrum Potsdam and Professor of Geophysics
at the Free University of Berlin. The main research topic is the Electromagnetic Induction in the
Earth and the relation to geodynamic and geological aspects.

Richard Holme (holme@mail.glg.ed.ac.)Ph.D. in Geophysics, Harvard University, 1995.
Senior Scientist at GFZ, Potsdam, working on geomagnetic field modelling, core-mantle inter-
actions and, dynamo theory.

FRANCE:

Institut de Physique du Globe de Paris,
4, Place Jussieu, B89, Tour 24,
75252 Paris Cedex 05,
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Y ves Cohen (cohen@ipgp.jussieu.fr), Ph.D. in Geophysics on the processing of Magsat data,
University of Paris, 1989. Senior Scientist at the Institut de Physique du Globe de Paris, work-
ing on global field modeling, magnetic anomaly interpretation, magnetic measurements on
board statospheric balloons, study of the Equatorial electrojet using a chain of magnetometers
in Africa during the Oersted mission. OVH scientific Pl. on Oersted.

Gauthier Hulot (gh@ipgp.jussieu.fr), Ph.D. in Geophysics, Université Denis Diderot (Paris 7),
1992. Assistant Professor in Geophysics at the Ecole Polytechnique (Palaiseau) and Senior Sci-
entist at the CNRS within the Laboratoire de Géomagnétisme of IPGP, where his main interests
are the modelling and the interpretation of the main field. His work involves contributions to
potential theory, to the understanding of the dynamics of the core (mapping of the core flows at
the Core-Mantle Boundary, Core-Mantle Interactions) and to the characterization of the behav-
iour of the main field at all time scales (From Jerks, to archeomagnetism and paleomagnetism).
He is PI of an Oersted Proposal, and leads an INTAS/CNES project on the future of magnetic
satellite missions. Author of 25 articles in Geomagnetism.

Jean-Louis Le Mouéllemoue@ipgp.jussieu.fr), Director of IPGP, Director of the french mag-

netic observatories, former president of the international group for study of the Earth deep inte-

rior (SEDI, 1993-1995), member of the executive committee of the INTERMAGNET pro-

gramme (International magnetic observatory network), Chairman of the scientific programme
committee of CNES, Chairman of the “Bureau des Longitudes”, member of the French
Académie des Sciences, member of Academia Europea, associate member of the Royal Astro-
nomical Society, corresponding member of the International Academy of Astronautics. His has
made major contributions in all aspects of Geomagnetism: Aeromagnetic maps, main field
modelling, core flow at the CMB, Core-Mantle Interactions, dynamo theory, potential theory.
He was recently awarded the John Fleming Medal of AGU for recognition of his work in Geo-
magnetism.

Mioara Alexandrescu (mioara@ipgp.jussieu)fis currently Head of the French National Mag-

netic Observatory of Chambon-la-Foret. She received her state thesis at University of Bucharest
in 1993 and her thesis at IPGP in 1996, both dealing with main geomagnetic field and secular
variation. She has more than 10 years experience in observing and analysing the geomagnetic
field. Her research currently deals with main field and secular variation analysis and modelling,
with particular interest to geomagnetic jerks studies using new mathematical tools, such as the
wavelet technique. She is the author of more than 15 refereed publications.

Pascale Ultre (ultre@ipgp.jussieu.jrPost-doc with CNES at IPGP, Main research in geomag-
netic field modelling, separation of internal and external sources of the field, reduction of the
Backus Effect. Author of 5 refereed articles.

University of Brest

UMR ' Domaines Oceaniques '
Place Nicolas Copernic
F-29280 Plouzane

Pascal Tarits (tarits@univ-brest.)r State Thesis in Geophysics, 1989 IPG Paris. Chairman of
the Department of Marine Geology and Geophysics at the Institute Universitaire Europeen de la
Mer (IUEM) at UBO vice-chairman of the IUEM Current research: electromagnetic studies of




\

S

g/swarm Proposal for Earth Explorer Opportunity Missions

> 4

the earth mantle by mean of long period electromagnetic data from seafloor magnetotelluric
stations, from land observatories and satellite magnetic data. Also applicatiom of el ectromag-
netic imaging to environmental problems (water ressources, pollution). Development of for-

ward and inverse techniques for EM modelling Co-I of the @rsted Mission. Pl of AMPERE
french satellite mission Co-l on Mars exploration.

Jerome Dyment (jerome@univ-brest.JrPhD in Marine Geophysics, Univ. Strasbourg, 1991.
Post Doc at Lamont Doherty Geological Observatory and at McGill University, Montreal,
1992-1994. CNRS Researcher position in Brest since 1993. Research interests: Marine mag-
netic anomalies, satellite magnetic anomalies, structure and properties of the oceanic litho-
sphere, mid-ocean ridge processes.

Centre d’Etude des Environments Terrestre et Planetaires, CEPT
4 Avenue de Neptune,
94107 Saint Maur des Fosses Cedex

Michel Menvielle (michel.menvielle@cetp.ipsl.fr) Professor at the Université Paris Sud. He
received his state Thesis at IPGP in 1984 on electromagnetic induction. His work deals with (1)
the study and characterisation of the transient magnetic activity of external origin, (2) the appli-
cation to planetary exploration of magnetic and electromagnetic techniques developed in the
case of the Earth, PI of the magnetic portion of the OPTIMISM/Mars’96 experiment and par-
ticipatant in the Netlander project of a network of stations at the surface of Mars, as Co-PI of
the magnetometer experiment. He is Participating Scientist on the MAG/ER experiment on
Mars Global Surveyor 1. In the frame of the Oersted program, he is in charge of providing lon-
gitude sector geomagnetic activity indices. He is the author of more than 50 refereed publica-
tions.

UNITED KINGDOM:

British Geological Survey

Global Seismology and Geomagnetism Group
Murchison House

West Mains Road

Edinburgh EH9 3LA, Scotland

David R Barraclough (d.barraclough@bgs.ac.uk.Sc. Co-investigator, Magsat; member of
Magnetometry Working Group, ESA’s ARISTOTELES Project; member of Jersted Interna-
tional Science Team and Oersted Science Advisory Committee; member of ESA’s Explorer
Magnetometry Mission Working Group; involved in global modelling of the geomagnetic main
field and its secular variation since 1969.

Toby D. G. Clark (t.clark@bgs.ac.ykPh.D. Member of @rsted International Science Team.
With BGS since 1990. Has worked with POGS data. Primary interest: external geomagnetic
field.

David J Kerridge (d.kerridge@bgs.ac.uk) Ph.D. Phone number: +44 131 650 0220 e-mail ad-
dress: With BGS since 1983. Has worked with Magsat data. Member of Oersted International
Science Team. Group Manager, Global Seismology & Geomagnetism Group.
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Susan Macmillan (s.macmillan@bgs.ac.uk) Ph.D. With BGS since 1989. Has worked with
Magsat and POGS data. Member of Oersted International Science Team. Primary interests:
globa modelling of the main geomagnetic field and its secular variation; modelling the crustal
anomaly field.

Alan W. P. Thomson (athomson@bgs.ac.uk) Ph.D.With BGS since 1991. Has worked with
Magsat & POGS data. Primary interests: external geomagnetic field; global main-field model-
ling.

University of Leeds
Dept of Earth Sciences
Leeds, LS2 9JT

Andrew Jackson (jackson@earth.leeds.ac.uk) Ph.D. University of Cambridge, 1989.Royal So-

ciety University Research Fellow. Member of @rsted International Science Team. Geomagnetic
interests focus on historical secular variation (from ¢.1500), crustal magnetism, retrieval of
core fluid flow and its implications for Earth rotation. Other research interests in fluid mechan-
ics and geophysical inverse theory.

British Antarctic Survey
Madingley Road
Cambridge CB3 OET

Alan Rodger (A.Rodger@bas.ac.)ilbSc, Head of the Upper Atmospheric Sciences Division,
British Antarctic Survey, Principal Investigator on the International Solar Terrestrial Physics
mission, and co-investigator on Cluster, Oersted, Earth Observation System Missions. UK Cor-
respondent to IAGA, Chairman of the IAGA Working Group on Antarctic Research, Interna-
tional member, Geospace Environment Modeling steering committee. Author or co-author of
over 80 refereed publications corning the solar wind, magnetosphere ionosphere and thermo-
sphere.

SWEDEN:

Kungliga Tekniska Hogskolan
Alfvén Laboratory,
Valhallavagen 79
100 44 Stockholm

Goran T. Marklund (marklund@plasmakth.se), Ph.D. Plasma Physics, Royal Institute of
Technology, Stockholm, 1983. Currently Professor of Space Plasma Physics at the Alfvén
Laboratory of the Royal Institute of Technology. Principal Investigator of the Freja and Viking
double probe electric field experiments, Project Scientist for the Astrid-2 micro satellite, Co-
Investigator of the double probe electric field experiments onboard the Cluster and Polar satel-
lites and on the proposed NASA/MIDEX mission Auroral Lites. Co-Investigator on the pro-
posed Langmuir probe experiment on Mars Express. Project reponsible for the double probe
electric field experiments on 7 sounding rocket experiments. Author or co-author of 90 scien-
tific publications.
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Per-Arne Lindgvist (lindgvist@plasmakth.se) Ph.D. Plasma Physics, Royal Institute of Tech-

nology, Stockholm, 1997. Currently at the Alfvén Laboratory, Royal Institute of Technology,
working with space plasma physics. Principal Investigator of the double probe electric field
experiment on the proposed NASA/MIDEX mission Auroral Lites. Co-Investigator of the dou-
ble probe electric field experiments onboard the ISEE-1, Viking, Freja, Cluster and Astrid-2
satellite missions. Co-Investigator of the Langmuir probe experiments on Rosetta and the pro-
posed Langmuir probe experiment on Mars Express. Co-Investigator of a number of sounding
rocket electric field instruments. Author or co-author of 65 scientific publications.

Lars G. Blomberg (blomberg@plasma.kth.5éPh.D. Plasma Physics, Royal Institute of Tech-
nology, Stockholm, 1992. Currently Assistant Professor of Space Plasma Physics at the Alfvén
Laboratory of the Royal Institute of Technology. Principal Investigator on the proposed Lang-
muir probe experiment on Mars Express. Co-Project Scientist of the Astrid-2 micro satellite
mission. Co-Investigator of the double probe electric field experiments onboard the Viking,
Freja and Cluster satellite missions and on the proposed NASA/MIDEX mission Auroral Lites.
Co-Investigator of the Langmuir probe experiments on Rosetta. Author or co-author of 65 sci-
entific publications.

ITALY:

I stituto nazionale geofisica (ING)
V. Vigne Murata 605
Roma 00143

Angelo De Santis (desantis@ing750.ingrm)iPhD. in Physics, Rome University,1984. Re-
searcher (1987) and First Scientist (1991) at the Istituto Nazionale Geofisica. Main interests:
mathematical models in Geomagnetism and Aeronomy; studies of the inner crust and upper
mantle conductivity structure; investigations in magnetometry and riometry. Obtained a Royal
Society Grant (5 months, 1987) at British Geological Survey. Member of the Scientific Com-
mittee of ING; Vice-Responsible for the Space Weather Project; Member of PNRA (ltalian
National Project of Research in Antarctica, 1996-1999); Participated in several Italian antarctic
expeditions, Responsible Projects: Riometry, PNRA (1993-96), and "Mathematical models of
the Geomagnetic Field in Europe”, Italy-Spain Bilateral Protocol, (1994-96); Temporary Pro-
fessor (Lecce, 1996; Bologna, 1997). He is author of about 90 scientific papers (50 intern.).

SPAIN:

Observatori del'Ebre
Horta Alta, 38,
43520 Roquetes

Joan M. Torta (ebre.jmtorta@readysoft)eResearcher at Observatori de I'Ebre. PhD. in Phys-
ics, University of Barcelona, 1991. His main expertise is on global and regional analyses of the
geomagnetic field, including main and crustal field, studies on secular variation and on varia-
tions of external origin; as well as on by-products of those analyses, as the dynamics of the up-
per atmosphere and the earth's electrical conductivity. Observatory practice and magnetic stud-
ies on volcanoes are also of his interest. He is author or co-author of 36 scientific papers.
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Annex B: Technical Team

Swedish Space Cor poration (SSC)
Albygatan 107

P O Box 4207

S-171 04 Solna

(Www.SsC.Se)

The Swedish Space Corporation (SSC) is a government-owned limited company with activities
covering the entire range of space-related work from feasibility studiesto operational applica-
tions of space technology. Systems engineering and management are the major activities of the
company, but SSC also designs and devel ops high-technology hardware and software in-house,
especially for usein space vehicles and in satellite ground stations. SSC's experience in space
technology goes back to 1961. In 1997 the company had a total turnover of 286 million Swed-
ish Crowns (about 36 MUSD) and 358 employees. The Science Systems Division islocated in
Solna, Sweden and designs and build systems and subsystems for space research and other
gpace projects. The largest customers are the Swedish National Space Board and ESA.

The principal business areas of SSC are design and devel opment of small satellites, sounding
rocket and balloon systems for space and application, the technical implementation of Sweden’s
space and remote sensing programmes; and the system management and engineering for com-
plex high-technology projects. Thisincludes overal project responsibility for the Viking, Freja
and Astrid scientific satellite projects, for the national Tele-X (Direct Broadcasting and Busi-
ness Communications) programme, and commercialization of telecommunications services on
the Tele-X and Sirius satellites.

The Space Systems Engineering and Management Support comprising feasibility studies, sys-
tems engineering and specification, technical project management, procurement assistance, de-
sign, manufacture and test of equipment, commissioning including launch, positioning and in-
orbit test and acceptance and applications and market studies for communications and scientific
satellite systems, satellite launch services, satellite control systems as well as for sounding
rockets and microgravity.

Danish Space Resear ch Institute (DSRI)
Juliane Maries Ve 30

DK-2100 Copenhagen @
(www.dsri.dR

DSRI is a governmental Research Institute belonging to the Ministry of Research. It was estab-
lished as an independent institution in 1968 with the objective of conducting space research
programmes based upon instruments developed and manufactured in-house and sent aloft with
satellites, rockets and balloons. Originally DSRI conducted research concerned with plasma
physics and cosmic ray physics. Today, the scientific areas of interest within astrophysics are
mainly devoted to X- and Gamma-ray astronomy, based on the development of telescopes and
detectors. In solar system physics main emphasis is on research topics that rely on precise mag-
netic field measurements, planetary as well as interplanetary. During its lifetime, the focus of
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interest at DSRI has changed between these fields, corresponding to mission opportunitiesin
ESA programmes or programmes in co-operation with other agencies and partners.

DSRI has taken active part in approximately 10 satellite missionsin the past and is currently

heavily engaged in producing flight hardware for the Russian Spectrum Rontgen Gamma (X-
ray telescopes and detectors) and for the JEM-X experiment on ESA’s Integral mission. In solar
system physics the institute is responsible for the vector magnetometer on the Danish @rsted
and Argentine/US SAC-C satellite.

DSRI has recently been asked to host and manage the Danish Small Satellite Programme,
which has been established as a follow-up of the @rsted initiative. The geomagnetic field ex-
periment on SAC-C is the first experiment in this programme. This experiment will be fol-
lowed by a project that is going to be selected in the spring of 1999. Eight experiments were
proposed and after the first screening, four candidates are remaining for final selection. The
Small Satellite Programme Office at DSRI works closely together with the Danish Research
Councils regarding the technical issues that must be considered in the selection process.

Danish Technical University (DTU/IAU)

Institute of Automation

Building 327

DK-2800 Lyngby

(www.iau.dtu.dk

The Department of Automation is a part of the Technical University of Denmark (DTU) in the
sector concerning Communications, Computer Science, and Mathematics. The Department
works in a number of research areas relating to industrial automation. The teaching and re-
search areas of the department are control engineering and instrumentation. The instrumenta-
tion activities include general measurement and sensor technology, magnetic materials, mag-
netic field measurement equipment and optical navigation systems, especially for satellite ap-
plications, radiation based instrumentation and microcomputer technology for instrumention
and control. The space instrumentation group has delivered top-class scientific instruments to a
large number of international rocket and satellite eksperiments, including the Astrid-2, @rsted,
SAC-C, and CHAMP missions.

GeoFor schungsZentrum Potsdam
Telegrafenberg

D-14473 Potsdam
(www.gfz-potsdam.de

The GeoForschungsZentrum Potsdam (GFZ) is a non-university geoscientific research institute
which was founded on January 1st, 1992 on the Telegrafenberg in Potsdam. As the first of its
kind worldwide, the GFZ combines all solid earth science fields including geodesy, geology,
geophysics, mineralogy and geochemistry, in a multidisciplinary research centre. In the field of
interdisciplinary research, 22 sections are organised in five divisions according to the scientific
main topics of the GFZ. Research is accomplished by the use of a broad spectrum of methods
and techniques, such as satellite geodesy, magnetometry and remote sensing, geophysical deep
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sounding, scientific drilling, experiments under in-situ conditions and modelling of geo-
processes. The GFZ maintains various instrument pools for field research and global measure-
ment campaigns, ateam of engineers for the development of geoscientific instruments and a
group of specialists for the Task Force Earthquake. An underlying principle isto combine the
geoscientific know-how of universities and other research centres in national and international
joint projects.

German Space Oper ations Center (GSOC)
Att: Dr. Hubertus Wanke

DLR-GSOC

Minchener Strasse 20

D-82234 Wessling
(www.op.dIr.de/wt-rm/wtrbhome.htm)

In 1968 the German Space Operations Center (GSOC) of DLR, located at Oberpfaffenhofen
near Munich, was founded to support the first German research satellite AZUR launched in
1969. Since that time GSOC has been responsible for the preparation and execution of ap-
proximately 20 national and international, co-operative space flight projects.

Besides the space flight operations facilities and its own remote site for satellite ground stations
(Bodenstation) at Weilheim/Lichtenau, 30 km south of Oberpfaffenhofen, GSOC comprises a
technology oriented section for simulations of in-orbit servicing and operations (In-orbit Op-
erations Technology facility).

During preparation and execution of national and international space flight projects, the Ger-
man Space Operations Center - GSOC - controls and monitors scientific satellites, communica-
tion satellites and manned space-flights.

GSOC has the necessary expertise and capacity available in-house to perform mission opera-
tions as well as to develop software systems (e.g. software for mission support, post mission
data handling, and ground operations). In specific fields (primarily software, Satellite and
Ground Station Operations) the DLR staff is supported by in-house contractors.

Eurockot L aunch Services GmbH
Att.: Tuncer Miski

P.O. Box 28 61 46
Hinefeldstral3e 1-5

D-28 199 Bremen
(www.eurockot.com

The ROCKOT launch vehicle is marketed and operated under the aegis of the German-Russian
joint venture company EUROCKOT Launch Services GmbH jointly formed by the Russian
Khrunichev State Research and Production Space Center (KSRC) and Germany's Daimler-Benz
Aerospace (DASA). The company was founded in March 1995 with the aim of exclusively
marketing this vehicle.

EUROCKOT is the interface to the customer. It is responsible for all commercial activities,
launch contract condition and launch implementation as a single prime contractor towards the
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customer and its sole industrial partner for all legal aspects. EUROCKOQOT is acompany estab-
lished under German law and offers all legal safeguards provided by a western company.

RST Rostock Raumfahrt und Umweltschutz GmbH
Richard-Wagner-Strasse 31

D-18119 Warnemiinde

(www.rst-rostock.dp

RST, a subsidiary of Daimler-Benz Aerospace AG, Munich, has 20 years of experience in sys-
tem engineering and system development. Today the staff comprises about 60 people engaged
in various space services including subsystems and components, software systems and sensor
systems. Beside the space market RST concentrates in all these areeas on technology transfer
for terrestrial applications.
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Annex C - Letters of Endorsement

Agencies:

Centre National D’Etudes Spatiales (CNES)

National Aeronautics and Space Administration (NASA)

International Association of Geomagnetism and Aeronomy (IAGA)

United States Department of Commerce, National Oceanic and Atmospheric Adm. (NOAA)
Swedish National Space Board

World Data Center A for Solar-Terrestrial Physics (Boulder/CO, USA)

World Data Center A for Solid Earth Geophysics (Boulder/CO, USA)

Institutions directly involved:

GeoForschungsZentrum Potsdam (GFZ)

Université de Bretagne Occidentale

University of Leeds

Observatori de I'Ebre

Royal Institute of Technology (KTH)

Istituto Nazionale Geofisica (ING)

Institut de Physique du Globe (IPGP)

Danish Meteorological Institute (DMI)

Danish Technical University (DTU)

The following Letters of Endorsement are sent directly to ESA:
British Geological Survey, Edinburgh

Centre d'Etude des Environments Terrestre et Planetaires (CETP)
Swedish Space Corporation (SSC)

University of Copenhagen (KU, NBI)

British Antarctic Survey (BAS)

Rostock RST

Institutions with scientific inter est:

NASA Goddard Space Flight Center

National Center for Atmospheric Research High Altitude Observatory (HAO)
Technische Universitat Braunschweig

Universitat Gottingen
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2804535362475 P.81-01
27-11-1998 11:56 DF DP/EOT  TLSE R

Paris, November 27, 1998
rof DP/BOT 98224 JLCHLE

cnes

rDlRECTION DES PROGRAMMES
Dr Eigil Friis-Christensen
Director
Danish Space Research Institute
Juliane Maries Vej 30
DK-2100 Copenhagen
Denmark

Dear Dr Friis-Christensen,

(Dr Pascal Tarits from UBO has informed CNES that you are preparing a proposal called "SWARM" based on
seven geomagetic satellites in response to ESA's "Call for Earth Explorer Opportunity missions

As you know, the French scientific community has been involved for many years in the definition and
implementation of space missions devoted to the Earth magnetic field monitoring and several French
laboratories such UBO, IPG and CETP are associated to the SWARM initiative.

In the framework of the prospective seminar organised by CNES in March 98, a proposal, entitled AMPERE
has been submitted (leader P. Tarits) that has been recognised as a possible candidate mission to pursue the
monitoring of the magnetic field after the already decided missions Oersted, CHAMP and SAC-C. As AMPERE
was proposed in the 2004/2006 timeframe, it has not been selected as one of the two first missions of the CNES
« micro-satellite program » planned for launch in 2001/2. Nevertheless, performing a long-term monitoring of

the Earth magnetic field through a series of sptellites remains a ptiority of the French Earth Sciences
community.

I'am confident that the SWARM proposa] is capable to ensure the continuity of high quality geomagnetic data
acquisition initiated with Oersted and that its original concept of measuring simultaneously from a number of
micro-satellites will be a major contribution to the decorrelation of the spatial and temporal variations of the

Earth magnetic field.
Sincerely, .
JEAN-LOUIS FELLOUS
ASSISTANT DIRECTOR
EARTH SCIENCES AND APPLICATIONS
¢ GENTRE NATIONAL D'ETUDES SPATIALES
AGENGE FRANGAISE DE LESPAGE
Slage Contre de Toulouss
2 place Maurice Quentin - 75038 Paris Cadex 01 18, avenue Edouard Belin - 31055 Toulduse Cadex
Tel.: (1) 44 76 75 00 / Télbfax 44 76 76 767 Télax 214674 T : 6127 31 31/ Télefax : 61 27 31 78/ Talex : 531081
SIRET 775 665 012 00082 SIRET 775 665 912 00033

RCS Paris B 775 685 912 - CODEAPE 731 Z - N* d'ideniification TVA : FR 40 775 685 912

TOTAL PAGE(S) @1
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National Aeronautics and
Space Administration

Headquarters
Washington, DC 20546-0001

¥ 10 Attn of:

YO
November 24, 1998

Dr. Eigil Friis-Christensen

Director, Danish Space Research Institute
Juliane Maries Vej 30

DK-2100 Copenhagen Denmark

Dear Eigil:

I am writing as NASA Program Scientist for Geodynamics and Geopotential Fields to
endorse your proposal for SWARM, a small multi-satellitc mission to investigate the
dynamics of the Earth’s magnetic field. The selection of the SWARM proposal would
allow continued cooperation between NASA and Denmark in the area of geomagnetism.
Denmark’s leadership has already made a substantial contribution to the NASA and US
geomagnetic science communitics, and this proposal is clearly important in continuing that
tradition.

In our space mission planning efforts over the past six months, the need for international
partnerships in earth observations has been an important theme. Magnetic field studies, in
particular, have been recognized within the Office of Earth Sciences as important candidates
for such partnerships. Thus, the NASA geopotential fields program will support scientific
collaboration of US Scientists with the SWARM mission, using competitive proposals, just
as for the Oersted mission over the past several years. There may be possibilities for other
forms of NASA cooperation in the planning and execution of the SWARM mission, as
well.

The SWARM multi-satellite consteliation will provide the key space-time sampling needed
to separate the various contributors to the magnetic field, and will be an important stcp
forward in understanding both terrestrial and space sources of the magnetic field. I wish
you success in your efforts to obtain this important set of measurements.

With best regards,

oot A el

Clark R. Wilson
Program Scientist for Geodynamics and Geopotential Fields

ce: IY/ Herberger .

xx TOTAL PAGE.@2 %
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Department of Earth and Planetary Physics, University of Tokyo
Hongo 7-3-1, Bunkyo-ku, Tokyo 113-0033, Japan
fax: +81-3-3818-3247 Lel: +81-3-5802-2738 (direct) cmail: mkono@geoph s.u-tokyo.ac.jp

27 November 1998

Eigil Friis-Christensen

Director ‘ ‘
Danish Space Research Institute
Juliane Maries Vej 30

DK-2100 Copenhagen

Denrnark

FAX: 445 3536 2475 \

Dear Eigil,

I gather that you are going to proposefa "swarm” of seven geomagnetic satellites to ESA with
the main aims of gbserving the maguetit field simultancousty at different points in space —i.e. to
address the space-time aliasipg problem. Inu addition, the possibility of long term measurements
in space is also soughl by thjs mission.

This i quite interesting mission to the gpace science as well as the study of geomagnetism, and
1 would like to express the support for this proposal. Such a mission will be quite useful in
understanding various soujces which contribute to the near-Earth magnetic field, particularly
for the determination of the dynamics lof the external sources, which both acts as a source of
" noise for the determination of the main field and is an important parameter of the Earth space

environment. The mission will also provide important data to detemum. the secular cmd solar ..

cycle variations of the geomagnetic field.

Although we did not have time to discuss such project in International Association of Geomag-
netism and Aeronomy (IAGA), T am sure that IAGA scientists will benefit from this mission; .. -

if the measurement data are made public.

! ‘ Sipcerely yours,

Masara Kono
Professor of Geophysics
! (also President of JAGA)

CC:
JoAnn Joselyn Secmta.ry-GenerT, Il\ A
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e UNITED STATES DEPARTMENT OF COMMERCE
25 | Nationel Oceanin end Atmaspharic Asmintztration

\ : | Enviranmental Research Leboratorles
WP/ | aee Broedway
e Boulder, Colorade BD303-3328

November 24, 1998

Eigil Priis-Christensen

Difector, Danith Space Research Institute
Julianc Marics Vej 30

DK-2100 Copenhagen

DENMARK

Dear Dr, Friis-Christensen,

The NOAA Space Environment Center is pleased 10 endorse your proposal for a small
rulti~satelfite mission to investigate the dynamics of Farth's magnetic fleld (SWARM).
Your concept, aimed at an accuryte meayurement of Earth's magnetic field, addresses

many of the problems of decoupling the acurces of electric currents that are inferred from
measurements on the ground and single points in space. SWARM's data will fill a void
in our understanding of ono of Earth's basic physical properties. In addition, your
innovative concept of an armada of microsatcllites and instrumentation on a flexible
cablc ie of interest in itself

SWARM is of intesest 1o the Space Environment Center (5EC), beoause we provide real-
titne monitoring and forecasting of solar and geophysical events, conduct research in

| solar-tementrial physics, and develop techniques for forecasting solar and geophysical
disturbances. The improved understanding expected from SWARM offers SEC the
opporturity to improve its services, SEC's parent organization ls the U.S. Natlonal
Oceanic and Atmospheric Administration (NOAA). SEC's Space Weather Operations; is
jointly aperated by NOAA and the U.S. Air Force and is the national and world warning
center for disturbances that can. affect people and equipment working in the space
mvironmanﬁ,

Best wishcs for the success of your proposal.

Sincerely,

Ay
} _ Ernest Hildner, Director

Space Environment Center

cc: BSTEC
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@ RYMDSTYRELSEN

Swedish National Space Board

November 30, 1998 Our ref:
255/98

ENDORSEMENT

i

|

» SWARM -~ A Small Multi-Satellite Mission to Observe the
Dynamics of the Earth’s Magnetic Field ”

Il

In the response to the ESA Announcement of Earth Explorer Opportunity Mission
for the Living Planet Program a proposal SWARM is submitted by Dr E Friis-
Christensen from the Danish Space Research Institute, Copenhagen, Denmark.

The Swedish National Space Board (SNSB) has received a description of the
proposed SWARM project, which aims at a new mission o investigate features of
the geomagnetic field, especially conceming its dynamics. It is a multisatellite
mission using micro or even nano satellite technology.

The Swedish National Space Board endorses the SWARM proposal. However, a
final commitment, should the proposal be selected, is subject to the availability of
appropiate funds.

Director Gengral

Posiadress Besoksadvess Telefon Tekdax E-rmad
Box 4006, 5-171 04 SOLNA Albygatan 107 7 tr, Soina 08-627 &4 80 08-627 50 14 rymastyreisendgsrib.se
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WORLD DATA CENTER A

for

SOLAR-TERRESTRIAL PHYSICS

Nationa! Environmental Satellite, Data, and Information Service

o e e ey LoAp o Beoadway

ALag-APSOLIATED sw:un:.| Bou 1, Color= 80303_3328 USA

ﬁ?&ﬁ:::ﬁ.&'.:; * ' December 1, 1998 TELEFHONE: {303} 487-8224
INTERPLANETARY MAGNEITIC PHEHOMENA) TPLEX: DAA1) NOAA MASC NOR

AURDRA; COBWIC RAYE: AlRalLOlw
D, Eigi! Friis-Christensen, Director
Danish Space Research Institu
Juliane Maries Ve 30
DK-2100 Copenhagen
Denmark |

Dear Dr. Friis-Cilristensen, }

o MERLY REFER Toi

Thank yon for the opfortunity to review your proposal PSWARM, a small multi-satellite mission
to investipate the d jcs of the Earth's magaetic field”, to operate a number of space-based
magnetometers, Your effort to separate the maguetic comtributions from each of four components
. lstobe commended, i.e., the main feld, lithospheric fields, fields from external currents, and
felds from induced mantle currents. T would like to focus my scientific comments on the
external eurrent, orisolar-terrestrial, component.
As you know, the ppace community 31 the USA is embarked on a Nationa) Space Weather
Program (NSWP), The NSWP program seeks to significantly improve space weather
specification, climatologies aod forecasts; especially those events that effect technology in space
. and on the ground. The NSWP has Iggically focused on the development of robust and accurate
physical models that describe in space and time the space environment from the sun to the Earth.
This extremely large volume of electrically charged space has with very few observations. Asa
l’ result all models are "data starved", so we must take full advantage of remote sensing techoology,
especially measurements of the ambient magnetic field, from as many satellites as possible. From
the UIS scientifig perspective, data from the "SWARM" propram are desperately needed and
would be of gregt value to the NSWP. !}

A review should also incipde an evaluation of the Principle Investigators. It is with great pleasure
that T highly recomr:;nd the "Swarm" program proposed by Dr. Friis-Christensen and DSRL.
Over the past 25 years, we have used a great deal of their data in our models, tested the
information content of their data against that from all other sources worldwide, and found it to
always be of the ghsolute best quality. Without reservation, I recommend this proposal by Dr.
Friis-ChristcnseW and DSRI.
| 4
! We look forward to the opportunity $p use your very valuable data.

) Sincepely,
Herbert W. Xroehl, Director

4

)

WORLD DATA CENTERS cuu&lm’ INFERNATIONAL EXCHANGES OF CROFHYSICAL DUTEEVATIONT 1N ARCONGANCE WITH THE PRINGIPLES SET
FORTH BY TME INTERNATIONAL CAUNCIL DF SCIRNTIFIC UNIONS YruauGH YHE IT3U PANKL ON WOo'S. IMITIATED FOR THE INTERNATIONAL
GEOPHYEICAL YEAR 1BH7-4p, vHE OATA EXCWANGE CONTINUES ARCORDING TO RECOMMENGATIONE oF VARIOUE 1CSU  SCIENTIFIC
ORGANITATIONT. WOG-A [ FFTANLIGHAD LN THF UnITED STATEE UNDER THE AUBFICESA OF THE MATIONAL ACADEMY arF ACIENCES.
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WORLD DATA CENTER A
BOULDER CENTERS

SOLAR-TERREGTRIAL PHYn(Ca

(309) 497-8324 National Ca‘;pl\ysmn] Data Center MARINE GFOLOGY AND GEOPHYSICS

(303) 4v7-6487
BOLID EARTH GLOsYsICS National Occanic and Atmospheric Adininistealion

ELAC|IOLAGY (§NOW AND 1CE}
(303) «37-vazr

325 Beadway, F/GC 1303 Anz=eTT
Boulder, Colorado 80303-3328 USA.
TELEX: 592811 NOAA MASC BDR

November 30, 1998

Dr. Eigil Friis-Christensen
Danish Research Space Institute
Juliane Maries Vej 30

DK-2100 Copenhagen OE
Denmark

Dear Dr Friis-Christensen:

it was with pleasure | read your SWARM proposal to the European Space Agency’s “Call for Earth
Explorer Opportunity Missions”. | say pleasure because you are encompassing In one.pmpowl a
method for substantially extending our understanding of Earth's magnetic field and, most importartly,
the separation of the magnetic field contributions. The proposal was written with the clear style and
strong scientfic understanding i have come fo expect from any endeavor with which you are
associated.

The data from this proposed mission would greatly improve the accuracy of the Intemational
Geomagnetic Reference Field (IGRF). By providing data from multiple satellites at the same time,
we will finally have an opportunity to separate the various contributions to Farth's magnetic field. We
will also have the ability/to accurately model the intermediate wave-lengths. This will greatly effect
the accuracy and change in a material way the resultant models.

| fully support the DRSI's proposal and look forward to helping with the dissemination of data
resulting from the mission.

Sincerely,

)
7
Allen M Hitteiman
Fredor‘ World Data Center-A for Solid Earth Geophysics

WORLO OATA GENTENS CONDUGT INTEANATIONAL EXCHANGES OF GEOFHY3ICAL OB3IERVATIONZ IN ACCORDANCE WITK YHE PRINGIPLCS BRY
rorTH bY THE INTERNATIONAL GGUNCIL OF SCIENTIFIC UNion3 THROUGH THE (S8U PANEL ON wOC'S. [NITIATED FOR THE INTERNATIONAL
CeOFNYSICAL YEAN 1987-B8. YHME ODAYA GXCHANCE CONTINUEY ACCORDING YO RECOMMINDATIONS OF YARIOUS 1Czu ZCIENTIFIC
ORGANIZATIOND. WDGsA i3 ESTAnCIaHED in THE UNITEQ STATES UNOER THE AUSFICES OF TRE NATIONAL ACACEMY OF SCITNCEE,
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39-11¢98 11:15 GFZ POTSDAM TELEGRAFENBERG » +4535362473 NUMB82 pa2

GEnEnﬂscuuwssZENTnuM Povsonam

STIFTUNG DES AFFENTLICHEN RECHTS

Vorstond

The Earth Scicnce Division(VR) : Telegrafenberg, Havs G
ESTEC - D-14473 Potsdam
Keplerlaan 1 Germany

P.O. Box 299 ‘

NL-2200 AG Noordwijk ZH Phone:(+49) 331 288 1000

Niederlande Fax; (+49) 331 288 1002

Potsdam, Nov 26, 1998

Subject: Proposalofa magnetic field mission SWARM
‘Reference: ESA’s call for Earth Explorer Opportunity Missions

Dear Sirs,

‘we are pleased to announce our participation in the proposal “SWARM, a small multi-satellite
mission to investigate the dynamics of the Earth’s magnetic field” which is in response (0
ESA’s call for “Earth Explorer Opportunity Missions®.

\We Jook forward to a fruitful co-operation with ESA in this vanguard mission. It will help to
better separate the contributions from various magnetic field sources and shed light on the

' wide spectrum of their variations. We are prepared to take over an appreciable part in the

' scientific data interpretation.

-~ —
‘ \ hatoNa B~ gg - 0%‘1[/
| Prof. Dr. Rolf Emmermann Prof. Dr. Hermann Lithr
' Executive Scientific Director Project leader SWARM (GFZ)
;‘
i

'
.
|

rclvlvltnbzl BES KURATORIUMS, MINBIR DA . E.LOMGERY vomRiTamb: FAOF, DR R EMMERMANN (SPRECHERS. DR.B.AAISER

BANKVESGINDUNG: DEUTICHE SANEK paTSDAM 811 120 7AG 09 &TO Jgeynay
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INSTITUT UNCVERSITAIRE
EVROFEEN DE LA MER

UNISENSME 0F WAETAGUE QGTISENTALE

s

Brest le 26/11/98

Dr Eigil Friis-Christensen
Director

Danish Space Research
Institute

Tuliane Maries Vej 30
DK-2100 Copenhagen
Denmark

Dear Dr Friis-Christensen

Pr Pascal Tarits from our Institute has informed me that you are preparing a proposal called
“SWARM" based on seven geomagnetic satellites in response to ESA's "Call for Earth
Explorer Opportunity missions.

Our Institute is involved in many aspects of Marine Sciences. Satellite missions are
essential in our fields. Pr Tarits has been involved for several years in Earth Sciences studies
involving satellitc data. I think that this opportunity to propose an experiment such as
SWARM is very irﬁponant. Dr Tarits is already proposing a magnetic satellite mission
AMPERE to CNES. SWARM is the natural follow-up of this effort that must be co-ordinated
at the European level.

1 strongly support this important initiative for the Institat Universitaire Européen de la Mer.
and I wish you a great success for your proposal.

Yours sincerely

Pr Paul Trepuer
Director

INSTITUT UNIVERSITAIRE EUROPEEN DE LA MER - UNIVERSITE DE BRETAGNE OCCIDENTALE

Place Nicolas Copernic - Technopdle Brest-lroise & 33 (0)2 98 49 86 00 - Fax 33 (0)2 98 49 B6 09
20280 PLOU;ANE - FRANCE internet hitp ; fiwww.univ-brest.i/IUENM
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‘ S
)
From the School of Earth Sciences University of Leeds
Head of Rosource Centre Professar Bruce W DD Yardley Leeds LS2 OFT

! Direct line +44 (0) 113 233 5200

\ Fax +44 (0) 113 233 5201
Departmental Fax +44 {0) 113 233 5259
E-mail; b.yardley@earth. leeds.ac.uk

" 25 November 1998

Re: SWA) a small multi-satellite mission to investipate the
dynaumics of the Earth's magnetic field

The Department of Earth Sciences at the University of Leeds enthusiastically endorses the proposed
SWARM mission, designed for investigation of the Earth's magnetic ficid. We consider that thig mission
represents a well-p experiment which is operating in a innavative configuration, using state-of-the-art
microsatellite mhnl:% As such it presents the opportunity to address many questions of interest to this
dopartment, within the ¥ields of desp-earth geophysics and crustal magnetism.

The Department of Eagth Sciences has considerable interest in all aspects of geomagnetism, with a total of
eight researchers making up our geomagnetism research group. Investigations into the data produced

by SWARM will be lead by Dr. Andrew Jackson, who is a Royal Society University Research Fellow in
this departmeat, a member of the Orsted Scienice Team, and who has over 10 years of experience i this
rescarch area. | ‘

We give our whelehearted backing tp this project.

!

\ TOTAL P.@2
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—

uUniversitat Rumon Llull

20 November 1998

Dr. Nils Olsen

Danish Space Research Institute
Juliance Maries Vej 30
DK-2100 Copenhagen
Denmark

DBear Dr. Ulsen,

In response to your mail sent Lo one of our scientists (Joan Miquel Torta), requesting vur
support to the contents of the “SWARM: A Small Multi-Satellite Mission to Obscrve
the Dynamics of the Earth’s Magnetic Fleld” project, the Rescarch Group ol Ebie
Observatory would like indeed to join your tcam and be parl of the propusing
consortium. We would also like to insist in the necessity of these kind of satellite
magpetic field measurements to further our knowledge of the changes of the
geomagnetic fieldland to learn from both the Rurth’s interior and (e processes in the
cxternal environmient. In particular, we will b positively interested in using those
measurements for improving models of both the main field, its secular variation, and the
litospheric anomaly field, for improving our knowledge of many conditions and
processes related with the Solar-Terrestrial Physics; and for studying its possible
connections with the “Global Change” and the possibility of mitigaze hazards of
magnetic and geospace actlvity.

Yours sincercly
L { ththose

Luis F. Alberca Silva
Dircetnr

o Horlu Alt, 38
43520 - ROQUECTES (Tasagursa). Spain

B AL AN PAREL

-3



Letter of Endorsement
SWARM

a small multi-satellite mission to investigate the
dynamics of the Earth's magnetic field

as proposed for the Earth Explorer Opportunity Missions

The Alfvén Laboratory at the Royal Institute of Technology, Stockholm, fully
supports the participation of Professor Goran Marklund and Drs Lars Blomberg and
Per-Arne Lindgvist in the proposed SWARM-mission. The space group at the Alfvén
Laboratory welcomes the proposed collaboration with the Danish Space Research
Institute and the Danish Technical University on the development of the Compact
Spherical Coil vector feedback magnetometer (CSC), one of the three proposed
instruments for the SWARM-payloads.

Funding for the Alfvén Laboratory participation will be applied for from the Swedish
National Space Board and if additional funding support is needed also from other
funding authorities such as the Wallenberg Foundation (who provided partial funding
for the Swedish participation in the Cluster and Astrid-2 missions) and KTH (who
provided partial funding for the Astrid-2 mission). :

Based on the success in receiving funding for similar magnetometer experiments on
previous missions such as Auroral Turbulence-I and II, Astrid-2, Orsted and on the
long and fruitful collaboration we have maintained with the Danish magnetometer -
teams we are confident on our possibilities to be able to participate and complete our
tasks in the SWARM-mission.

Stockholm, December 8, 1998

%_ﬂ—- i & /3,! /:? foi
)i

Goran Marklund Nils Brenning
Head of the space group Director of the Plasma Physics Division

A copy of this Letter has been sent to the Swedish National Space Board

Proposal for Earth Explorer Opportunity Missions
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Via i Vigns M, 605 ;'ﬁh ‘11 Istituto Nazionale
Tel. (39)-6-518601
o e \SE" i Geofisica

Rome, December 9th, 1998

N Prestdente

Prot. n. 2125
ESPRESSO Air-Mail

Dr. Eigil Friis-Christensen
Director, Danish Space Research Institute
Juliane maies Vej 30
DK -2100 Copenhagen
Denmark
ep.c.:
The Earth Sciences Division (VR)
Estec,
Keplerlaan 1,
P.O. Box 229, 2200 AG Noordwijk ZH
The Netherland

Subject:  Letter of endorsement for the Project "SWARM, a small multi-sateilite
mission to investigate the dynamics of the Earth's magnetic field".

Dear Dr. Friis-Christensen,

[ am writing in support of the proposed mission "SWARM, A Small Multi-satellite
Mission to Investigate the Dynamics of the Earth's Magnetic Field".

This project will be able to address many questions of interest to the geophysical
scientific community, being some of them of great importance for the understanding
of the dynamics of our planet. Separation of the various fields composing the
observed magnetic field, including the better individuation of the distinct
internal/external sources, space weather now- and fore-casting, climate change
correlations, are some of the valuable objectives that this project can potentially
reach. The Istituto Nazionale di Geofisica, the leader Institute of Geophysics in Italy,
considers this project a turning point in particular for the Earth's magnetic field
investigation and, more in general, for the geophysical related implications.

Direct involvement of the LN.G. is subject to availability of appropriate funds.

Yours Sincerely, S

Prof. Enzo Boschi
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INSTITUT DE PHYSIGUE
BU GLOBE DE PARIS

December 8, 1998
I DIRECTEUR :

Dr Eigil Friis-Christensen
Danish Space Research Institute
Juliane Maries Vej 30

DK.-2100 COPENHAGEN 0
Denmark

Dear Colleague,

The Institut de Physique du Globe de Paris enthusiastically supports the proposal SWARM of
a small multi-satellite mission to investigate the dynamics of the Earth’s magnetic field.

IPGP and especially its geomagnetism an paleomagnetism department have been involved
for long in the study of the dynamo, secular variation, earth’s rotation irregularities due to
core-mantle interactions, but also of the crustal field and geomagnetic induction by external
sources. We hope that, after Oersted which we have waited for 20 years and Champ, a
permanent space observatory will monitor the geomagnetic field.

For continuit_y of chservations, SWARM will be essential, Furthermore, its configuration will
allow, to a reasonable cost, to bring a tremendous improvement in the knowledge of the
different components of the field (main, crustal, external).

[PGP endorses the proposal SWARM and strongly hopes it will meet success in the selection
process.

Sincerely,

Jean-Louis LE MOUEL
Director of IPGP

4, place Jussiew - Case B9 - Tour 24 - 75252 PARIS Cedex 05 - Tél. : [33/7) 44,27.37.77 - Fax : (33/1) 44.27.33.73 - Télex ; (42) 202 810



Proposal for Earth Explorer Opportunity Missions

Danish Meteorological Institute
Ministry of Transport

27
DMI

. Earth Sciences Divisicn - VR . Qurref.; 98-33-40
ESTEC
Keplerlaan 1 - 8. December 1998
P.O. Box 229 .
NT-2200 AG Noordwijk ZH . FS/TON/g
The Netherlands

Letter of Endorsement for SWARM

The Danish Meteorological Institute strongly support the SWARM mission - in our opinion
one of the most exciting missions proposed in years. The science is within the core research
objectives of our division and fits well with our observational program, which is based on
data from the coming magnetic satellite missions, Orsted and SAC-C, and our chains of
ground magnetometers and riometers in Greenland.

Torsten Neubert
Head of Solar-Terrestrial Physics Division
Danish Meteorological Institute

. ¢c: Dr. Nils Olsen, Danish Space Research Institute

Danish Meteorological Institute, Lyngbyve] 100, DK-2100 Copenhagen . Denmark Internet: wawww.dmidk
Telanbone +45 39 15 75 00 Talefax +45 30 27 10 87, Telex +55 271738 matin a-mail cinidomi.ok
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DEPARTMENT OF AUTOMATION DTU
TECHNICAL UNIVERSITY OF DENMARK

—
il

ESA, ESTEC

Earth Sciences Division-VR

Keplerlaan 1

P.0.Box 229

NL-2200 AG Noordwijk ZH

The Nethetlands

Subject: Letter of Endorsement for participation in the SWARM project. EAE’;;CEM“R 1998

The Department of Automation, Technical University of Denmark fully endorses
the participation of the Space Instrumentation Group in the exciting SWARM
multi-satellite mission for observing the dynamics of the Earth’s magnetic field
in close collaboration with the Danish Space Research Institute and the Niels
Bohr [nstitute of the Copenhagen University.

The Department of Automation is vitally interested in all aspects of stellar
navigation and space magnetometry, and is presently participating with
Advanced Stellar Compasses and Magnetometers in the Danish @rsted satellite,
the Swedish Astrid-2 satellite and the Argentine-US SAC-C satellite. The
Department is also under contract to deliver stellar compasses and
magnetometers for the German CHAMP Earth’s geopotentials satellite mission.

The SWARM mission fits well into our plans, and we are excited over the
prospects to participate with stellar compasses and with scalar and vector

magnetometers. De i
EFARTMENT OF

AUTOMATION
The main funding for the DTU instrumentation is expected to come via an ESA

coniract held by the Danish Space Research Institute and following a successful cmennieal UNIVERSITY

OF DENMARK

response to an ESA AO. Funding for DTU participation in the science data BUILDING 326-327
analysis will also have to come from external sources. Di-2800 LYNGBY
DENMARK
We are looking forward to working with and being part of the SWARM team for TELEPHONE
. v . + 45 45 88 09 59
this new and exciting misston. TETEYRONE DleECT:
+ 45 4525 3568
. FAX:
Yours sincerely, _ o 05 4538 1295
EMAILL
% m ka@ian. deu.dk
urt Andersen
Head of Department
c.c.: Dr. Nils Olsen, Danish Space Research Institute,

Juliane Maries Vej 30, 2100 Copenhagen &
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iy to Attn of:

National Aeronautics and
Space Administration

Goddard Space Flight Center
Greenbelt, MD 20771

Code 921 November 24, 1998

Dr. Eigil Friis-Christensen

Director, Danish Space Research Institute
DK-2100 Copenhagen

Denmark

Dear Dr., Friss-Christensen;

We are writing in support of your proposed mission (SWARM), A Smail
Multi-Satellite Mission to Observe the Dynamics of the Earth's Magnetic

Field. Since we have mainly worked on interpreting the crustal magnetic

‘field we believe that your proposed mission will significantly aid our

studies of the crustal magnetic anomalies. While your proposed mission

altitude is not optimal for crustal studies the fact that you will be measuring

the field with multiple satellites in more than one orbit will aflow us to remove both the
external and core fields to an unprecedented accuracy. We can, therefore, isolate the
crustal field with a greater signal to noise level than previously accomplished. A better
description of external and core fields will also allow us to better utilize existing, lower
altitude, magnetic field data sets. SWARMs multipoint aspect will be especially helpful
over the Arctic and Antarctic, where our attempts to construct accurate crustal anomaly

maps are now hampered by the dynamic nature of the large-scale external fields
in those regions.

We know, from your success in assembling and calibrating the
instrumentation for the Orsted mission that you and your group will do a
similarly excellent job with the instruments for the SWARM mission.

In view of the above we wish you success in your efforts in securing the
SWARM project,

spectfislly,
-N
Patrick T. Taylor
Geodynamics Branch

Mo 1 fe

Michael E. Purucker
Raytheon ITSS
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HIGH ALYTITUDE OBSERVATORY 58 Yoars @ 1040 - 1998

NATIONAL CENTER FOR ATMOSPHERIC RESEARCH
P. O. Box 3000; Boulder, Colozado 80307-3000

Telephone: ($03) 497-1570; Telefor: (303) 497-1589

Telex: 989764; Internet: richmond@ucar.edu

November 24, 1948

Eigil Friis-Christensen

Director

Danish Space Research Institute
Juliane Marics Vej 30
DK-2100 Copenhagen
DENMARK

Dear Eigil:

Thank you for the information about the proposed SWARM project. This is indeed
a very exciting project that would make a major contribution not only to the accurate
determination of {ithosphcric magnetic fields and of secular variations of the main field,
but also to the upderstanding of variable clectric currents in space that contribute to
the measured sigxi;al. It is espccially because of the vuriable nature of these external
currents that the multiple-spacecraft naturce of the SWARM wmission is erucial: multiple
spacecraft will permit a large reduction in the errors inherently involved in scparating
the temporal and gpatial variations of the magnetic field, and therefore in separating the
cffects of ionosphdric and magnetospheric currents from those of crustal magnetization.
The expertise that|has been developed in several European countries based on the Grstad,
CHAMP, and other satcllite magnetic missions, constitutes an exceptionally strong base
on which, to build the ambitious put very feasible SWARM project.

I heartily endorse the SWARM proposal, and would be glad to contribute to the
scientific analysia of the data when the mission is in operation.

Sincerely,

' ot At

Arthur D. Richmond

The Nitional Cenier for Atmotpheric Research ip operated by the Universily Corporatinn
for Atmospheric Reeearch under aponsurship of the National Scicace Puundation.
An Egual Opportunity/A{iimative Action Emplayer
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i

Technische Universitit Braunschweig
Institut fir Geophysik und Meteorologic

i Univ.-Prof. Dr. Karl-Heinz Glafmeier
\ Fax: 0531 391 5220
! Tel: 0531 391 5214
[ | Handy: 0172 9086077

\ Braunschweig, 25. November 1998
X

I
Dr. Eigil Friis-Christensen

Danish Space Research Institute
Juliane Marics Vij 30
DK-2100 Copenhagfn

Fax 0045 3536 2475

Dear Eigil, 1

\
with great interest [ read the proposal “Swarm” for a smalt multi-satellite mission 1o observe
tlﬁe dynamics of the Earth’s magnetic field.

Ihikc to indicate that our gr'oup Lc prepared to support you in this proposal both via
scientific and experimental coptributions. As you are aware our group has vast experience
in building, calibrating and oJlerating space magnetometers. Our recently developed very
small fluxgate magnetometer might be a very interesting contribution for the proposed
small-satellite mission. Also, contributions for the required magnetic-cleanliness
( considerations and sensor calibration aspects can be offered.

Furthermore, I like to point out that I am currently trying to organize a larger German
research project concerning the gnalysis of Earth magnetic field variations, their causes and
consequences on the system Earth. A mission as proposed would certainly be in the spirit
of this programme. Thus, I like to support your proposal as much as I can. Please, keep us
iqformed.

\

Sincerely yours
M Porr o N
< rl-Hei laf¥meier '

-—

|
K |
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Institut fiir Geophysik

Universitdt Gottingen

Herzberger Landstrasse 180 Tel: +49-551-39 -7452
37075 Géotingen, Germany Fax: +49-551-39 -7459

Direct Line: -7451
Prof. Ulrich Christensen E-mail: urc@

willi.uni-geophys.gwdg.de

November, 25, 1998

Dr. Eigil Friis-Christensen
Danish Space Research Institute
Juliane Maries Vej 30

DK - 2100 Copenhagen

Fax: 0045-3536-2475

Re: Proposal for Magnetometer Mission SWARM

Dear Dr. Friis-Christensen,

Hermann Liihr (GFZ Potsdam) has sent me the proposal outline
for the SWARM mission and invited me to participate in the scientific
interpretation of the results.

As you know, the theoretical understanding of the processes in
the liquid outer core that generate the Earth's magnetic field has enter-
ed a new stage. Realistic and detailed computer models of the geody-
namo are within reach. Several groups worldwide now pick up on the
ptoneering work of Gary Glatzmaier and Paul Roberts. The results of
various models are similar ‘in the sense that dipole-dominated magnetic
fields are generated. In order to discriminate between competing
models and to develop of full understanding of the geodynamo, predic- |
tions concerning the detailed spatial field structure up to high-order
multipole components and its variation with time must be compared
with precise observations of the geomagnetic field. There is a clear need
for improved data that allow to separate external field components and
possibly components from crustal magnetisation from the core field.

g
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In collaboration with Peter Olson (Johns Hopkins University,
Baltimore) and Gary Glatzmaier (now at UC Santa Cruz), I have recently
joined the quest for a realistic model of the geodynamo. We obtained
results that look quite promising concerning the field morphology
including the non-dipolar terms. I would definitely be interested in the
improved geomagnetic field data that the SWARM mission promises and
would like to participate in their scientific interpretation.

Sincerely yours

M Claenshon —

Ulrich Christensen
Professor of Geophysics
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