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ABSTRACT 

The magnetic field investigation (FGM) is designed 
to provide inter-calibrated measurements of the 
magnetic field vector B at the four Cluster 
spacecraft . The objective of this investigation, 
like that of the mission as a whole, is the study 
of small scale plasma structures a nd processes in 
the Earth ' s environment. The instrumentation is 
identical on the four spacecraft : i L consists of 
two tri-axial fluxgate sensors and of a fai lure 
toleran t Da t a Processi ng Uni t . The combi ned 
analysis of the four-spacecraft da ra will yield 
such parameters as the current density vector, wave 
vectors and the geometry a nd structure of 
discontinuities . This paper outlines bath rhe 
instrumentation to be used and the proposed data 
analysis techniques . 

Keywords : magnetosphere, magnetic f i eld, space 
plasma , fluxga r e magnetometer 

1. INTRODUCTION 

Cluster is a new type of magnetospheric mi ss ion, 
providing an opporruni ty t o dete rmin e , through the 
use of the four-spacecraft configuration , the rhree 
dimensi onal, ri me dependen t charac reri st i cs of 
smal l scale srruc-rures in t he near-Earth space 
plasma bo th in the ma gnetosphere and in the nearby 
in t erplanetary medium. 

PRECEDING PAGE BLANK NOT FILMED 

M.G. Kivelson & R.C. Elphic 

Institute of Geophysics & Planetary Physics 
UCLA, Los Angeles Ca, USA 

F. Primdahl 

Dansk Rumforskningsinstitut, Lyngby, Denmark 

A. Roux 

CRPEICNET, Issy-les-Moulineaux, France 

B.T. Tsurutani 

Jet Propulsion Laboratory, Pasadena Ca, USA 

When magnetised plasmas from differen t sources 
interact, the high electrica l conducti vi ty of the 
plasmas pr even t them fro m mi xing readi ly. Instead, 
a thi n boundary cur ren t shee tis formed between 
them. The inte r act i ons whi ch then occur to 
transfer mass, momentum and energy between the two 
plasmas in volve small sca l e phenomena ope r a ting in 
the boundary , such as localised, t ransi en t 
reconnect i on (flux transfer eve nts) o r t urbule nt 
diffUSion . Addi ti ona ll y , at super-magnetosonic 
relative flow speeds , a shock is formed ups trea m of 
the bounda r y , agai n involvi ng processes on small 
spatial sca l es . 

Phenomena such as these are ubi qui tous in all 
cosmic plasmas, bur can only be studied in situ in 
solar system plasmas. The closest available 
space plasmas for detailed study are to be fo und in 
the Ea r th ' s magnetosphe r e and in t he region of its 
interac tion with the solar wind . The orbit of 
Clus ter has been chosen to sample most of the key 
features of thi s system . Th e regions whi ch will be 
studied by Cluster are the dayside magnetospheric 
boundary, both at mid-latitudes and in t he cusp 
where processes associated with magnetic 
reconnection and turbulence a re believed to occur, 
the near-Earth magnetospheric tail on the nightside 
which undergoes pedodic large-scale magnetic 
reconfigurations during substorms, and the upstream 
solar wind , bow shock and magnetosheath. 
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In t he context of the overall mission aims, it is 
obvious that an accurate determination of the 
magnet ic field is basic to any plasma physics 
investi gat ion. I n a magneti sed plasma, the 
magnetic field large ly orders the plasma 
populations and strongly influences the propagation 
of waves . Thus not only 1S the magneti c field 
investigation to be r ega r ded as a research 
instrument in i t s own right, but it a l so provides 
information whi ch is e ssential for interpreting 
data obtained by other instruments . 

In the next sec ri on of this paper we present 
considerations concerning the ana l ysis of the 
four- spacecraft magnetic field data . The novelty 
of Cluster i s that it provides the opportunity to 
derive three dimensional, time-dependent parameters 
characteris i ng the plasma, such as current density 
vectors, wave vectors a nd vector normals of 
dis con tinui t ies and boundaries . The app licability 
and limitat ions of the da ta analysis techniques are 
dependent not only on the physics a nd scale sizes 
of phenomena along the orbit of Cluster , but a l so 
on the accuracy , in space and ti me , wi th which the 
four-spacecraft confi gura tion is defi ned, the 
in t er- calibration of the magnetometers , a nd the 
success of t he magnetic cleanliness programme . 

A detailed description of the instrumenta tion be ing 
developed for Cluster is given in Section 3 . 
Despite a number of uncertainties concerning the 
implementation of the instrument (acceptabl e at 
this stage of the deve lopment programme) , its main 
characteris t ics and performance parameters have 
been fully def ined . The organisation and tasks of 
the international investigator team are given in 
Section 4 . 

2. FOUR-SPACECRAFT DATA ANALYSIS TECHNIQUES 

2.1 The Cluster magnetic field data set 

The data r equired by this investigation consi sts 
not only of the output of the instrumen t , but also 
of information on the orbi t , attitude and ti me of 
each one of the four spacecraft. We define the 
primary data set as follows : 

- the simultaneous measu remen t of the magnetic 
field vector at four locations in space , 

- the three vectors gi vin g the relative locations 
of three spacecraft with respect to the fourth, 
taken as the reference , and 

- the vector giving the location of t he reference 
s pacecraft in an Ea r th-re lated i nertial 
coordinate sytem . 

All eight vectors a r e dete rmi ned as a function of 
time and in coordinate systems whi ch must be 
r elated to each other in a known way . 

In the fo l lowing s ubsect ions we describe three 
techniques, using this data set , which will be 
routinely impl emented in the data analysis 
programme. Al l three imply making assumptions 
about the processes be i ng investigated , but a 11 
th r ee ar e susceptible to powerful validity checking 
techniques . 

The l ogic i mpl icit in these techniques can be 
extended to the use of more genera l model testing 
me t hods, as already i ntroduc ed in other branches of 
geophysics . Briefly stated, quantitative tes t s of 

models , theoretical or semi - empiricell, can be 
carried oul by ca l culat ing cross-correla tion (or 
overlap) integrals be tween models and the data set . 
The development of such analysis techniques is an 
important pre-launch activity , involvin g the 
development of phy·sical mod·els and quanti tative 
tes t procedures, as well as the preparat ion of 
basic processing for intercalibration of 
inst ruments in flight. 

2 . 2 Determination of the current density vector 

The first and most publicised use of the four 
spacecraft magnetic field data is the determination 
of the cur rent density vector by applying t he 
integral form of Ampere ' s law to the faces and 
edges of the t etrahedr on formed by the four 
spacecraft , using the vectors specifying their 
separations and the vector differences of the 
magnetiC field measured by the four magnetometers . 
This technique , which we name the "curlometer " 
because it provides a measure of curl B, is 
equivalent to a measurement of the average current 
density vector , as illustrated schematically in 
Figure 1 . 

The method is limited to the case when the field 
varies uniformly within the tetrahedron , or 
equivalently , when the cu rrent distribution is 
uniform on the separation scale of the spacecr aft . 
Current distributions are expected to have scale 
sizes about 100 km , smaller than the Cluster 
spacecraft separations , at several locations along 
the orbit, such as in the magnetopaus e , the plasma 
sheet boundary, shocks etc . A good estimate of the 
quality can be obtained by evaluating the residual 
value of div B, or the total flux of the field 
through the faces of the terrahedron . This value 
should be small (when compared to the magnitude of 
curl B) , othervise t. he current density estimates 
a re unsafe to use without further conSideration , if 
at a ll. 

Figure 1. The Cluster tetrahedron, indicating the 
current s which can be calculated using 
Ampere ' s law. 

The estimate of t he current densi ty i s a l so very 
sensitive to the accur acy with which the separation 
vectors are known; and, beca use of the use of 
vector differences of B between magnetometers, to 
the intercalibration of the i nstruments , the 
knowledge of their orientation and alignment , and 
the residual magneti c f i e ld of the spacec raf t at 
the l ocat i on of the sensors . All these potential 
error sources interact strongly i n the estimate of 
the current density . An extensive modelling 
programme of the potentia l error sources has been 
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initiated to ass i st wirh the scientific da ta 
analysis . A prelimjnary resulr is that for an 
estimate of Lhe current densjry vector accurate to 
5%, vector separations must be known ",j t h an error 
of 1%. 

The characterisa tj on of waves in rhe magnetosphere, 
magnetosheath and nearby interplanetary space is an 
important objective for Cluster . If the combjned 
analysis of the magnetic field data from the four 
spacecraft is done in the the wave number vs . 
frequency domain, rather than in space and time, 
informar ion on wave vectors can be derived, 
assuming that the observed waves can be analysed in 
terms of monochromatic plane waves wi th wavelengths 
comparable or larger rhan the Clusrer separation 
distances . 

Although this assumption is restricrjve and is not 
likely to be valid generally, there are a number of 
ways in which the applicability of the t echnique 
can be tested. Waves can be characterised by this 
technique if they are coheren t at the location of 
the four spacecraft . The coherence length of the 
Signals is ljkely to be only a few tjmes the 
wavelength unless the waves are very monochrome, so 
that for wavelengths much shorter than the 
spacecraft separation, sl gnals wi 11 fai 1 the 
coherence test . This and other physical 
constraints, such as the divergence-free nature of 
the magnetic field, will assist in establishjng the 
validity of results derived by this technique . 

The determination of the geometry and structure of 
discontinuities, boundaries and shock waves is one 
of the major objectives of Cluster . The simplest 
assumptjon is thar discontinuities are planar on 
the scale of the inter-spacecraft djstance . 
Calculation of the normals at the four sites , using 
minimum variance algo rithms, is a powerful test of 
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the assumption, toge ther with the tImIng of rhe 
dlscontinuity by the four spacecraft . 

A quantirative proof of planarity, or a measure of 
the departure from planarHy ~lill be the starting 
point for systematjc studies on the structure of 
djscontjnujties and interface phenomena . 

3 . INSTRUMENT DESCRIPTION 

Identical Instruments are foreseen for all four 
Cluster spacecraft . Each instrument consists of 
two boom-mounr ed triaxial fluxgate sensors and an 
electronics unit ln the spacecraft contalning the 
drive and sense eleccronics of the sensors , signal 
mulljplexers and analogue- to-dlgltal converters , a 
dual- processor Data Processing Unit , and a dual 
DC- DC power converter . The block diagram of the 
instrument is shown in Figure 2 . 

Magnetometers have become classical instruments on 
all particles- and - fields mjssjons . For several 
years now , magnetometers have outperformed the 
mission requirements in terms of sensltlvity , 
resolution and nOlse level . The key djfferences in 
instrument performance from mlssjon to mlssion have 
come from the available telemetry rates , the amount 
of onboard processjng and the level and stability 
of the background magnetic field due to the 
spacecraft . 

In the case of Cluster, the magnetometer sensors 
and their electronics ha ve been inherited from 
previous missjons , such as Gjot t o a nd AMPTE(CCE) . 
However , the scientific requirements (data analysis 
in terms of vector differences between spacecraft) 
now call for hlgher resolution , hence the need for 
14- bi t analogue-to-digi tal conversi On . The use of 
microprocessors enable a more flexible approach to 
onboard proceSSing, used for fi ltering, event 
r ecognitlon etc . Fu r thermore, the design alm js to 
eliminate single point failure modes, in other 
terms , to make the instrument fallure tol e rant . 
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Figure 2. Block diagram of the Cluster magne tometer . 
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Figure 3 . Block diagram of a single axis fluxgate magnetometer . 

3 . 1 The fluxgate magnetometers 

Fluxgate senso r s have been proved rugged and very 
reliable in space use . Their performance fully 
satisfies the sci en tifi c requi rements of the 
mission . The schematic block diagr am of a single 
axis sensor is shown in Figure 3 . 

A fluxgate magnetometer consists of thr ee e l ements : 
a sensor , the drive electronics , and the sense 
electronics . The sensor to be used for Cluster has 
a toroidal magnetic core, wi th a toroidal primary 
winding , carrying the drive signal , in this 
instance a differentiated square wave of about 15 
kHz , driving the core deep into saturation twice 
per cycle. The secondary wind i ng i s placed on a 
rectangular coil former around the core ; the axis 
of the secondary or sense winding is the axi s of 
the sensor . 

The signal out of the sensor at rhe second harmonic 
frequency of the drive waveform is proportional to 
the component of the ambient fie l d along t he sensor 
axis . This signal is first ampli fied then detected 
synchronously with a pha s e sensltlve detector , 
integrated , a nd fed back in the form of current 
(hence the use of a vol tage-t o- ru rren t ronverter , 
or tra nsconductance amplif i er) to the sense wi nding 
to make the sensor operate close to its null point . 
The dr ive waveform generator also provides the 
second harmonic phase reference used in the 
synchronous detector . 

Three sensors , a r ranged i n an orthogona l tr i ad , 
constitute each of the two sensor assemblies to be 
mounted on the spacec r aft boom . The two sets of 
sensors for each spacec raft a r e requi r ed part ly for 
r edundancy , and partly fo r mon it or i ng t he i n- flight 
backgr ound fields of the spacecraft. The senso r s 
a r e l i nked by the boom cable harness to thei r 
respec Li ve d r ive and se nse uni ts i n t he i ns t ru me nt 
e l ect r onirs box in th e spac ec raft . 

Th e magne t omete r s a r e e i ght r ange in s t r uments , 
pr o\lid ing a bi pol ar fu l l scale output voltage fo r 
field val ues from +/ - 4 nT to +/- 65 , 536 nT , ea ch 
r ange be in g f our r ime s th e preceed in g range . Ra nge 
s wi tchi ng wi ll be controlled a ut omaLica lly by the 
DPU . Ir i s pl ann ed t o use onl y f ou r of th e r anges , 
a s shown i n Tabl e 1 . 

TABLE 1 

Range Reso l ution 

+/ - 256 nT +/- 0 . 015 nT 

+/ - 1024 nT +/ - 0 . 06 1 nT 

+/ - 8192 nT +/ - 0 . 5 nT 

+/- 65536 nT +/- 4 nT 

The 65,536 nT range is r eserved for ground testing . 
The resolution shown in Table 1 results from the 
use of a 14- bit ADC . 

In view of the expected low temperature ( - 100 °C) 
during eclipses, a 0 . 25 W heater is incorporated in 
the sensors, powered by a 40 kHz inverter in the 
electronics unit , using a dedicated power supply . 

3 . 2 Analogue- to- digital conversion 

The two sensors provi de three ana'logue voltages 
each , cor responding to the components of the 
magne t iC field vector measured by the senso r s . The 
signals from both sensors are fed in parallel to 
two analogue multiplexers , followed by two 14- bit 
analogue- to- digl Lal conve n ers (ADe) . 

In routine operation only one of the pa l hs will be 
used , controlled by the DPU , normally on ground 
command . (I t i s fo r eseen tha t a UL omaric switching 
will also be incorporated , for use in failure 
recovery and during the in - flight calibration tesL 
sequence . ) 

The ADCs used are 16- bit successive approxima t ion 
types , short cycled to 14 bits , with timing a nd 
seq uenci ng s i gna l s ge nera t ed by t he DPU . The 
conversion time for each vector is about 0 . 2 ms . 

The f unc t ions of I he DPU a r e : 

- Contro l a nd sequ encing of t he di gitisa ti on of the 
ana logue volt ages-represenling t he magnet ic fi e l d 
componen l s measured by the se nso rs . The nomina l 
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Figure 4. Block diagram of the Data Processing Unit. 

internal sampling rat e is 100 vectors/s, although 
this figure is yet to be confirmed when the final 
telemetry rate and intermediary digital filtering 
algorithms (see below) are confirmed . Sampling 
is synchronous with the spacecraft clock, not 
with the spin . 

- Range control of the magnetometers . Up ranging is 
implemented if any of the three components 
reaches a value in an upper guard band (defined 
as the upper 10% of the range) . The instrument 
will be put into the lower range if all three 
components of the vector r emai n in the lower 
guard band (defined as the lower 10% of the 
r ange) for a complete spin of the spacecraft . 
Automatic ranging can be overridden by ground 
command. The range control is gi ven to each 
magnetometer in the form of a three-bit command 
word . 

- Processing of magnetic field data for telemetry 
transmissi on . The primary DC to 50 Hz bandwidth 
is aimed to study the neighbourhood of shocks, 
where there is enough wave power in the upper end 
of this frequency range. For routine telemetry 
transmission, a r ate of 1000 bps has been 
allocated , enough to transmit about 20 vectors/so 
The DPU wi ll process the full bandwidth 
digitised data stream, using digital filtering to 
tailor the bandwidth of the output to the 
transmitted data rate. The current plan is that 
in routine operations the outboard magnetomet er 
will generate 16 vectors/s, while the transmitted 
r ate from the inboard sensor will be 4 vectors/s o 
Other options can also be implemented, for 
example a mode in which the two sensors generate 
the same data rate . 

The deletion of a n event triggered burst memory 
mode in the spacecraft can be to some extent 
mitigated by generating sta ndard deviation data 
and by computing band pass filtered values of the 
field magnitude . The use of such data is to flag 
events when a high rate of change is observed, or 
there is significant power in upper part of the 
freque ncy band of the instrument . The detailed 
processing requiremen ts for this purpose will 
need to be reviewed when higher priority tasks 
for the DPU are better defined . 

- TeleFornmand and telemetr~interfaces with the 
spacecraft data and command subsystem . As yet 
these are largely undefined, although a crude 
form of packetised telemetry is being envisaged 
for the mission . The DPU will assemble the 
instrument data packets for transmission to the 
telemetry system . Telecommands will be decoded 
and implemented by the DPU . 

- Instrument health monitoring . The DPU will 
collect and prepare-for transmission in te rnal 
digital and analogue housekeeping channels. 
Furthermore , there will be at least a limit ed 
ability built inLO the DPU to monitor the health 
of specific functions so that it can perform some 
self-checking and failure reconfiguration. These 
functions can be modified or overridden by ground 
command . 

- Control and sequencing of in- flight tests. The 
in st rumenthasbuilt-i-n-t-es-t sequences both for 
the digital and the analogue/sensQr parts . These 
test sequences are init ited by ground command , 
but cont r olled by the DPU . 

- Provision of magnetic ,field data to most other 
instruments . This~unction is described 
separately in Sub-section 3 . 4 . 

The key to the desien of th e DPU is the selection 
of the microprocessor type and its related devices . 
The block diagram of the npu in Fi gure 4 is based 
on I he 80C86 fami l y of O1i croprocessor a nd 
peripheral devices I<hi c]' combine low power, high 
performance and hi gh tol erance to the radiation 
environment of CluBter . However, their 
avai1abll i ty lias not been assured , so rhaL 
al l ernatives (rransputers , HD281) ar being 
evaluated . 

IImiever, Ihe arcU rec t ure shol<m in Figure 4 is a 
tood guide [0 rhe desi!';n goals of the pru . A 
failure roleranr DPU needs a minimum of two 
processo r s , each having acc('ss to all Ih e fur,c l ior.s 
and interfarE's which neell I (I U(' incorporated . This 
desjsn uses IWO bus sys l ems , including da t a , 
address and conlrol bu£es, isolaled by prolec t ed 
bUB inrerface unirs. Tnpu l <l nd OUI put funn iOllS, 
such as I he Mes ane! spac('cr" ft i nrerfal'e uni I s are 
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memory mapped through the bus system, but need to 
be duplicated to avoid single point or funct ion 
f ai lure modes-. Each microprocessor has its own 
programme and scra tch memory . The software is held 
mostly in ROMs in order to mi nimise the amount of 
code that needs uplinking every time the instrument 
is switched on. The design of the flight software 
will be highly modular to provide sufficient 
flexibility but needing only minimal reprogramming . 

The two microprocessors will oormally perform 
different functions : while one will handle the data 
acquisition process, inc luding the digital 
filt ering, the other will handle the interface 
tasks, both with the spacecraft and with other 
instruments. In case of fai lure of one of the 
processor units, the other is able to take over 
some of t he vital tasks, so that the instrument can 
maintain a basic operational level. 

3.4 The inter- exper i ment link . 

Other instruments on Cluster, such as the plasma 
detectors and the electron gun require the magnetic 
field data in real time for use in the onboard 
acquisition and processing of thei r own data . The 
interface and the data to be transmitted have not 
been finalised at this stage. It has been proposed 
to provide the raw data , as telemetered for the 
magnetometer itself , but in a continuous data 
stream, rather than in the form of the assembled 
packets. 

The basic data format which has been proposed 
consists of contiguous, synchronous data words of 
64 bits, transmitted 16 times per second . Each 
data word would contain a start bit, the three 
components of the magnetic field vector, wi th a 
resolution of 12 bits, and 3 bits of range 
information. The rest of the word is filled with 
zeros . No protocol is envisaged, the data would be 
simply loaded into a user experiment's register at 
62 .5 ms intervals. The shift clock will be 
continuous at 1024 Hz . The data are in spinning 
spacecraft coordinates (no despinning is planned on 
board) and uncorrected for offsets . However, 
information on offsets and gains needed for 
interpreting the data will be made available to 
users of t he link . 

4. IMPLEMENTATION PLANS 

The definition status of the instrumentation is 
quite advanced so that most major characteristics 
and interfaces are known . The detailed design of 
most subsystems has been initiated . There is of 
course a great deal of previous experience in most 
areas, and beyond the customary difficulties caused 
by mass, power and financial constraints, the 
implementation of the instrument i~ not regarded as 
involving high risks. 

The mass of the i nstrument has been set at 2.8 kg, 
including the two sensors, the electronics box and 
the boom harness connecting the s ensors to the 
electronics. The primary power for the inst rument 
is 2 . 7 W. 

A key issue for the investigation is the magnetic 
cleanliness of the spacecraft . Past experience has 
shown that it is possible to build magnetically 
clean spacecraft, but not without a significant 
effort on the par t of all pa r t i cipants in the 
mission. For the Cl uste r programme it has been 
decided to impl ement a par tnership , thr ough the 

Electromagnetic Cleanliness Boa r d , between the 
experimenters, the ESA Programme Office and the 
prime contractor to be selected , to set up an 
appropriate test programme and to ensure the 
required disCipline needed to meet the design goal 
of 0 .25 nT background field at the sensor location 
on the boom . The stability of the backgr ound must 
also be better than 0 .1 nT in 100 seconds . 

For the implementation of the instrument and the 
processing and analysi s of the data, the 
Investigator Team has agreed to share the tasks as 
follows : 

Imperial College : Overall system design and 
leadership of the investigation ; design and 
const r uction of the DPU, power supply, electronics 
box , Electrica l Ground Support Equipment; magnetic 
clean liness programme; environmental testing ; data 
processing; flight operations . 

Technische 
cali bra tion 
design and 
programme. 

Universitat Braunschweig: 
programme; participation 

construction; magnetic 

Instrument 
in the DPU 
cleanliness 

Koln Uni versi tat: Data reduc tion and processing; 
participation in the magnetic cleanliness and 
instrument calibration programmes . 

Insti tut fur Weltraumforschung, Graz : Design and 
construction of the analogue multi plexers and A-D 
converters; part of the flight software; magnetic 
cleanliness programme . 

NASA/GSFC : Provision of the magnetometer sensors, 
their analogue electronics and the boom cables. 

UCLA: Data reduction and processing, software for 
Intercalibration in flight. 

Dansk Rumforkningsinstitut: Support 
magnetic cleanliness and instrument 
programmes. 

for the 
calibration 

CRPE/CNET: Magnetic cleanliness support; liaison 
with the Cluster wave consortium . 

JPL : Data simulation/modelling. 

This list identifies only the major tasks of each 
group . All investigators are expected to playa 
full and equal part in the scientific analysis of 
the data. 

The Investigator Team is conscious of the 
unprecedented opportunity for major advances in 
understanding magnetospheric processes offered by 
the Cluster mission. It is ready to make all the 
necessary effort to make the mission a success. 
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