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Although the evolution of the Earth’s magnetic didlas been recorded for decades or even centargg®und-
based observatories, these measurements are \@mselypand unevenly distributed on the globe’saief As a
consequence, these data sets are not sufficiezgtédlish accurate global field models. To mitigdiat problem,
they have been completed by numerous additiongisérod surveys accumulated over the years, cartiedither on
aircrafts or ships. The situation has however @bjicevolved with the emergence in the late 1956f satellites,
which offer the possibility to obtain a global cozge in a relatively short period. While the finsagnetometer was
flown on Sputnik 3 in 1958, high resolution vectoeasurements were obtained only with Magsat in 19gtce
then, the standard payload of Earth magnetic mapgatellites combines both scalar and vector magmeters: the
scalar sensor provides the absolute referenceliforate the vector instrument in flight, which iseh basically
operated as a variometer. In this paper we prasenigenerations of scalar magnetometers develogedeb in
collaboration with CNES for Earth observation spawissions: first the Overhauser magnetometers based
Nuclear Magnetic Resonance, flown with successeasgely on the Oersted (operating since 1999) @hdmp
(2000-2010) satellites, and second the helium magmeter integrated on the three Swarm ESA sateltibeebe
launched in 2012. Their respective design conggand main characteristics are analyzed in viewhefscalar
performances requirements, which directly derierfrthe missions scientific objectives. A focus iad®a on their
heading errors since the spatial anisotropy dyeafiects the instruments’ accuracy, and the issakded to the
long term stability, which is mandatory for the matjc field’s secular variation studies, are alsgewed in detail.
Apart from enhanced metrological performanceshleim magnetometer also implements a dedicatdutacture
thanks to which continuous vector measurementsdaried. This intrinsically scalar instrument herdmdivers
simultaneously absolute measurements of both ttemsity and the direction of the ambient magnegtdf The
operation principles are presented and resulttssafalibration process and the subsequent perfar@sain terms of
vector precision and accuracy are analyzed. Finallg term outlooks are described: they essent@ilysist in the
miniaturization of the helium magnetometer and etiohs of the sensor mode of operation to alloveiploitation
at very low fields, making it suitable for futurlapetary exploration missions.

INTRODUCTION for every Earth magnetic field mapping space missio
launched since Magsat in 1980. Given that, it fefio
Since the magnetic field is intrinsically a vectorthat the most important feature of the scalar imsgnts
guantity, meaning that not only its amplitude bisbdts  of such spaceborn magnetic payloads is the accufacy
direction are needed to fully characterize it, thteémate  its measurements, hence the paramount importance of
need in high precision surveys is for instrumetle &  the magnetic cleanliness in the vicinity of thelac
deliver accurate measurements of its componentgyalo magnetometer environment for the success of a
three mutually orthogonal axes. Now vectormagnetic mapping satellite mission.
magnetometers usually exhibit low frequency excess In this paper, after a very brief summary of the
noise and offsets and therefore require to be gieatly  physical principles at work in all scalar device, will
calibrated with an absolute magnetic references Ti describe the Overhauser Nuclear Magnetic Resonance
the role devoted to the scalar magnetometers,teensi sensor developed for the Oersted and Champ sagellit
to the field strength only, that have been flown inas well as the optically pumped helium device thidit
conjunction with the on-board vector fluxgate seaso be the magnetic reference for the 3 satelliteshef t
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Swarm mission. Their main features in terms ofgenerations of scalar magnetometers developed tiy Le
metrological performances will be listed with adfie  for Earth magnetic field mapping satellite missions
emphasis on the new possibilities offered by tHauhe

magnetometer, both in terms of extended bandwinth f THE OERSTED / CHAMP OVERHAUSER
scalar measurements and of a specific architecture MAGNETOMETER (OVM)

making it possible to derive simultaneously absolut

scalar and vector measurements. The OVM was selected as the magnetic absolute

reference for the Oersted and Champ missions in the
SCALAR MAGNETOMETERS OPERATING 90’s. It directly derives from instruments previbus
PRINCIPLES developed at Leti [1, 2], but also exhibits several
specific features to meet the missions’ requiresémt
Scalar devices all rely on the Zeeman effect: wheterms of both physical parameters (essentially kteig
submitted to a static magnetic field, atomic lewglth ~ and power consumption) and metrological performance
non-zero magnetic moment split into sublevels whosémostly its accuracy) [3, 4].
energy difference is proportional to the field aityule. As stated above, the first point to consider foy an
Measuring this energy gap provides thus a dire@nse given scalar magnetometer is the choice of the odgeth
to determine the magnetic field intensity, and acal for the initial signal amplification. Here the naaf
magnetometers can therefore be viewed as field tmagnetic resonance signal is amplified thanks to a
frequency converters based on atomic spectroscopgtynamic nuclear polarization process: the sample
The most widespread way to carry out this measunemeconsists of a solvent whose nuclear spins are edupl
is the magnetic resonance technique: an RF-fielthe electronic spins of a free radical in solutign.
applied to the sample strongly interacts with ttmres  saturation of the electronic transitions first ledd an
only when its frequency is close to the Larmorincreased electronic polarization, which in tursules
frequency corresponding to the energy separatiom a nuclear polarization amplified by a factoratfout
between the magnetic sublevels. Once this conditon 3000. By properly choosing the RF frequency for a
met, the RF-field causes transitions between thgiven solvent/radical pair, one can obtain eithesitive
magnetic sublevels and tends to equalize theior negative polarization of the solvent’s nuclepins.
respective populations. Now at thermal equilibriumThis feature is exploited to build a CW oscillatwound
under nominal operation conditions (ambienttwo flasks with opposite polarities, as illustratad Fig.
temperature ranging between -30 °C and + 50 °C antl, so that the resonance signal generated in dask f
magnetic field intensity < 100 uT), the initial pdation  and picked-up by the detection coils is amplifiedhjle
imbalance between different Zeeman sublevels ithe common mode signal resulting from the injeci®n
extremely small and the magnetic resonance cammot bejected by the differential amplifier.
detected. Hence all scalar magnetometers requirt

preliminary amplification of the initial polarizatn of H.F. generator L3 B

the sample to operate at a sufficient signal teeaoatio. o
The choice of the method to achieve this amplifocat ]

determines largely the characteristics of the rasoe positively  negatively
that will be used to monitor the magnetic fiel Pk sk

variations, and hence directly affects the perforces

of the instrument. In particular, it turns out thiie Fig. 1: Overhauser nuclear magnetic resonance- auto
amplification processes usually depend stronglytten oscillator architecture.

relative orientation of the device with respect the

magnetic field direction, thus resulting in attieud The sensor’'s omnidirectionality on the other hasd i
induced effects on both the magnetometer’'s reswiuti ensured by the coils design: they create highly
(signal amplitude dependence, leading in the waase  inhomogeneous RF injection signals in such a way; th
to dead zones, i.e sensor attitudes in which néegardless of the direction of the static magniétid, a
measurement can be carried out) and accuracy (gd ca constant fraction of the cells volume is submittedhe
heading errors). This point has to be considerag ve proper excitation and detection conditions. (seg EJ.
carefully as soon as the instrument needs to beatgze Such magnetometers have been operated for many
on mobile platforms, so that the choice of theyears in various environments, in particular for
polarization amplification method on the one hand a aeromagnetic surveys for which the operational
the isotropy considerations on the other hand dutrto ~ constraints are similar in many ways to the onesime
be the main design drivers for a scalar devices Will ~ satellite  applications. However, as mentioned
be illustrated in the following paragraphs for thveo ~ previously, several design evolutions were nevégtise

IAC-11-B1.3.9 Page 2 of 6



62nd International Astronautical Congress, Caper,A. Copyright ©2010 by the International Astrotieal Federation. All rights reserved.

THF { Tano "*ND
THF + H,0  Tano "5ND
AF coils

o 3 i 3
S 2000.E- o Optimal HF
o E Y ! polarization 3
= & B frequency 3
200, 3
s E PR I (57.65MHz) 3
& By ¥ 3
N 1000. - ; 3
B 3
o] ?/ U 3
o O T 3
= R
b} 3 : ]
] 1000 F .
=) '
= - '
(%) \ I ¢
= 2000, - . { 3
£ ' / 3
o] E [ E
= ‘\ ¥ =
¥ Z -umf \‘L, 3
AF field lines 3 : E
zeeLnpapla pgd Pagy = lmsensll L i

Fig. 2: Schematic view of the NMR sensor head. Frequency (MHz)

Fig. 3: Differential polarization scheme (respeely

necessary to comply with the mass and power budge positive/negative for THF/THF+Dsolvents).

allocated to the OVM. . - . .
the static magnetic field, it was chosen so agptorize

First of all, the mass budget put strong limitai@m ~ the magnetometer’s operation at low field where the
the sensing head dimensions, inducing a verjn€trological performances are otherwise signifiyant
challenging issue for the operation at low fiel@éven degraded. Finally, the variation of the signal heson
the polarization process on the one hand and trS @ function of the magnetic field was reducedaby
resonance detection method on the other hand, t@ctor of 2, as illustrated in Table 1 below.
signal amplitude varies indeed with the squarehef t
magnetic field modulus. Once the various constsaint Magneticfield o .4 59 45 4o
taken into account, the sensor design resulted in a (1T)
resonance signal at 16 uT of the order of aboupu®2  OVM resolution 35 13 65 5 4
only. This rather low value combined with the cable (pTWHZ) '
length connecting the sensor head to its electsonicTable 1: Evolution of the OVM resolution as a fuont
located several meters away within the satellitelybo of the magnetic field amplitude
motivated the implementation of the differential

preamplifier directly next to the sensor. Special .
attention was devoted to the selection of the Itshould be noted that part of the excess noisenat

preamplifier components and a systematic magneti&?ed is due to the spatial magnetic gradients tedy
screening plan was implemented to reduce as much H& €oils used to change the magnetic field modidas
possible the induced magnetic signature. Thanks 56"a,t the values mentioned here are in fact uppereva
these precautions, the magnetometer frequencimits:
anisotropy, which represents the main contribution
the instrument’s accuracy error budget, was kefuivbe
400 pTy, after a 3mT magnetization, corresponding to
magnetic moment of less than 100pA.m

Concerning the power budget, the main contributo
for Overhauser NMR magnetometers is due to th
generation of the HF signals required to saturhte t
electronic transitions in the two sensor flaks.réduce
it significantly, the two solvent/radical couplesave

The last important feature of the OVM is its

susceptibility to the electromagnetic environmediie
do the differential architecture, the pick-up coitject
on the first order the ambient radiated fields. idwer,
flespite the care that has been devoted to the imgtoh

e coils characteristics, the residual imbalancéwa
requencies between these coils gives rise to a
remaining magnetic field susceptibility which prate
the magnetometer operation in standard laboratory

been chosen so that one single HF excitation @eatgMVironments, mostly due to the mains harmonics

optimal polarizations of opposite polarities in ledask ~ €Missions.  Moreover,  the = Overhauser NMR
(Fig. 3) magnetometer’'s narrow resonance line, which isriglea

This was achieved thanks to an extensivc{"n advantage in terms of magnetometer accuracy and
characterization of the evolution of the dynamiclear ~|0Nd time stability, turns out to be a problem dgrthe
polarization efficiency as a function of the HF _satelllte integration operations: whenever therimsent

frequency for a number of solvent/radical couples'S Submitted to spatial magnetic gradients, its

Moreover, as the polarization frequency also depemd Performances degrade quickly, preventing it from
operating under most environment tests conditions (
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particular for all stowed boom configurations). $ke polarization, whereas it is the propagation diactof
susceptibilities, which are no longer of concersethe the pumping beam that matters in circularly polkediz
satellite is in orbit, contribute to make it quitelight. Now when trying to design an isotropic

cumbersome during all ground activities. instrument, i.e an instrument whose performances ar
independent of the sensor attitude, it is obvioeslgier
THE SWARM LASER PUMPED HELIUM to control the direction of the linear polarizatittran to
MAGNETOMETER rotate the whole sensor in order to align it propetith

respect to the magnetic field direction. In ourecéise

To overcome the limitations of the Overhauserisotropy is thus simply achieved thanks to the afsan
magnetometers identified during the Oersted andmagnetic piezoelectric motor which permanently
Champ programs, a new magnetometer has been

self

designed for the Swarm mission [5]. It relies nowa coctaior -
low pressure helium vapour as the sensing mediem (s BF discharge o
Fig. 4), with the optical pumping process the o — /

counterpart of the dynamic nuclear polarization.
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Fig.5: Isotropic helium magnetometer architecture

118, level

Fig.4: Relevant helium energy levels involved in conirols the laser polarization and the RF magrfietid
ASM magnetometer directions so that they are both perpendicularhe t
static magnetic field [7]. The resulting magnetoanet
One important difference is however due to the fackrchitecture is illustrated on Fig.5.
that the optical pumping is a much more efficient Contrary to the Overhauser solution based on a
polarization method, leading to an almost completgjesign trade-off between instrument's resolutio an
polarization. As a consequence, the signal am@itudomnidirectionality, the helium magnetometer is al&a
does no longer depend on the magnetic field strengigperated in the optimal operational conditions ksato
and a resolution of 1 pTHz is now obtained over the this servo loop, but this is achieved at the exparighe
complete measurement range. use of a dedicated mechanism. As for the sensor
As compared to most optically pumped anisotropy, resulting from a combination of inducex
magnetometers, the Absolute Scalar magnetometgémanent contributions, a typical  signature
(ASM) operates with linearly polarized pumping ligh corresponding to the flight configuration is premehon
instead of circularly polarized light. The main seas  Fig.6.
for that choice are the following: As for the environment susceptibility, the ASM
- the strong interaction between the laser pumpe®m  significantly broader resonance line (close to T0as
and the helium atoms can in general affect thear@n  compared to less than 7 nT for the OVM) reduces the
level and result in so-called light shifts [6] wieser the  jmpact of inhomogeneous magnetic fields on the
pumping light wavelength is detuned from the heliummagnetometer performances, while the principles of
transition center wavelength. Now using linearlyoperation and architecture of the helium device esak
polarized light suppresses this effect, thus sigaiftly  robust to low frequency radiated magnetic fieldsyst
increasing the instrument’s accuracy. making the EMC specifications much easier to meet i
- the key parameter governing the optical pumpinghat respect.
angular dependence is then the direction of therlas
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apart from delivering additional data for potentiew
Simulated in-orbit magnetic field study fields, also makes it possible to deliver
simultaneously scalar and vector data with a single
instrument. [8]. To achieve this, three orthogoloal
amplitude AC excitations are applied to the heliceti,
and the spectral analysis of the scalar resultimgpud
provides an estimation of the projection of thetista
magnetic field along the modulation directions. The
corresponding architecture has already been destrib
in detail in several previous papers (see for imsa
[9]). The obvious advantages of that configuration
derive from the fact that the very same instrument
simultaneously delivers both absolute scalar aradove
Simulated uncorrected in-orbit ASM PFM anisotropy data, thus suppressing elaborate synchronization
‘ ‘ requirements between different instruments or any
concern about the spatial magnetic gradients betwee
them. Moreover, contrary to the intrinsically vecto
I instruments, it does not exhibit any offset, thus
8 b ’ L considerably simplifying its calibration processast
40 & L A but not least, it offers auto-calibration capalsit and
! /‘ g ! the calculation of a scalar residual (differencemMeen
0 ! Induced ! ! the static field modulus and the field amplitudelaeed
0 20 40 60 80 from the estimation of its three components) presidn
time in min easy means for real time data quality assessméet. T
design performances for these indirect vector detaa
resolution of 1 nTWHz for a 50 uT ambient field, and an
accuracy of 19 for the determination of the vector data
. scale factors. The Table 2 and the Fig.7 show
Last but not least, the short metastable heliumggpeciively the noise level and the scalar residua
relaxation time (of the order of one millisecondbults  cnaracteristics of one of the ASM flight models for
ina much higher bandwidth for the helium,aous magnetic field intensities and the resisual
magnetometer than was the case for the NMR sensofgenyeen the scalar measurements and the corresgondi

While this feature is of no direct interest for theysyes deduced from the vector estimation during th
calibration of the vector instruments (the scal@adare gheal runs at 10. 20. 40 and 60 uT.

sampled for that purpose at a fixed 1 Hz frequenity)
opens new opportunities for the exploitation of the

field component (uT)

time in min

Anisotropy in pT

Fig.6: residual anisotropy for the in orbit A¢
configuration

lar inst ¢ Magnetic field
Scajar instrument. amplitude 10 20 40 60
NEW CAPABILITIES OF THE ASM (1T -
Vector resolution 03 0.7 11 18
(nNTAHZ) ’ ’ ’ ’

First of all, the scalar magnetometer can intrialsjc
be operated at an increased sampling rate (a marde L
at 250 Hz, corresponding to a 100 Hz measurements'["’lml"‘lrd deviation 0,19 0.17 024 0,35
bandwidth, is available on the Swarm magnetometers, (nT)
but will be operated only for a short duration dgrthe  Table 2: Evolution of the vector resolution andlaca
commissioning phase except if a scientific interfest residual characteristics (model FM1b)
high data rate measurements is expressed). Now, the
combination of high resolution and extended bantiwid

Scalar residual
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ASM FM1b vector calibration magnetosphere studies for the low frequency patthef
spectrum) or autonomous scalar / vector operations.
Last but not least, the helium magnetometer can be
operated in a zero field configuration with onlyrye
minor evolutions in the sensor overall design, thus
extending its initial capabilites to new missioins
planetary exploration.

Scalar residual (nT)
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