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Abstract

The CEA-LETI has successfully designed and realeeaptically pumpedHe magnetometer which provides absolute scalar
magnetic field measurements with a 1¥HZ resolution over a DC to 100 Hz bandwidth. Itsfinorrected scalar accuracy has
been demonstrated to be better than 50 pT. The ABkument is also able to provide vector field meaments with an
intrinsic 1 nTAHz resolution and a 0.4 Hz bandwidth. All ASM compats have now been successfully qualified witpees

to the environment and performances specificatafithe SWARM mission and the different ASM flightodels are currently
being manufactured and will be available for the/ARM satellites integration in 2010.
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1. Introduction

The Absolute Scalar Magnetometer (ASM) developedCBA-LETI in partnership with CNES is an optically
pumped‘He magnetometer which shall provide absolute scaleasurements of the magnetic field with high
accuracy and stability for the calibration of thector Field Magnetometer (VFM) developed by the iBlan
National Space Center. These magnetometers wifldven on each of the 3 satellites of the SWARM rias
dedicated to carry out the best ever survey otEdugh magnetic field. In addition and on an experital basis the
ASM will be able to operate as a vector field magmeter. Both operating principle and related penfnces are
detailed in the following paragraphs.

2. ASM operating principle
The ASM is an optically pumpéetie magnetometer based on an electronic magnetioaase whose effects are

amplified by a laser pumping process [1,2], asiléetaon Fig. 1. A fraction of the atoms oftde gaz cell are first
excited to the %5, metastable state by means of a high frequencyalige. This energy level is split by the static
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magnetic fieldB, into three Zeeman sublevels. As the energygajpetween the levels is directly proportional to
the ambient scalar field,, its determination allows the measuremerBofl).

JE =yhB,  wherey is the*He gyromagnetic ratio for thé®, state [3] (1)

The measurement @, is then performed by exciting and detecting theapegnetic resonance between the
Zeeman sublevels. To generate the resonance datirsgiradiofrequency field, is applied on théHe gaz cell:
when its frequency matches the Larmor frequencyhef Zeeman sublevels){ = yBg) the magnetic resonance
occurs and transitions are induced between thegelsl
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Fig. 1.“He energy diagram and ASM principle of operation

However, at thermal equilibrium the sublevels dneost equally populated and no significant chamgluced by
the resonance can be detected. To finally enhandedatect the resonance, a selective pumping froenad the
Zeeman sublevel to the’® state is performed thanks to a frequency tuneeatiy polarized laser light. The
resulting disequilibrium between the Zeeman subtepepulations improves the resonance signal angaitby
several orders of magnitude while the monitoringhef intensity of the laser light transmitted thgbuthe*He cell
allows its detection.

The ASM magnetometer can also provide a vector areasent of the magnetic field using the information
provided by the superimposition of 3 low pulsatimthogonal magnetic fields onto tiBg field seen by théHe
sensing cell (2).

B

= Igo + iﬁj cos@)jt)gj H )
=

The vector measurement is simply obtained by psiegshe scalar output measurement containing ineipal
harmonics at they; pulsations. The vector field reconstruction in &&M reference frame is finally achieved thanks
to a specific calibration process [2] where theteemodulation amplitudes and their respective orientatiogsin
the ASM frame are derived.

3. ASM hardware ar chitecture

To take full advantage of the scalar magnetometeiopnances we have defined an architecture thiaeésof
the orientation effects common to all standard ascahagnetometers based on magnetic resonance. ifdle f
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instrument assembly consists of an electronic Hoigifal Processing Unit) and a separately instal&shsor

connected to the electronic box by a bundle ofcapfibers and electrical cables (harness). As oedilindancy has
been required for the instrument, a specific sebhsacket has been designed to mechanically intetfao identical

sensors at the tip of the satellite boom, eachosereing connected to a dedicated DPU located mvitine satellite

main body.

Since this CEA-LETI magnetometer technology will lbenched and operated in space for the first tiatle,
ASM elements have been validated with respectdativironment specifications of the mission. A nemis¥r ASM
specific and complex components such as the fibagd® grating laser have been successfully devel@pet
qualified. A picture of the final ASM componentscinding the ASM sensor assembly, the ASM DPU ard th
optical and electrical harnesses is given in Fi@).2The different ASM flight models are currentbeing
manufactured and will be available for the SWARNE##es integration in 2010.
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Fig. 2. (a) ASM sensor assembly and ASM DPU; (bMAstalar bandwidth and resolution

4. ASM performances

Compared to the Overhauser based scalar senseisysly used for the @rsted and CHAMP missions {4
scalar resolution has been enhanced to ¥id/and the scalar bandwidth previously limited ¢éwvfHz can be
increased up to 300 Hz. For the SWARM mission, sbalar bandwidth has been set to 100 Hz so thdabwec
modulations frequencies can be adjusted over & bagd of frequencies below 50 Hz. The ASM scaandividth
and resolution are illustrated on Fig. 2(b).

The following specific errors affecting the scalaragnetic field measurement have been identified and
characterized: the ASM sensor anisotropy, the veotodulations aliasing, the Bloch-Siegert effect, [Bhe
measurement datation error and the Pulse Per S€B®18) time reference accuracy. The measured dodatad
maximum contributions are given in Table 1. Cormegfing maximum remaining errors after the ASM letBl
algorithms corrections are also given and a respfjuadratic residual error on the absolute acgushabout 50 pT
is demonstrated. Additional error contributions lss the satellite magnetic moment and the magoepbers
effect will be corrected at satellite level wittetBWARM satellite level 1B algorithms.

Table 1. ASM errors contributions on the scalar sneament (residual quadratic error after level dfvectionsiomax= 50 pT)

PPS precision Datation

Error type Bloch-Siegert  Vector - ASM in-orbit (5.10-7 xBo) (1 ms x 30 nT/s)
error aliasing anisotropy
(worts case) (worst case)
B 55 pT 23pT
Initial uncorrected ASM error 120 pT 32,5 pT(@ 65 uT) 30 pT
(@ 46 uT) (@ 46 uT)
Remaining error after ASM <5pT <5pT <25pT 32,5 pl@ 65uT) 30 pT
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level 1B algorithm correction (system error, not corrected in the (instrument error, not
level 1B algorithms) corrected at level 1B)

Reconstructed vector magnetic field Scalar residual
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Fig. 3. (a) ASM vector calibration magnetic figurgs T modulus spiral ; (b) corresponding scataidual

While the main objective of the ASM is to providigtn resolution scalar measurements for the caldomadf the

VFM sensor, the ASM is also able to provide absoltgictor measurements. Its vector resolution thénnTAHz
range [2] for a vector measurement bandwidth s6t4dHz and an accuracy of about 1 nT.
To be properly used, the vector mode has to pasalilration process detailed in [2], and derivetibcation
parameters will be used in the ASM vector leveld@gorithm. This process is illustrated on Fig. 3ayl on Fig.
3(b) corresponding to the measurements taken darBig calibration spiral applied on the ASM sensesulting in
a preliminary scalar residual lower than +/- 2 réglp-to-peak.
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