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new instrument to investigate magnetic fields
fluctuation in space.
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Abstract— Search-coil magnetometers are still often used in
space physics thanks to their ability to measure veé& magnetic
field (few tens of fT/sqrt(Hz) at kHz) and also thé robustness.
However, their frequency band is limited by the resnance of
the coil. A second coil, used to extend the frequey band, is
almost inefficient after the resonance of the firstcoil. We
present a solution, called “mutual reducer”, to male it able to
extend frequency band. The physical principle is deribed.
The “dual-band” magnetic sensor so-designed will beon
board, for the first time, on Bepicolombo mission wich aims
to investigate Mercury’s magnetosphere.

l. INTRODUCTION

Usually, two kinds of magnetometers [1] are reciioa
scientific spacecraft mission to fulfill scientifiabjectives:
fluxgates are well adapted for weak magnetic ffedbth DC

to a few Hz, while search coilextend the frequency band
measurement from few 100 mHz to few kHz. These
the

instruments are dedicated to contribute to

characterization of space plasma in order to pmeadetter
understanding of such vast problems as dynamicthef
terrestrial
Fluxgates are well known to be very sensitive fow |

magnetosphere in the solar wind [2]]. [3

the search-coil magnetometer with extended frequbaad
ability.

. SEARCH COIL BASIS

Search coil principle is based on a magnetic cafgEch
amplifies external magnetic field ([4], [5]), comiaid to a
coil wound around an optimized core shape [6] (&g).
This coil amplifies the induced voltage due to tihex
variation inside the magnetic core. Then, the seriso
associated with a very low noise preamplifier [[]. In
addition a feedback loop is used to crush the samestoiral
resonance [7], which leads to a transfer functicn a
represented on figure 2.

Optimized magnetic
core shape

~ «——LF winding

frequency magnetic field measurement (typically ilunt
10Hz). Then, design of search coil is related te th
requirement of achieving a Noise Equivalent Magneti
Induction (NEMI) at 10Hz which extend fluxgate

»

Figure 1. search coil sensor with optimized maigreztre shape.

measurement (typically 10pT/sqrt(Hz) at 1Hz).

In the context of exploratory space missions, Wher%hape (with

environment and behaviour are misunderstood, a reidge
of physical data is required (physical quantitidgnamic
range and frequency range) in spite of restrictissh as
mass budget and power consumption of the instrisnéiotr
Bepicolombo mission, physical phenomenon such aseAl
waves, whistler waves and solar burst are expewid

magnetic signature in a wide frequency range fraw f

mHz up to 1MHz. This objective has led us to inigge

Let us first consider a sensor designed to reach
2pT/sqrt(Hz) at 10Hz , its characteristics aretirjzed core
relative permeabilityp,; =2500), 100mm

length, 4mm diameter and 14000 turns The NEMI @ th
low frequency (LF) search coil decreases while desgy
increases until resonance occurs (around 2kHzhforctirve

on figure 2 with crushed resonance due to the dsa o
feedback loop). Above the resonance frequency NEMI
increases, so the NEMI of such a sensor will ntdwal
measurement of weak magnetic field up to few 10 kHz
which is necessary to investigate unknown magnbtrep
such as Mercury one.
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Figure 2. Transfer function and NEMI curve of addarch coil.

. FREQUENCY BEHAVIOR DISCUSSION
Induced voltage which appears on the winding is:
1)

&t =N,

dot) _ £ _
at = E=N;S<Hgp, >aB,

wheree= Ee™, N, is the turn numberS is the core
section, w=27f is the pulsation<p,,, > is the average

apparent permeability an@ is the flux density. Next
induced voltage is compared to noise sources (tenvise

4kTR and voltage noise from amplifiex, ):

(NyS < Hypp > aB)? = &p,” +4KTR @)
NEMI is then defined as the smallest magnetic f{&gd
which can be detected beyond the noise:

Jepa? +4KT
NEMI :ePA—Fi

©)
N; Shpp
From (3) it can be deduced that NEMI of search il
improved (i.e. NEMI is smaller) when frequency eases.
In order to reach a NEMI value at a given frequeticyour
case 2pT/sqrt(Hz) at 10Hz), one can use (3) to cdenp

required turn numberN). Then, we assume that sensor

behaves like RLC circuit (Figure 3. ). More modglietails
are given in [6], [7] and[8]. From equivalent ciitcaf figure
3 one can deduce transfer function between outpliage
and external magnetic field:
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Figure 3. Equivalent electrical circuit of seaodil.

Transmittance of search coil permits to expressemor
accurately NEMI frequency behavior:

2
NEMI :—“ePAM'kTRW(l— L,Cia?)? +(RC,0)? (5)

N1 Sphpp

Equation (5) of NEMI shows clearly that above

resonance frequency (i.ew<+/1/LC ) the induced voltage

is reduced from the capacitive behavior of the cemgile
NEMI value increases (i.e. becomes worst).

IV. FEASIBILITY OF SEARCH COIL USING TWO WINDINGS
ON A SAME MAGNETIC CORE TO EXTEND FREQUENCY RANGE

Obviously, first idea is to use a second windinghva
higher resonance frequency to extend the frequeacge
measurement. Let us examine an “intuitive” desifjsuzh a
winding (referred as “HF” winding). The design diick
winding is obtained by translating the NEMI curve the
figure 2 to the starting point of the desired egtsh
frequency band. We consider a LF band which stogOa
kHz. From figure 2 we deduct a NEMI equal to
100fT/sqrt(Hz) which gives us the starting poirit the
design of the HF winding. Then, from (3) we can
extrapolate the design of the HF coil. We consitler
magnetic core is the same and equivalent noisés@sthe
same. So on, we express the turn number of theollFam
the turn number of the LF coil, multiplied by theio of two
frequencies (6). These frequencies correspond ® th
frequency ey such as NEMI for the LF is 100fT/sqrt(Hz),
that is approximately 200Hz (from figure 2) andeth
frequency w, such as NEMI for the HF is 100fT/sqrt(Hz),

that is 10kHz (as desired).

o _ Ny

N, =N
2=y B0

(6)

Such winding has been implemented in two
configurations. First, the HF windingN,=280 turns, has

been implemented on a magnetic core alone. SetomdiF
winding has been implemented on the complete seanith
sensor (LF winding on magnetic core) and what hagpe
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Figure 4. Transfer functions for HF winding on agnetic core (HF1) ) ) ) )
and HF winding on a magnetic core associated twin@ing (HF2). In this latter expression, part of the flux which i

o ) ) _ dependant of magnetic field has disappeared and the
When the HF winding is realized directly on a magne magnetic field can not be measured with a secomdiing

core, his behavior is compliant with expected oA¢. ( after the resonance of the first one. In such a avagcond
Transfer function (HF1 curve on Figure 4) increasetil the  winding on a same magnetic core is inefficient xeed

resonance occurs at 300 kHz, then transfer functiofrequency band measurement.

decreases due to the capacitive behavior of thdimgn On

the other hand, when a LF winding is wound on tlagmetic

core (HF2 curve on Figure 4), the HF winding exisitan V.  PHYSICAL DESCRIPTION OF A MUTUAL REDUCER

induced voltage which increases until the resonance In order to extend frequency range measurementamith

frequency of the LF winding occurs (at about 6 kHit)ove ~ HF winding it will be needed to reduce mutual cougpl

this frequency an anti-resonance occurs and induokdge ~ from one winding on the other one. The original wes

increases but remains 20dB below what is obtaioedhe ~ Propose to do that, consists in using a magnetitenaa

HF winding alone on the magnetic core. To undedsthis ~ Which surrounds the first winding as described igaré 5.

phenomenon, let us express magnetic flux of eaciding. ~ This “mutual reducer” permits to the self-inductiiox of

Index 1 and 2 represent respectively LF and HF inind the LF winding to find a path through the mutuadiueer
(red lines on figure 6). It results, that self-iatlan flux from

LF winding seen by HF winding is considerably desexl.
@A = NiBpppS+ Ll + Myl (7)

LF winding

@ = NoBlgp,S+ Lol + Myl (8) ) ——HF winding

The current flowing the LF windingl(), is given by:

_ N;BSpppj @
R+ jLiw+1/(jCye)

I, = 9) Magnetic core —

For frequency lower than resonance frequency th‘?Figure 5. dual-band search coil magnetometer stmisi two winding on

current V_alue_ IS We_ak- After resonance freque_rh:g: main 5 magnetic core separated by a cylindrical mageetie (mutual reducer).
contribution in the impedance value of the windowgmnes

from the inductive partjL,w. Equation (9) becomes: Another consequence is that apparent permeabildy a
now different for the two windingsi(,,, is replaced either

by p for LF winding or by p for HF winding).
N,BS appl app2
Iy~ ———=0 Yeop (whena)>1/ LG ) (0 values of the apparent permeabilit and )
L \ pp P Wb Happ2
mainly depend on the shape of the mutual reducke T

Simplified expression of the current (10) is substid  parameters of the sensor: mutual induction coefiiciauto-
inside (8), which becomes: induction and apparent permeability can be obtaiineoh



numerical computation with electromagnetism sofewar
Then, the expression of flux under HF winding beesm
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This equation shows that mutual coupling must beeto
as possible to makes the apparent permeabiptypp(eq)

higher as possible. The auto induction flux will tno
compensate the flux created by the magnetic fielcbe
measured. As shown on figure 6 the magnetic figidsl
from auto-induction close through the mutual redud®at
implicates that flux from auto-induction is not coletely
seen under HF winding. Since a part of this fluxiésived
through the mutual reducer, this part is subtrackedon, the
resulting flux from auto-induction of LF coil is daced
thanks to the mutual reducer.

Figure 6. Self-induction magnetic field lines wihmutual reducer

The transfer function measurement for an HF windin

combined to a mutual reducer is presented on figyirve
HF3). The HF3 curve is close to the expected cuirifel).
However a mutual coupling with LF winding remaifi$e
signature of this residual coupling is seen throupgb
resonance which occurs at about 5 kHz. The HF hehag

obtained makes possible measurement of weak magneis]

field from 10kHz until 1M Hz with the HF winding.
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Figure 7. mesures d’un bobinage HF sur noyau niagreé(HF1) et d’'un
bobinage HF sur noyau magnétique avec bobinage Béceupleur de
flux (HF3)

VI. CONCLUSION

The dual-band search-coil magnetometer on board on

Bepicolombo will be able to measure magnetic ffedan Hz

up to 640kHz thanks to the original use of a mutedlcer
described in this paper. Sensor is 10cm long, 2ameter
and weight 60grams. The low NEMI of this sensoaomide
frequency range (100fT/sqrt(Hz) from 200 Hz to @48k

will allow to measure expected and unexpected ntagne
signature in the Mercury’'s magnetosphere.
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