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1.  Introduction
Recently, two major space missions have been launched with the aim of better understanding the highly 
dynamic inner heliosphere and the influence on it of the Sun. This largely unexplored region of our solar 
system continuously affects our near-Earth environment and also challenges us with some of the major 
unsolved questions in contemporary physics (Viall & Borovsky, 2020).

These missions are: Parker Solar Probe (NASA), launched in August 2018 and Solar Orbiter (ESA/NASA) 
launched in February 2020. The main objective of Solar Orbiter is to determine how the Sun creates and 
controls the heliosphere (Müller et al., 2013). Answering this question requires to relate the in situ measure-
ments back to their source regions and to remotely characterize these source regions. For this, Solar Orbiter 
will go as close as 0.28 AU from the Sun and up 28° in heliolatitude for the nominal mission and 34° for the 
extended mission. Solar Orbiter embarks six remote sensing and four in situ experiments.

Parker Solar Probe shares similar objectives, with a greater focus on the mechanisms that heat and accel-
erate the solar wind (Fox et al., 2015). While the perihelion of Solar Orbiter is at 0.28 AU or 60.2 solar radii 
from the Sun, which corresponds to the orbit of Mercury, Parker Solar Probe will get as close as 0.0459 AU 
or 9.86 solar radii and will therefore be the first mission to literally enter the solar corona. Parker Solar Probe 
embarks a heliospheric imager and three in situ experiments to characterize the electromagnetic fields and 
particles. These missions were preceded in the 1980s by the twin HELIOS spacecraft (Porsche, 1981), which, 
for a long time, were the objects that had come closest to the Sun, with a perihelion of 0.29 AU.

Both Parker Solar Probe and Solar Orbiter carry a search-coil magnetometer (SCM) to study the magnet-
ic component of electromagnetic waves. These search-coils were built at the Laboratoire de Physique et 
Chimie de l'Environnement et de l'Espace (LPC2E, CNRS, CNES & University of Orleans). Both have a long 
heritage whose latest instrument flew DEMETER (Parrot et al., 2006). A similar one should launch in 2020 
on TARANIS (Lefeuvre et al., 2008).

Abstract  The search-coil magnetometer (SCM) measures the magnetic signature of solar wind 
fluctuations with three components in the 3 Hz–50 kHz range and one single component in the 1 kHz–
1 MHz range. This instrument is important for providing in situ observations of transients caused by 
interplanetary shocks and reconnection, for the identification of electromagnetic wave modes in plasmas 
and the determination of their characteristics (planarity, polarization, ellipticity, and k-vector) and for 
studying the turbulent cascade in the kinetic range. Two similar triaxial search-coils have been built 
for the Parker Solar Probe and Solar Orbiter missions. Here we describe the science objectives of both 
missions which led to the SCM design and present the characteristics of the two instruments.
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wave mode identification

•	 �Both SCM instruments have been 
launched and are now operating
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The SCM measures magnetic field fluctuations typically between 1 Hz and 1 MHz (see below for more 
details). On Parker Solar Probe, the SCM is part of the FIELDS instrumental suite (Bale et al., 2016), whose 
instruments measure magnetic fields from DC up to 1 MHz and electric fields from DC up to 19.2 MHz. On 
Solar Orbiter, the SCM is part of the Radio and Plasma Waves (RPW) suite (Maksimovic et al., 2020), which 
performs similar measurements.

In this paper, we concentrate on the scientific requirements and design of the SCM for the two inner helio-
spheric missions. At the time of writing, both spacecraft are operating and have already provided a wealth 
of interesting data.

2.  Science Requirements
The primary role of the SCM is to provide, together with other instruments, a thorough description of the 
physical properties of fluctuations in the solar wind. There are a number of reasons for which the char-
acterization of magnetic fields variations at these frequencies is of great interest. First, Alfvén turbulence 
and ion-cyclotron waves (ICW) are supposed to play an important role in the heating and acceleration of 
the solar wind. Recent studies of the particle distributions measured onboard HELIOS have evidenced the 
impact of pitch angle diffusion of protons (Tu & Marsch, 2001), which suggests that Alfvén turbulence and 
ICW activity continue to heat the plasma close to the Sun. These waves are generated below and at the local 
proton gyrofrequency, respectively. At 0.2 AU, the ion gyro-frequency is typically 1 Hz (Gurnett, 1978). The 
corresponding frequencies observed in the spacecraft frame can be Doppler shifted to the kHz range. Alfvén 
and ICW, whose minimum amplitude should be of the order of 10 2 nT Hz/ , can be measured by the SCM.

In the close vicinity of the Sun, the electron distribution function has three components: core, halo, and 
strahl (Pierrard et al., 2001). The energy of the halo and strahl populations ranges from several tens of eV 
up to several hundreds of eV. Their main features are an isotropic angular distribution for halo electrons, 
and a very narrow angular distribution along the magnetic field lines for the strahl population. The latter is 
not observed at large distances from the Sun; observations from Ulysses have shown that it vanishes beyond 
5 AU. This has led to the idea that the halo distribution is fueled by the strahl population. Electromagnetic 
waves and in particular whistler waves are key candidates for such energy exchange.

Our ability to detect these different types of waves is summarized in Figure 1 in which we compare their 
amplitude in the inner heliosphere with the sensitivity of the instrument. This sensitivity is set by the noise 
level of the instrument and determines the minimum level below which the wave amplitude is too weak to 
be detected.

Ion-acoustic waves are also expected to play a significant role in the plasma heating and dynamics. The next 
resonant frequency above the proton gyro-frequency fcp is the electron gyro-frequency (fce = 2 kHz at 0.2 
AU). For frequencies between fcp and fce the only electromagnetic mode that can propagate is the right-hand 
polarized whistler mode. However, other types of waves such kinetic Alfvén waves, when Doppler shifted, 
may be observed in the same frequency range. A measurement of both the magnetic and electric field vec-
tors is necessary to distinguish between these different wave modes. Observations made by HELIOS have 
shown that whistler turbulence is present in the solar wind at frequencies up to fce (Jagarlamudi et al., 2020) 
with a tendency for most solar wind wave modes to increase in intensity at smaller heliocentric distances. 
Based on this we can estimate the intensity of the whistler mode emissions at 0.2 AU to be between 10−5 nT/
Hz  and 1 nT/ Hz  (Gurnett, 1978). These arguments were taken into account in the definition of the char-

acteristics of the SCMs.

Observations made by HELIOS have also revealed the occurrence of ion acoustic-like electrostatic waves 
in the solar wind at frequencies between the electron and ion plasma frequencies. At 0.2 AU we have 
fpi = 4 kHz and fpe = 200 kHz. Although the ion-acoustic mode propagates at frequencies below fpi, the ob-
served wave frequencies are primarily determined by their Doppler shift, which is considerably larger than 
fpi. As pointed out by Kellogg et al. (1999), magnetic field measurements are necessary to unambiguously 
determine whether the observed waves are electromagnetic or electrostatic. It is worth mentioning that in 
the presence of shear in the magnetic and velocity fields may lead to the existence of wave modes that have 
a magnetic component, unlike what would happen in a homogeneous plasma. We estimate the amplitude 
of these waves to be of the order of 10−3 nT/ Hz , which is large enough to be detected by the SCMs.
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Another important scientific objective is particle acceleration in association with Coronal Mass Ejections 
(CMEs) and flares. Different acceleration mechanisms acceleration can occur, such as the acceleration by 
collisionless shocks, or associated with the CME propagation such as by a potential electric field along 
the magnetic field lines. Accelerated electrons generate high frequency electrostatic and electromagnetic 
waves. Both missions give us the possibility to carry out a systematic study of wave activity in the frequency 
range (below 10 MHz) that cannot be observed from ground because of the ionospheric cutoff. Such waves 
have been observed by the Wind satellite, whose observations give excellent examples of radio emissions 
associated with flares and CMEs propagating in the interplanetary medium (Reiner et al., 2001).

Finally, both missions will also allow to study solar wind turbulence, including the kinetic range, which 
has received growing interest (Chen, 2016). However, in order to properly resolve the weak levels at kinetic 
scales a dedicated mission such as Turbulence Heating Observer (THOR) (Vaivads et al., 2016) would be 
needed with more sensitive instruments. From radial scans that are based on multiple spacecraft (Bruno & 
Carbone, 2013) we expect the level of turbulence to reach 10−5 nT/ Hz  inside 0.2 AU in the kinetic range.

So far we have concentrated on the smallest expected amplitudes only, which sets the required sensitivity 
of the instruments. This is the quantity that is plotted in Figure 1. Another issue is the determination of the 
largest expected amplitude, which determines the gain of the instrument chain and its dynamic range. The 
latter is much more a concern close to the Sun than in the magnetosphere because the fluctuating wavefield 
is a mix of quiet intervals and strong transients. This dynamic range is constrained both by the digital reso-
lution (the number of bits) of the analog to digital converter (ADC) and by the gain of the SCM.

Estimating the upper limit of the dynamic range close to the Sun turned out to be a real challenge because 
of the lack of observations. The closest estimates we could rely on were the sparse observations from the 
search-coil onboard HELIOS (Neubauer & Musmann, 1977). Multi-spacecraft studies have shown that the 
level of fluctuations increases close to the Sun because |δB|/|B| tends to be invariant with distance R whereas 
the magnitude of the magnetic field varies as B ∝ R−β with β = 1.6–2 (Khabarova & Obridko, 2012). Mean-
while, characteristic scales such as gyroradii decrease with R. Some of the simple scalings may break down 
closer to the Sun because features such as shocks may not have had time yet to evolve, and so might actually 
be even steeper.

Since search-coils essentially measure the time derivative of the magnetic field, the combined effect of 
increasing amplitude and shorter time scales may generate voltages that could potentially saturate the 
instrumental chain. The maximal levels were intensely debated during the instrument design phase. Even-
tually, for Parker Solar Probe, we decided to set the upper limit to 3,000 nT at 0.8 kHz in order to be able to 
capture the largest events.

3.  Sensor Definition
Most search-coils that have flown so far on space missions were dedicated to the study of the near-Earth 
environment, such as Cluster (Cornilleau-Wehrlin et al., 2003), the Magnetosphere Multiscale Mission (Le 
Contel et al., 2014) or the Van Allen probes (Kletzing et al., 2013). Moving into the inner heliosphere brings 
in new science requirements and also adds new constraints that impact the design of these instruments.

The main science requirements are the measurement of the three components of the fluctuating magnetic 
field with sufficient sensitivity to capture the different types of waves that are listed in Section 1, namely 
shocks and transients with wave activity in their close vicinity, plasma waves (e.g. ion-cyclotron, Alfvén, 
whistler, etc.) and also the background turbulent magnetic field. At the high-frequency end the instrument 
should be able to measure the magnetic component of radio waves associated with type II and type III ra-
dio bursts and mode-converted waves near the Langmuir frequency such as the z-mode (Bale et al., 1998), 
whose magnetic component has not yet been observed. These types of waves or events and their expected 
level of amplitude in the inner heliosphere are illustrated in Figure 1.

For Parker Solar Probe, given the maximal amplitude of 3,000 nT at 0.8 kHz the weakest amplitudes are set 
by the dynamic range of the instrument chain, which is 115 dB. This dynamic range is shorter than the one 
expected for the fluctuations, which should be approximately 140 dB, see Figure 1. This implies that the 
weakest waves and in particular turbulence at high frequencies may not be fully resolved.
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On Solar Orbiter, the expected dynamic range is shorter and therefore the instrument has a higher gain. 
Key values are listed in Table 1 with the sensitivity of the SCM for its low-frequency channel (LF) and the 
medium frequency channel (MF) antennas, and their equivalent in magnetic field amplitude.

Figure  2 compares the fluctuation levels observed by the SCM on Parker Solar Probe during the 
commissioning phase with that observed earlier by HELIOS. To ease the comparison, we show the av-
erage spectral density in three frequency bands versus radial distance from the Sun for the HELIOS 
search-coil and one value for Parker Solar Probe, when it was at its first perihelion, at 0.166 AU. The 
dashed 1/R2 scaling law confirms the empirical scaling of the intensity with distance. Note that the high-
est frequency band of the HELIOS search-coil is dominated by noise, hence the apparent saturation at 
5 × 10−5 nT/ Hz . The levels that are measured by Parker Solar Probe mostly correspond to solar wind 
turbulence with ICW. While these levels may seem weak as compared to the allowed dynamic range of 
the instrument we note the fluctuations are intermittent; 1% of the amplitudes are at least a factor 20 
above the mean level.
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Gain

Parker solar probe Solar orbiter

UnitsLF Antenna @ 0.8 kHz MF Antenna @ 100 kHz LF Antenna @ 2 kHz MF Antenna @ 100 kHz

Sensitivity 2.8 470 1,412 1,120

Noise Level 26 6 8 6 fT/ Hz

Smallest Meas. Field Low ± 90 ± 0.389 ± 0.366 ± 0.119 pT

High ± 6 ± 0.097 pT

Largest Meas. Field Low ± 2,990 ± 12.8 ± 3 ± 3.9 nT

High ± 185 ± 3.19 nT

Note. Values correspond to the peak of the amplitude response. For the LF antenna, the values are those measured by the DFB (for Parker Solar Probe) or LFR 
(for Solar Orbiter) spectral analyzer; for the MF antenna they correspond to the TDS waveform analyzer. The smallest measurable magnetic field corresponds to 
the resolution of the receiver. The largest measurable magnetic field corresponds to maximal input of the receiver. DFB, Digital Fields Board; LF, low-frequency 
channel; LFR, low-frequency receiver; MF, medium frequency channel; TDS, time domain sampler.

Table 1 
Sensitivity of the SCM on Parker Solar Probe and Solar Orbiter

Figure 1.  Sensitivity of the SCM sensors for Parker Solar Probe and Solar Orbiter with respect to the expected levels of 
magnetic fluctuations in the inner heliosphere (for one component of the magnetic field). The levels of turbulence at 10 
RS are extrapolated from HELIOS observations made at 0.3 AU.
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Both instruments contain a double-band antenna that covers the MF fre-
quency range in addition to the LF one. Although one single antenna 
could in principle cover both ranges together, two different antennas that 
have been individually tuned to their respective frequency bands allow to 
achieve higher sensitivity.

One of the key challenges with search-coils is their stringent requirement 
for electromagnetic cleanliness. The requirements for Parker Solar Probe 
and Solar Orbiter were levied on the instruments and the spacecraft early 
in the design phase and involved the reduction or shielding of any nearby 
currents: currents for heating of the fluxgate magnetometers, currents 
in the solar panels, shielding of the reaction wheels, etc. Such measures, 
however, usually are not sufficient. For that reason search-coils are locat-
ed on booms, away from the spacecraft. On Solar Orbiter, the distance to 
the spacecraft is 2 m whereas on Parker Solar Probe the distance is 3.5 m.

Most search-coils had been accommodated so far on spinning spacecraft 
(see [Ozaki et al., 2018] for a quasi-exhaustive list), which are more com-
mon for missions that focus on in situ plasma characteristics. Both Park-
er Solar Probe and Solar Orbiter, however, are Sun-pointing spacecraft 
whose search-coils are located in the umbra of the spacecraft. Exposing 

the instrument to direct sunlight when the spacecraft is close to the Sun is not allowed because of the 
scorching heat. The shade, however, adds a new challenge, since without adequate protection the temper-
ature of the instruments would drop below −140 C. To avoid this, the SCMs on Parker Solar Probe and on 
Solar Orbiter are insulated and heated, see Section 4.4. This unprecedented high temperature difference 
between the sunlit part of the spacecraft and the SCM sensor located in the shade is not the least of the 
paradoxes of these two missions.

As of October 2020, both missions have successfully completed their commissioning phase. Parker Solar 
Probe has already made six perihelion passes (the latest as close to the Sun as 0.095 AU) while Solar Orbiter 
made its first perihelion pass at 0.52 AU. Both SCM instruments work properly and their first results will be 
summarized in forthcoming publications. The only issue is a sudden loss since March 2019 of the gain of the 
LFx channel on Parker Solar Probe. This gain loss is observed whenever the temperature of the instrument 
drops below 20°C. Unfortunately, low temperature conditions are typically met at perihelion. The most 
likely cause of is an open circuit in the amplifier output stage.

4.  Search-Coil Magnetometer Design
The SCM consists of a compact set of three search-coil antennas that are orthogonally mounted on a 
non-magnetic support, enabling the measurement of the three components of the fluctuating magnetic 
field (Hospodarsky, 2016; Pfaff et al., 1998). A preamplifier sends the analog signal through the harness 
toward the platform where the electronic boxes are located that provide the power supply, the thermal con-
trol and perform the digitization and data processing. This preamplifier is located inside of the mechanical 
structure, the closest possible to the antennas. Thanks to this very compact design, the SCM offers excellent 
performance for a reasonable mass of typically 550 g, to be compared with 730 g for a similar model on the 
DEMETER spacecraft (Parrot et al., 2006), and over 1 kg for earlier missions.

The scientific requirements for Solar Orbiter mission are the measurement of the AC magnetic field be-
tween a few Hz and 10 kHz with intensities as low as 8 fT/ Hz  around 2 kHz and a maximum intensity 
of 5 nT. On Parker Solar Probe the maximum intensity is considerably higher (3,000 nT). Conversely, the 
smallest intensity is 50 fT/ Hz  around 2 kHz. Both sensors include one double-band antenna that covers 
the 10 kHz–500 kHz frequency range for Solar Orbiter and the 10 kHz to 1 MHz range for Parker Solar 
Probe, with a sensitivity of 50 fT/ Hz  at 100 kHz. A block diagram of the SCM is shown in Figure 3.
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Figure 2.  Average spectral amplitude of solar wind turbulence measured 
by the HELIOS search-coil at various distances from the Sun rand by the 
SCM during the Venus encounter (at 0.5 AU). The dashed area for HELIOS 
refers to the 25%–75% quantile range. The dashed line represents the 
expected 1/R2 scaling.
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4.1.  Principle of the Search-Coil Magnetometer

Each antenna of the search-coil measures the component of the magnetic field that is aligned with its 
axis. The antennas are made of a primary coil with several thousands of turns (depending on the targeted 
frequency range) wounded around a core made of magnetic material. The instrument is based on Faraday's 
law of induction, which states that a fluctuating magnetic flux Φ passing through a coil with N1 turns in-
duces a time-varying voltage

1
ΦdV N
dt

 � (1)

Taking into account the apparent permeability μapp of the magnetic core, its cross-section S and the compo-
nent B of the magnetic induction that is parallel to the core, the output 
voltage on the coil becomes

app 1
dBV N S
dt

 � (2)

The apparent permeability μapp is the ratio between the magnetic field in-
side the core and the magnetic field outside the core. This parameter de-
pends on the relative permeability of the magnetic material and a demag-
netizing factor (Coillot et al., 2009). The output voltage is subsequently 
preamplified. The equivalent electrical diagram of a one-axis sensor is 
illustrated in Figure 4. The RLC circuit parameters, Lp, R and Cp are key 
factors in the design of a search-coil antenna. Table 3 presents the value 
of these parameters as estimated by calculation and finite element model 
simulations a well as the measured values for the manufactured anten-
nas. To flatten the frequency response around the resonance frequency 
(provided that the gain G is high enough) we use a flux feedback coil with 
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Figure 3.  Block diagram of the SCM. The detailed processing of the preamplifier output somewhat differs for Solar 
Orbiter and for Parker Solar Probe.

Figure 4.  Equivalent circuit of the search-coil antenna and the 
preamplifier.



Journal of Geophysical Research: Space Physics

a smaller number of turns (29) that receives a counter feedback signal 
from the preamplifier (Séran & Fergeau, 2005). The frequency response 
in the flat part of the response is given by

0

0 2
fb

V lR
B N 

� (3)

where λ is a correction coefficient that depends on the ratio between the 
winding length and the core length l; Rfb stands the feedback resistance 
inside the preamplifier. The flux feedback coil contribution to the electri-
cal model is the inductor Ls.

4.2.  Antenna Design

Because Parker Solar Probe and Solar Orbiter missions were assembled 
almost simultaneously, the search-coils also were and we decided to use 
the same antennas for both instruments while adapting the preamplifiers 
to the different specifications. For both instruments the highest sensitivi-
ty is achieved near the main resonance frequency 1(2 )f LC  , which 
is set by the antenna characteristics and is located near 1 kHz.

The antenna characteristics (magnetic behavior, inductance) were de-
fined by using a two-dimensional magnetostatic axisymmetric finite ele-

ment model with the configuration presented in Figure 5a and using the parameter names and values that 
are listed in Table 2.

Because of the stringent mass and volume requirements the core length of the antennas was set to 100 mm, 
which is shorter than most existing search-coils. Longer antennas allow to get better sensitivity, in particular 
at frequencies below the resonance frequency. For example, the search-coil that had been designed specif-
ically for studying solar wind turbulence at 1 AU in the THOR mission had antennas that were 45 cm long 
(Vaivads et al., 2016) for a total mass of 2.4 kg. We partly compensated this loss of sensitivity by adding mag-
netic flux concentrators at the tips of the antennas (Coillot et al., 2009). These diabolo-shaped concentrators 
allow to increase the apparent permeability of the magnetic core by a factor 1.5 for the design presented here. 
The material of the core is 3C95 ferrite, which was selected for its better temperature stability compared to the 
other ferrites we had inventoried. Its magnetic history (B − H) relationship was used as input for the solver.

The size of the wire and the number of turns are important parameters for they set the resistance, the 
inductance and the stray capacitance of the antenna, which in turn need to match the specifications: res-
onance frequency, noise level, and bandwidth (Séran & Fergeau, 2005). We selected copper wires with a 
diameter of 80 μm and N1 = 13,500 turns. With these parameters, we typically obtain 16 layers of windings, 
each of which has a total length of 79 mm. In an effort to reduce the coil self-capacitance, we used the “dis-
continuous coil” method by Ferrieux and Forest (2006) with a variant on the path leading from one end to 
the other after each new winding layer: instead of following the recommended straight path, which is more 

tricky to do, we applied a small number of turns (Nfb = Nm) that were 
equally distributed along the winding length. The total number of turns 
N1 of the main coil is thus Nfb + Nm. One layer of kaptonTM separates the 
winding layers. The length of the copper wire required for the main coil is

l N d i d i em
i

n
c cw kwmc       




1
2 1 2 1( ) ( )� (4)

In which the different parameters refer to those listed in Table  2 and 
Figure 5.

For the feedback layers, the length is

l N d id i efb
i

n
c cw kwfb      




1
2 2 1( ) .� (5)
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Parameter Expected value Measured value

Number of turns N1 13,500 13,554

Inductance of the primary coil Lp 11.15 H 10.95 H

Resistance of the primary coil R 1124 Ω 1107 Ω

Capacitance of the primary coil Cp 52 pF 48 pF

External diameter of the winding dw 9.5 mm 9.9 mm

Note. Expected and measured values (average of the measurements on 
10 antennas).

Table 3 
Characteristics of the Low-Frequency Search-coil

Main core length, lc (mm) 100

Main core diameter, dc (mm) 5

Flux concentrator diameter, dfc−ext (mm) 16

Winding length, lw (mm) 79

Number of turn per main layer, Nm 831

Number of turn per feedback layer, Nfb 9

Number of layers, n 16

Diameter of copper wire, dCu (μm) 80

Diameter of copper wire with insulator, dcw (μm) 95

Wire resistance, (Ω/km) 3,401

KaptonTMtape thickness, ek (μm) 45

Length of the mutual reducer, lmr (mm) 60

External diameter of the mutual reducer, dmr−ext (mm) 14

Length of the medium frequency winding, lwmf (mm) 28

Note. These are the parameters that appear in Equations 4–8.

Table 2 
Main Parameters of the Search-coil
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By adding both lengths lwmc and lwfb, we obtain the total length of the coiling wire, which sets the resistance 
of the coil, using the values that are listed in Table 2.

The external diameter of the windings is estimated from

2 2 .w c cw kd d nd ne  � (6)

However, this expression does not take into account the feedback layers whose contribution to the outer 
diameter is difficult to evaluate since they depend on how the coil is made. The number of turns per layer 
being large (Nm > 100), the major contribution to the coil capacitance (Cp) is the layer-to-layer capacitance 
(Séran & Fergeau, 2005). After Ferrieux and Forest (2006) we obtain
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 
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where ri is the mean radius between 2 consecutive layers, ein is the thickness of the insulator between 2 
layers. The insulator is made of the kaptonTM tape (ek) and the enamel of the coiling wire (dcw − dCu). ϵr is 
the dielectric constant of the insulator, the value of ϵr for both materials being similar, 3.4 for kaptonTMand 
3.5 for the enamel (given by the manufacturers), the calculation is done with 3.4. Applied to our design, the 
value of the capacitance then becomes

0
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To cover the medium frequency band above 10  kHz, the Bx antenna contains an additional coil that is 
wound around the low-frequency one, as described by Coillot et al. (2009). The low-frequency coil is first 
covered by two half-cylinders of ferrite with a 1 mm thickness to reduce the mutual inductance between 
both coils (Figure 5b). The medium frequency coil has N2 = 360 turns and 3 turns for the counter feedback.

Once the winding is done, we wrap each antenna with an electrostatic shield made of a flexible printed 
circuit that reduces the sensitivity to stray electric fields. Each antenna is then inserted in a carbon fiber 
tube of 20 mm diameter and 104 mm length, and is potted with a low-density epoxy resin. The final mass 
is 60 g for single band antennas and 68 g for the double band one. After the manufacturing of the anten-
nas, their characteristics Lp − R − Cp are measured with a HP4294 A impedance analyzer that gives us 
the equivalent electric circuit. Table 3 shows the good agreement between the expected (modeled) and 
measured values.

4.3.  Preamplifier Design and Manufacturing

The four analog signals that are produced by the three low-frequency antennas and the medium frequency 
antenna are routed with a very short cable (less than 10 cm) to the preamplifier, which is located inside of 
the compact mechanical structure of the instrument, the closest possible to the antennas. This is an impor-
tant point since by reducing that way the cable capacitance (which is not negligible as compared to the coil 
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Figure 5.  Characteristics of the (a) single band and (b) double band search-coil antennas.
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capacitance) we improve the frequency response. The preamplifier consists of four amplification channels 
that are adapted to the corresponding frequency range. The baseline used to design the circuits is presented 
in Séran and Fergeau (2005). Each channel has two stages. The first one, mentioned in Figure 4, consists of 
a differential pair of JFET transistors achieving a low-noise input associated with a low-power operational 
amplifier. The gain G of the first stage was set to 50 dB to optimize the counter feedback signal.

As shown in Equation 3, this gain directly depends on the value of the feedback resistance Rfb, which is the 
parameter we adjusted to meet the specifications. For Solar Orbiter, where the maximum intensity of the 
magnetic field intensity is 5 nT, the value of Rfb was set at 15 kΩ to have a high gain of −27 dBV/nT at the 
output of the first stage. The second stage is a high-pass and low-pass filter with an additional gain of 30 dB, 
leading to a total gain of 3 dBV/nT (or 1.41 V/nT) at best at the output of the instrument as presented in 
Figure 9

For Parker Solar Probe, whose maximum intensity is 3,000 nT, the resistance Rfb was set to a lower value 
(1 kΩ), ending up with a gain of −51 dBV/nT at the output of the first stage. The second stage is a high-pass 
and low-pass filter with unit gain, leading to a total gain of 2.82 mV/nT at the output of the instrument as 
presented in Figure 9.

We designed the medium frequency channels on a similar basis with the active and passive components 
adapted to their frequency range from 10 kHz to 500 kHz (respectively, 1 MHz for Parker Solar Probe), see 
Figure 9. The power consumption is given in Table 4.

By definition, the flux counter feedback should dampen the coil resonance, reduce the risk of having insta-
bilities at nearby frequencies and reduce the sensitivity to parameter variations. However, as a closed loop 
system, there is a risk of oscillation and instability at higher frequencies outside of the bandwidth, especial-
ly when a relatively small value of the counter-feedback resistance Rfb is used as is the case for Parker Solar 
Probe. Figure 6 shows the Nyquist plot of the open loop transfer function of both instruments. Such plots 
are routinely used to assess the stability of a system with feedback. For Solar orbiter, which represented in 
green, the value of Rfb is high and the system is stable with appropriate gain and phase margins. For Parker 
Solar Probe (red) the low value of Rfb brings the system very close to the point (−1, 0) where instabilities 
start. During the testing, we detected an oscillation at 210 kHz. To stabilize the system while preserving the 
antenna design and the desired gain, we shifted the resonance frequency to lower values by introducing a 
capacitor in parallel with the main coil. The resulting Nyquist curve (in blue) shows that this solution was 
effective.

Figure 7 shows the preamplifier modules that were designed at LPC2E and manufactured using three-di-
mensional (3D) technology (hybrid) by the French company 3D Plus. The electronic circuit of each 
measurement channel is implemented on its own flexible printed circuit board. The circuits are then 
stacked together in a compact way and molded in resin with pins on the top and bottom faces of the module 
for the connections respectively to the antennas and to the harness. The module on Parker Solar Probe's is 
slightly larger because it contains an additional stage with high voltage capacitors. These should protect 
against deep dielectric discharges that may occur in the spacecraft harnesses because of energetic particles. 
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Solar Orbiter Parker Solar Probe

Instrument overall (without MLI) ϕ 104 mm, ϕ 104 mm,

Dimensions height 158 mm height 158 mm

Instrument mass (without MLI) 544 g 563 g

Power consumption (preamplifier) 195 mW 312 mW

+12 V/-5V supply ±12V supply

Heating power (calculated for 1.40 W 1.28 W

a boom at −145 °C)

MLI, multi-layer insulation.

Table 4 
Physical Characteristics of the SCMs
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The modules have an octagonal cross-section fitting inside a 18.5 mm diameter circle. The height is 36 mm 
for Solar Orbiter and 45 mm for Parker Solar Probe. These small dimensions are necessary to make the pre-
amplifier fit inside the mechanical structure of the sensor.

4.4.  Mechanical Structure and Thermal Interfaces

For both missions, the SCM is located on the spacecraft's deployable boom together with other instruments. 
For more details on these, see (Bale et al., 2016) for Parker Solar Probe and (Maksimovic et al., 2020) for 
Solar Orbiter. The boom and the SCM permanently reside in the shade of the spacecraft (except during 
maneuvers) with temperatures that may drop below −140°C. Such extreme conditions are unusual because 
the vast majority of search-coils are accommodated on spacecraft that are either spinning or periodically 

expose them to sunlight.

The low temperatures made the design of the mechanical and thermal 
interfaces a challenging task. For that reason, considerable attention was 
paid to the thermal modeling of the thermal interfaces. The model results 
were compared to the observations thanks to two thermal balance tests 
performed on the engineering and flight models. Several in-flight config-
urations have been analyzed but the thermal design was mainly done by 
considering the coldest operational case. At 1.2 AU with a spacecraft in 
a Sun-pointing attitude, the SCM unit is exposed to deep space (−270°C) 
while the boom on which it is mounted is at −145°C. The instrument 
then operates at nominal power (Table 4) minus a 20% margin. To keep 
the instrument in its acceptable temperature range, a heater is needed. 
The challenge is to optimize the thermal design in order to reduce the 
heating power need. In the worst case configuration, the thermal loss-
es are either radiative (typically 13%) or conducted away through the 
mounting interface on the boom (53%) and through the harness (33%). 
To reduce radiative thermal losses, we surrounded the instrument by a 
thermal blanket made of double thermal multi-layer insulation (MLI) for 
Solar Orbiter and a single one for Parker Solar Probe. To mitigate conduc-
tive losses at the boom interface we used an insulating sole to thermally 
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Figure 6.  Nyquist plots of SCM open loop transfer functions for the Solar Orbiter (green) and Parker Solar Probe (red) 
instruments. The loop was open between the first amplification stage and Rfb. In this plot the abscissa axis represents 
the real part of the transfer function and the ordinate axis the imaginary part.

Figure 7.  SCM preamplifiers manufactured for Solar Orbiter (a) and 
Parker Solar Probe (b). The scale is in centimeters.
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decouple the SCM from the boom (see Figure 8) and made one turn with the cables around the instrument 
(underneath the MLI insulation) before gathering them into pigtails (1 or 3 depending on the satellite) that 
were then connected to the boom harness. These design modifications enabled to reduce the heating power 
need of 20%.

The preamplifier is the most sensitive part to temperature excursions. Its location inside of the instrument 
already provides some thermal protection. In addition, to maintain its temperature above −50°C we wrap it 
into heaters controlled by the electronic boxes that are located on the spacecraft platform. On both missions 
these heaters are powered by a sequence of square pulses of 28 V amplitude with a duty cycle that varies as 
a function of the heating power need. These pulses were not supposed to interfere with the measurements 
thanks to the careful design of the heaters. Nevertheless, after launch, we noticed a small signature of the 
heating pulses during periods of low magnetic activity. The signature manifests itself as spikes that coin-
cide with the rising and falling edges of the heater switching on and off. For Solar Orbiter the spike peak 
intensity is approximately 400 times the resolution of the ADC and its duration is 50 ms. The rate of occur-
rence depends on the heater activity. The periodicity is typically 80 s at 1 AU and slowly decreases as the 
temperature increases near the Sun. Clearly, future versions should include additional filtering to remove 
such interferences by softening the steep edges of the heater pulses.

The compact structure that houses the three orthogonal antennas and the preamplifier is made of Poly-
ether ether ketone (unreinforced PEEK) which offered the best trade-off between the mechanical stiffness 
and the thermal insulation. Indeed, the mechanical structure of the instrument was designed to fulfill at 
the same time the stringent thermal and mechanical constraints of both missions. The foot is designed to 
reduce the thermally conductive path between the preamplifier and the boom while ensuring that the struc-
ture will be able to withstand the vibrations and the shocks constraints specified by the satellite. Titanium 
inserts were implemented on the bolted interfaces for that purpose.

The cavity inside of the foot houses the preamplifier in a way that minimizes cable length and so that 
none of the cables protrudes outside. The assembly of the instrument requires considerable attention as 
this small cavity (ϕ25 mm, height 61 mm) houses, in addition to the preamplifier, a copper tube acting as 
radiation shielding (wrapped around the electronic module and bearing the heaters), temperature sensors 
used by the thermal control system and the connections between the preamplifier and the harnesses at the 
base of the structure.

The SCM was also designed to cope with the radiative environment of the missions. The preamplifier mod-
ule has tantalum layers of 0.5 mm thickness on the top and bottom octogonal sections. The sides of the 
preamplifier are shielded by the 1 mm thick copper tube that surrounds it. With these tantalum and copper 
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Figure 8.  Search-coil magnetometers for (a) Solar Orbiter and for Parker Solar (b) Probe.
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layers, the preamplifier is fully protected with an equivalent 3 mm of aluminum. Sector analysis based on 
the environmental specifications of the missions and using FASTRADTM solver have been performed to 
evaluate the level of radiation likely to be seen at preamplifier level. With the shielding and the other ele-
ments constituting the instrument, the total ionizing dose seen by the preamplifier is reduced from 400 krad 
with 0.25 mm of equivalent aluminum shielding to 12 krad on Parker Solar Probe and from 200 krad with 
0.5 mm of equivalent aluminum shielding to 6 krad on Solar Orbiter. The physical characteristics of the 
instruments are summarized in Table 4.

5.  Instrument Performance
The measured transfer functions for the three LF and MF are presented on Figure 9 for Solar Obiter and 
Parker Solar Probe SCM. For both cases, there is a good agreement between the single band antennas on 
LFy and LFz axis. Differences are observed with the double-band antenna on LFx axis because of the mutu-
al reducer and the medium frequency coil that change the impedance (Lp and Cp) of the low-frequency coil. 
The value of the counter feedback resistance Rfb in the LFx amplification circuit was set to a different value 
from the two others in order to have similar gains in the frequency band of interest hence the differences 
mainly observed in the low and high parts of the band.

Figure 10 shows the noise levels or Noise Equivalent Magnetic Induction (NEMI) for both instruments. 
These measurements were performed at ambient temperature with the instrument operating alone in-
side a 4-layer mu-metal shielding. For the instrument for Solar Orbiter, the optimum NEMI is 8 fT/ Hz  
obtained at 2 kHz for the low-frequency channels LFy and LFz and is 6 fT/ Hz  at 100 kHz for the me-
dium frequency channel MFx. As for the frequency response curves, on the double-band antenna, the 
performances of the low-frequency channel are impacted by the presence of the mutual reducer and the 
medium frequency coil, the best NEMI being 18  fT/ Hz . For Parker Solar Probe instrument, the best 
noise level is 26 fT/ Hz  at 0.8 kHz for the two single band antennas (LFy and LFz). The impact of the 
double-band antenna design is also visible since the best measured NEMI is 30 fT/ Hz  for LFx. For the 
medium frequency channel, the best measured noise level is 6 fT/ Hz  at 100 kHz. Compared to the levels 
observed for Solar Orbiter, the noise level is higher and the minimum is measured at lower frequencies. 
This is due to the design adaptations to measure higher intensity magnetic fields and to stabilize the 
system.

JANNET ET AL.

10.1029/2020JA028543

12 of 16

Figure 9.  SCM transfer functions (gain) in dBV/nT for the instrument on Solar Orbiter and on Parker Solar Probe.
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Measurements by the SCM are in addition influenced by:

•	 �Cross-talk: The drawback of having such a light and compact instrument is a higher level of cross-talk 
between the three antennas (see also Ozaki et al. (2018) for a recent discussion on this issue). For both 
instruments we measured non-negligible levels of cross-talk in the central part on the frequency band of 
interest. In the worst case the contribution of a magnetic field perpendicular to an antenna of interest is 
−26 dB. There is one exception: at the high frequency end of the LFy antenna on Solar Orbiter (around 
10 kHz), the contribution from the magnetic field in the X direction reaches −10 dB. This cross-talk 
primarily comes from the MF part of the antenna.

For Solar Orbiter, however, these effects were fully characterized before launch, allowing us to correct them 
by performing a matricial calibration. The performances presented on Figure 9 for the measured field in one 
direction are then preserved. The detailed procedure and resulting in-flight performances will be presented 
in forthcoming publication.

•	 �EMC: Another limitation to the measurement of weak magnetic fields, which is independent of the 
sensor, is the pollution of the solar wind signal by electromagnetic interference. This important issue 
is widely known as electromagnetic cleanliness (EMC). Some of these interferences for the SCM were 
anticipated. In particular, we carried out extensive tests on the ground with the other instruments that 
are located on the boom (fluxgate magnetometer and for Solar Orbiter only, electron detectors). Tests 
made with the fluxgate magnetometers allowed us to optimize the separation of the instruments on the 
boom. The full characterization of the non-natural electromagnetic signals relevant for the instrument 
performances can only be done in flight and will be presented in separate publications.

6.  Data Products
6.1.  Data Products for the Parker Solar Probe Mission

On the Parker Solar Probe mission, the analog outputs of the SCM are sent to three different analyzers: the 
Digital Fields Board (DFB Malaspina et al. [2016]), the time domain sampler (TDS, [Bale et al., 2016]) and 
potentially also the Radio Frequency Spectrometer (RFS, Pulupa et al. [2017]). DFB produces time series for 
the three LF antennas only. For all antennas it produces (auto-)spectra, cross-spectra, and band-pass filtered 
amplitudes with a large variety of operation modes. The sampling rates are given by 150,000 kHz/2n where n 
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Figure 10.  Noise level for the instrument on Solar Orbiter (blue) and on Parker Solar Probe (red).
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is an integer. For waveforms the sampling rates vary between a few Hz and 18750 Hz with a typical (survey 
mode) value of 292.97 Hz. In burst mode, DFB can sample up to 150 kHz.

Spectral and cross-spectral products are available in two frequency ranges: the AC range runs from 366.2 Hz 
to 72.66 kHz and the DC range from 22.88 Hz to 4,541 Hz. The number of frequency bins can be either 56 or 
96. The bandpass filtered data also have two frequency ranges: the AC range goes from 878.9 Hz to 56250 Hz 
and DC range from 1.717 Hz to 7,031 Hz, with, respectively, 7 and 15 frequency bins.

TDS and RFS both use data from the MF antenna only to produce respectively time series and spectra. The 
burst waveforms are triggered to detect dust impacts and intermittent waves in the electric field. A product 
with merged magnetic field from the SCM and MAG fluxgate (Bale et al., 2016) has been developed and is 
available as a L3 product (Bowen et al., 2020). The merging method is similar to the one used for the fluxgate 
and search-coil of the Magnetospheric Multiscale Mission (Fischer et al., 2016).

6.2.  Data Products of the Solar Orbiter Mission

On Solar Orbiter the analog outputs of the SCM are also sent to three different analyzers (Maksimovic 
et al., 2020): the low-frequency receiver (LFR), which works in the frequency range from a few Hertz to 
12  kHz, the TDS, from 200  Hz to 500  kHz, and the thermal noise and high frequency receiver (THR), 
which analyzes the signal of the MF antenna from 4 kHz to 1 MHz. In normal mode, LFR produces each 
5 min and for each axis, 3 waveform snapshots at f0 = 24 kHz, f1 = 4 kHz, and f2 = 256 Hz. In addition, 
LFR continuously computes spectra and cross-spectra as well as several wave parameters; see (Maksimovic 
et al., 2020) for more details. Data from the MF channel are analyzed by TDS and THR. THR computes the 
power spectrum of up to 980 MHz. In normal mode, TDS produces high cadence waveform snapshots of the 
MF channel, both regularly (every 5 min) and randomly. As on Parker Solar Probe, TDS can be triggered to 
detect dust impacts and waves. In case of LFR failure, TDS can also measure waveform of the three low-fre-
quency channels of the SCM.

6.3.  On-Board Calibrations

On both missions an on-board calibration mode has been implemented, which is similar to that used on 
other missions such as the Magnetosphere Multiscale Mission (Le Contel et al., 2014). The DFB on Parker 
Solar Probe and the LFR on Solar Orbiter generate a signal with a known sequence of different frequencies 
and send it to the SCM counter-feedback winding through the preamplifier. For Parker Solar Probe, the 
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Figure 11.  Response of the SCM to the on-board calibration stimulus sampled by the data analyzers LFR on Solar 
Orbiter (top) and DFB on Parker Solar Probe (bottom).
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signal consists of two sine waves. One of them has a constant frequency of 9.96 kHz while the frequency of 
the other takes values from 9.96 kHz/2n, where n = {1, 2, …, 8} (Malaspina et al., 2016).

On Solar Orbiter, the calibration mode consists in continuously repeating a sequence of 5 successive signals 
composed of a sum of 2 sine waves at the following frequencies: 10.016 kHz/626 Hz, 5.008 kHz/313 Hz, 
2.504 kHz/156.5 Hz, 1.252 kHz/78.25 Hz, and 626 Hz/39.125 Hz. An example of the resulting output signals 
of the SCM is presented in Figure 11.

In both missions this on-board calibration signal is sent periodically to the SCM (typically once per week 
during the commissioning phase) and the period can be adjusted by telecommand upon request. The signal 
recorded on the different receivers allows to characterize the SCM gain response and to a lesser degree the 
phase response in real conditions. This information is precious to check the health of the instrument and cor-
rect, if necessary, any deviation from the calibration that has been performed just before launch. Note that the 
calibrations signals are sent simultaneously to all antennas and so cannot help correct drifts in the cross-talk.

7.  Conclusions
We have presented the twin SCM that are flying on the recently launched Parker Solar Probe and Solar 
Orbiter missions. These SCMs stand out by their compact size (with 10 cm antennas), low mass, and a 
design that has been tailored to the harsh thermal environments of the two missions. Each instrument has 
three antennas, one of which has a second winding to cover higher frequencies. The SCM for Solar Orbiter 
measures magnetic field fluctuations up to 3 nT with an optimum sensitivity of 8 fT/ Hz  at 2 kHz whereas 
for Parker Solar Probe it measures fluctuations up to 3,000 nT with an optimum sensitivity of 26 fT/ Hz  at 
0.8 kHz. These sensitivities have been tuned to meet the expected amplitudes of the different types of waves 
(whistler, ion-cyclotron, etc.) and transients in the inner heliosphere.

The double-band antenna extends the frequency range up to 1  MHz with a Noise Equivalent Magnetic 
Induction of 6 fT/ Hz  at 100 kHz and allow to measure fluctuations associated with Langmuir-like waves 
and Solar radio bursts. The commissioning and science results from the two instruments will be addressed 
in forthcoming publications.

After decades of gradual improvements and tweaks, search-coils have probably reached their limit in terms 
of sensitivity versus mass and size. The SCMs for Parker Solar Probe and Solar Orbiter highlight the impor-
tance of carefully optimizing each instrument to the science requirements while taking into account the 
thermal environment. SCMs on outer planetary missions such as ESA's Jupiter Icy Moons Explorer (JUICE) 
will face different constraints such as high radiation doses. Two major challenges awaiting future instru-
ments are a more modular design to reduce cost and assembly time, and the ability to operate in a broader 
temperature range. The latter is particularly important since most of the power consumption (at least for 
missions for which the instrument receives no direct sunlight) goes into heating the instrument and not 
into operating it.

Another and continuous challenge is the stringent requirement for electromagnetic cleanliness. A sensitive 
search-coil is worthless if its measurements are polluted by interferences from the spacecraft and from 
nearby instruments. While careful anticipation during the design and assembly phase of the spacecraft is 
crucial, keeping the instrument away from the spacecraft, on a long boom, is also vital. New breakthroughs 
may be expected here with new boom designs.

Data Availability Statement
The development and exploitation of the two SCMs is funded by CNES. Parker Solar Probe was designed, 
built, and is now operated by the Johns Hopkins Applied Physics Laboratory as part of NASA's Living with 
a Star (LWS) program (contract NNN06AA01 C). Support from the LWS management and technical team 
has played a critical role in the success of the Parker Solar Probe mission. All the data used in this work are 
available on the FIELDS data archive (http://fields.ssl.berkeley.edu/data/). Solar Orbiter is a space mission 
of international collaboration between ESA and NASA. Solar Orbiter data are available at http://soar.esac.
esa.int/soar/.
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