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Abstract: The LISA (Laser Interferometer Space Antenna) will be the first space-based gravita-
tional wave observatory when it is launched around 2037. It will consist of 3 spacecraft separated by
2.5 million km in a triangular formation, each containing two test masses in free fall, following Earth
in its orbit around the Sun. It will constitute an enormous interferometer, capable of detecting low
frequency gravitational waves. To be able to do so, it is crucial to be able to keep the test masses in
each spacecraft free from undesired accelerations that could be mistaken for gravitational waves. A
relevant source of acceleration noise is the presence of magnetic field signals produced by equipment
inside the spacecrafts. The aim of this work is to characterize a high stability audio band magnetic
sensor capable of detecting these signals with the sensitivity required for the LISA mission.

I. INTRODUCTION

Gravitational waves, in contrast to electromagnetic
waves (which are created by the acceleration of electri-
cal charges and propagate in the framework of space and
time) are moving gravitational fields, ripples in the curva-
ture of spacetime, generated by the acceleration of mas-
sive objects. They were conceptually first proposed by
Oliver Heaviside in 1893 as the gravitational equivalent
of electromagnetic waves [1], but it was Albert Einstein
who predicted them in 1916 on the basis of his General
Theory of Relativity and stated that they propagate at
the maximum allowed speed in the universe: the speed
of light.

It was not until almost a century later that Einstein’s
predictions were confirmed by experimental evidence,
when the Laser Interferometer Gravitational-wave Ob-
servatory (LIGO), a ground-based gravitational wave ob-
servatory, detected the first gravitational waves from the
merger of two stellar mass black holes [2]. Since then,
LIGO and its European counterpart VIRGO, have an-
nounced the detection of several additional black hole
systems as well as a neutron star merger.

LIGO is an interferometric detector, which uses laser
interferometry to mesure the motion induced by a grav-
itational wave between two separated test masses in free
fall. The LIGO interferometer is constituted by two sta-
tions, separated by 3030 km: one in Hanford (Washing-
ton), and the other one in Livingston (Louisiana). Each
station consists of two arms, which are 4 km long each, as-
sembled in an L-shape. A gravitational wave that passes
through the detector will slightly stretch one arm as it
shortens the other; the strongest gravitational waves will
change the distance between the ends of the arms by at
most roughly 107! m. LIGO’s measuring system has
been able to achieve a precision of S, ~ 5 - 10_22\/%,
which allowed the first detections of gravitational waves.
The two stations were built 3030 km apart in order to
determine the source of the detected waves through tri-
lateration, measuring the difference in arrival times of
the waves to the two detectors.

Ground-based detectors such as LIGO are able to de-
tect gravitional waves with frequencies in the range 10-
1000 Hz. On Earth, noise sources such as seismic activity
and the limited length of the interferometer arms make
lower frequency regions of the spectrum inaccessible.
Lower frequency gravitational waves have longer wave-
length, and thus correspond to objects in wider orbits and
potentially much heavier than those that ground-based
detectors are able to search for, such as ultra-compact
binaries within the Milky Way, supermassive black hole
mergers, or extreme mass ratio inspirals.

That is why, in order to detect signals in the lower
frequency range (10=* Hz - 1 Hz), space-based detec-
tors are required. LISA (Laser Interferometer Space An-
tenna) is planned to be the first space-based gravitational
wave observatory, with its launch planned by 2037. The
LISA mission is a collaboration between ESA (European
Space Agency), NASA (National Aeronautics and Space
Administration), and an international consortium of sci-
entists.

The LISA mission will comprise three spacecraft flying
in a triangular formation behind the Earth as our planet
orbits the Sun. The spacecrafts will sit in a heliocentric
orbit about 50 million km from Earth, with a distance
of around 2.5 million km between each spacecraft. Each
spacecraft will contain two test masses in free fall, and
the distance between them will be constantly measured
by laser interferometry in order to detect small variations
produced by gravitational waves. The distance between
the spacecrafts is going to act as the interferometer’s
arms, allowing the detection of lower frequency gravita-
tional waves that is not feasible on Earth. The distance
changes between the test masses caused by the gravita-
tional waves are small (in the range of pm) compared to
the variations caused by orbital dynamics (about 10000
km), but can be distinguished because the former are at
mHz frequencies (1000 seconds timescale), whereas the
latter have periods of many months and are quiet at mHz
frequencies.

To be able to successfully detect such subtle distance
variations, it is essential that the test masses are free from
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spurious forces or accelerations, because those could be
confused with the tidal deformations caused by the grav-
itational waves. Therefore, a requirement for the differ-
ential acceleration between the free falling test masses is
set for the LISA mission [3]:

1/2 =15 ms72. O.4mHz>2. ( f >4
S/ <3107 \/1+<f 1+ (g
(1)

where S;/ 2 is the maximum allowed test mass accel-
eration noise level. This value is given for a frequency
region of 104 Hz - 1 Hz.

In December 2015, a precursor mission called LISA
Pathfinder was launched into space, with the inten-
tion of testing whether the LISA requirements could be
achieved, and therefore whether the mission as a whole
could be successful. LISA Pathfinder consisted of a sin-
gle spacecraft containing two test masses separated by
37.5 cm (a reduced version of one of the LISA interfer-
ometer arms), the differential acceleration between which
was being constantly measured. It arrived at the L1 La-
grange point (Sun-Earth reference system) 50 days after
its launch, and for almost two years it stayed there test-
ing all the critical technologies to be used in the future
LISA mission, until it finally passivated in July 2017.
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FIG. 1: Average test mass acceleration noise measured with
LISA Pathfinder, compared against the LISA acceleration
noise requirements for the target range of frequencies [4].

The LISA Pathfinder mission proved to be a success,
since the measured acceleration noise was not only below

its mission requirements (limited to S}/Q <3107 %

at 1 mHz), but also below those of the future LISA mis-
sion, as can be seen in figure 1.

It is important, though, to identify the sources of this
acceleration noise, in order to minimize it and prevent
possible noise spikes in the future LISA mission. Some of
those sources include residual gas pressure from imperfect
vacuum conditions in the spacecraft, or the gravitational
force from other elements of the satellite [5]. Another po-
tentially relevant source of noise is the presence of mag-
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netic field signals in the audio frequency band that could
down-convert into the LISA detectable frequency region.
Those undesired magnetic field signals, that can be gener-
ated by other on-board equipment within the spacecraft,
can be detected by a magnetic sensor. The goal of this
bachelor thesis is to characterize a high stability audio
band magnetic sensor capable of detecting magnetic field
signals in the audio range (15 Hz - 20 kHz), by study-
ing its sensitivity and equivalent magnetic field noise and
their respective frequency response.

II. MAGNETIC FIELD SENSORS. SEARCH
COILS

Magnetic fields can be detected and measured by a
myriad of different devices, such as Hall effect sensors,
anisotropic magnetoresistive (AMR) magnetometers, mi-
croelectromechanical systems (MEMS) magnetometers
(including Lorentz force based and Electron Tunneling
based sensors), magnetic tunnel junction (MTJ) magne-
tometers, superconducting quantum interference devices
(SQUID), fluxgates and search coils, among many oth-
ers. For the LISA mission, the most suitable ones are the
search coils (1 nT - 1 T), because of the frequency range
(the audio band) and magnitude of the magnetic field to
be detected.

Search coils are also called induction magnetometers,
because they are based on Faraday’s law of induction.
Their transfer function V = f(B) is

e _ n.A.CLB dH 2)
dt dt dt

where ¢ is the magnetic flux going through the coil, A
is the cross-area of the coil and n is its number of turns.

Search coils can have a ferromagnetic core or an empty
core, in which case is called an air core coil; both
have their pros and cons. Ferromagnetic-cored coils can
achieve higher sensitivities with smaller coil dimensions,
but their transfer function is not linear because it de-
pends on frequency, temperature and flux density. They
also present another issue, very relevant in the context of
the LISA mission: the ferromagnetic core can alter the
magnetic field and result in extra magnetic noise inside
the spacecraft.

Air-cored coils, on the other hand, cannot achieve such
high sensitivities, but in return they do not alter the mag-
netic field and therefore do not add any excess magnetic
noise inside the spacecraft. This is the reason why they
are more suited for the LISA mission requirements. The
absolute sensitivity of an air-cored search coil is given by

Vo
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where A, is the area of one turn of the wire, and D

and D; are the outer and inner diameter of the coil, re-
spectively [6].

1
8

Barcelona, January 2024



Characterization of a high stability audio band magnetic sensor

Alexandre Pinsach Gelabert

III. SEARCH COIL PARAMETERS

The search coil characterized in this bachelor’s thesis
is a prototype of the one used in the LISA Pathfinder
spacecraft, which successfully measured magnetic field
signals below the required threshold. Its winding is made
of copper wire.

Number of turns (n) 2400
Mean diametre of the coil (D)

Area of one turn of the wire (Ag)|10*mm

113 mm
2

Total area of the coil (A) 24 m?
Diameter of the wire (d) 0.1007 mm
Length of one turn of wire (I,,) [0.3164 mm
Area of the wire (Ay) 0.00797 mm?

Resistance per length unit (p/A) [2164 mQ/m

TABLE I: LISA Pathfinder search coil specifications.

In the ideal case, the output voltage signal is linear to
the frequency of the measured magnetic field, as shown
in equation (3). However, the coil presents an internal re-
sistance R due to the copper wire winding, an inductance
L because of its geometry, and a self-capacitance C be-
cause the multiple-layered arrangement of the wire wind-
ing acts as an energy-storing capacitor. Consequently,
the search coil can be represented by an analogous RLC
circuit, as shown in figure 3, where E is the electromotive
force induced in the coil.

8]
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FIG. 2: Equivalent RLC circuit for the search coil.

The resistances Ry and Rs, the inductance L, and the
capacitance C of the circuit needed to be determined
experimentally.

R; was measured by applying a voltage to the search
coil with a known intensity, using a multimeter. The
obtained value was R; = 1821 .

In order to calculate the inductance L of the search
coil, it was needed to first calculate its impedance Z,
which corresponds to the impedance relative to the
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point where the phase is maximum. Therefore, an elec-
tronic impedance analyzer was used to measure the coil’s
impedance and its phase as a function of frequency. The
maximum phase corresponded to an impedance value of
Z;, = 15188 , at a frequency of f = 1767 Hz. Then,
inductance was obtained as

VA3 15188 Q

=~ = ~13TH 4
2nf 2w - 1767 Hz 37 )

Correspondingly, the search coil’s capacitance C' cor-
responds to the impedance relative to the point where
the phase is minimum. The previous data obtained with
the impedance analyzer allowed to determine a minimum
phase corresponding to an impedance value of Zo =

16539 €, at a frequency of f = 29086 Hz. Then, ca-
pacitance was obtained as

1 1
C ~33-1071 F

T Zo-2nf 16539 Q- 27 - 29086 Hz
(5)

IV. SENSITIVITY AND ITS FREQUENCY
RESPONSE

In equation (3), the expression for the absolute sensi-
tivity of an air-cored search coil was provided. However,
that formula is an idealization, and in the real world the
sensitivity of the coil depends on the transfer function
of the equivalent RLC circuit in a complicated manner.
Thereupon, taking as a starting point the circuit transfer
function deduced by Ueda and Watanabe in [7], it can be
inferred that the actual search coil sensitivity is

- Vout o 27Tf'AO"rL

(14+a)2++2 (% +82-2 +v4%
[ (3452 -2)+]

8=Ri\/C/L, ~=£=2rfVLC.

=B
where a = R

Having reached this expression, it is now possible to
check the sensitivity’s frequency response for different
values of a = £,

In Figure 3 it can be seen how the sensitivity of the
search coil is almost constant for Ry = 6938.4 ). There-
fore, this is the Ry value we would require for the equiva-
lent RLC circuit, since it allows a more stable sensitivity
at a wide enough range of frequencies, while still keeping
a high enough sensitivity value in the order of 10° V/T.

Since it was concluded that the RLC circuit model
equivalence provided a satisfactory frequency response
for the sensitivity, it was needed to test whether the be-
haviour of the real search coil was close enough to that
of the model. In order to do so, an experiment was de-
signed in which the search coil was exposed to a magnetic
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FIG. 3: Frequency response of the search coil sensitivity for
different R> values.

field created by a Helmholtz coil. The generated mag-
netic field could be calculated as B = V;4/Sy4, where
Vi4 is the voltage measured by an auxiliary fluxgate
magnetometer, and Sy, is the sensitivity of the fluxgate
(a known value given by the fluxgate’s manufacturer).
Then, the experimental sensitivity value could be calcu-
lated as Ss. = Vi./B, where V. is the voltage measured
by the search coil and B is the applied magnetic field.
11 voltage values were measured for both the search coil
and the fluxgate, at frequencies ranging from 40 Hz to 1
kHz.

Sensitivity vs. Frequency
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FIG. 4: Comparison between the sensitivity predicted by the
RLC circuit model and the experimental sensitivity measured
with the search coil.

As can be seen in Figure 4, the experimental sensitivity
matches the one predicted by the model remarkably well
in the 50-500 Hz range. This is the spectrum where it
is more important to have a good sensitivity, since it is
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the expected frequency range of the magnetic field noise
that we aim to detect. For frequencies higher than 500
Hz, the calculated sensitivity begins to diverge from the
model one; the reason for this behaviour is unknown,
but it could be due to unreliable fluxgate measurements
in higher frequencies.

V. EQUIVALENT MAGNETIC FIELD NOISE

The equivalent magnetic field noise eg of the search
coil is given by

ep = €total (7)

S

where S is the search coil sensitivity and e;orq; is the
sum of all contributions to the total noise, such as ther-
mal noise density from resistances, or voltage and current
noise from an amplifier. Some degree of amplifier noise
is unavoidable, since the signal provided by an induction
search coil is generally weak and needs to be amplified
with an additional device. A theoretical prediction of
etotal Was also performed, but it could not be fit in this
paper due to lack of space.

In order to measure the equivalent magnetic field noise,
another experiment was planned, in which the search coil
was going to be connected in a circuit with a data acqui-
sition board. Such device is capable of detecting small
random noises for different input voltages. The circuit’s
power supply was to be placed inside a Faraday cage, for
the sake of shielding the search coil from external elec-
tromagnetic interferences. Both the coil and the Faraday
cage containing the power supply were going to be placed
inside a mu-metal shielding case, so as to reduce as much
as possible the exterior magnetic field. Then the mea-
surements with the data acquisition board would have
been performed.

However, due to time constraints, it was not possible
to carry out this experiment. Instead, a Python script
was used to generate data which simulates the one that
would have been obtained in the experiment.

The script generates magnetic noise data that imitates
the one emitted by the search coil, and then adds two
spikes (at 1 kHz and 10 kHz respectively) with an am-
plitude of 1 nT. Then it calculates and plots the power
spectrum of the magnetic field noise (its distribution into
frequency components). It does so for four different
amounts of data points at a constant 40 kHz sampling
frequency, up until 10° points for an integration time of
2.5 s.

We can see in figure 5 that, as long as we have enough
data points (so specially for N = 10* and N = 10°) we
can obtain a good frequency resolution for the magnetic
field noise power spectrum. This is relevant, because the
search coil will be producing a high amount of data that
can not be downloaded to Earth due to a limited teleme-
try bugdet in LISA. Therefore, an in-flight processing is
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FIG. 5: Equivalent magnetic field noise simulation.

necessary, and according to this first raw estimation, re-
trieving data samples every 2.5 s could be enough.

It can also be seen that the equivalent B noise stays
constant with frequency (if we exclude the two added
spikes). This is not too good of an approximation to real-
ity, since the magnetic field noise actually has a minimum
plateau between 103 and 10° Hz and then it increases for
lower and higher frequencies.

The magnetic field value, on the other hand, is a
better approximation to reality, albeit a bit optimistic.
The simulation provides values in the vicinity of 107
nT/ VHz, while previous works detected a magnetic
noise of 8.5 -107° nT/\/E for a frequency of 10* Hz.
The values previously obtained for the equivalent mag-
netic noise of the search coil were already lower than the

LISA mission requirements, so we can assume that if the
values given by the simulation were real, the experiment
would be considered a success.

VI. CONCLUSIONS

e The search coil sensitivity measured experimentally
matches the one predicted by the model in the tar-
get frequency range (50-500 Hz), and it is below
the LISA mission requirements.

e Assuming the equivalent magnetic field noise simu-
lation is a realistic enough estimation of reality, the
search coil also fulfills LISA magnetic field noise re-
quirements.

e Asalready hinted by its success in LISA Pathfinder,
the search coil can be a very suitable option to fulfill
the magnetometer role in the future LISA mission.
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